LY sy chemisry (A0S

GDCh
=

Communications

Angewandte
internatianalditiony Chemie
www.angewandte.org
How to cite: Angew. Chem. Int. Ed. 2022, 61, €202201573
International Edition: ~ doi.org/10.1002/anie.202201573

German Edition: doi.org/10.1002/ange.202201573

Self-Regulating Colloidal Co-Assemblies That Accelerate Their Own
Destruction via Chemo-Structural Feedback

Charu Sharma and Andreas Walther*

Abstract: Biological self-assemblies self- and cross-
regulate each other via chemical reaction networks
(CRNs) and feedback. Although artificial transient self-
assemblies have been realized via activation/deactivation
CRNg, the transient structures themselves do mostly not
engage in the CRN. We introduce a rational design
approach for chemo-structural feedback, and present a
transient colloidal co-assembly system, where the
formed co-assemblies accelerate their destruction auton-
omously. We achieve this by immobilizing enzymes of a
deactivating acid-producing enzymatic cascade on pH-
switchable microgels that can form co-assemblies at high
pH. Since the enzyme partners are immobilized on
individual microgels, the co-assembled state brings them
close enough for enhanced acid generation. The ampli-
fied deactivator production (acid) leads to an almost
two-fold reduction in the lifetime of the transiently
formed pH-state. Our study thus introduces versatile
mechanisms for chemo-structural feedback. )

Biological systems have the capability to assemble rela-
tively simple building blocks into ordered yet dynamic
structures that self-regulate and cross-regulate each other
autonomously via complex networks of chemical reactions,
feedback loops, and/or energy dissipation. This gives rise to
emergent properties like signal-processing, motion, and
adaptation.! In contrast, in synthetic systems, there have
been significant advances in hierarchical self-assemblies
(SAs) and in making those switchable by sequential
application of external “on”/“off” triggers (e.g., pH).”!
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However, such systems do typically not feature higher levels
of autonomous behavior or self-regulation. Autonomous
dynamics and self-regulatory control require the antagonistic
pathways of reversible SAs to be pre-organized using
appropriately designed kinetics in networks of antagonistic
(activating/deactivating) reactions.'** This generates a time-
lapse between activation and deactivation necessary for
controlling the time-domain of SAs. Most successful ap-
proaches to realize SAs with programmable lifecycles
involve either so-called dissipative environments to which a
SA is coupled, that is for instance pH-feedback curves, or
enzymatic =~ ATP-degradation in  ATP-co-assembling
systems,”! or so-called dissipative structures, whereby a
building block is temporally activated for SA using a
chemical fuel.”

However, in most of these approaches towards tempo-
rally programmed, non-equilibrium systems, the intermedi-
ately formed SA does not distinctly participate in the
deactivation pathways. This is, in fact, unlike biological
structures, e.g., microtubules, that feature a catalytic pocket
for GTP hydrolysis that activates for GTP hydrolysis when
the assembly is formed.! Such a mechanism—a chemo-
structural feedback process—would extend beyond princi-
ples of pure chemical feedback and allow for new types of
self-regulatory behavior and cooperativity. Only a handful
of examples exist—most notably from the peptide and
nanofiber SA field—in which dissipative structures engage
in the reaction network to catalyze downstream processes.!
However, rational design of building blocks in such systems
remains a challenging task.

To address the challenge of designing chemo-structural
feedback, we introduce a concept for temporally self-
regulating co-assembling microgel (MG) systems, whereby
the assembly of the MGs accelerates its own disassembly.
The concept makes use of a pre-organized pH-feedback
system (pH-FS), wherein an alkaline trigger leads to
assembly, while the counter-trigger is provided by an acid-
producing enzymatic cascade (EC). Critically, the two
components of the EC are immobilized on individual MGs
such that the transient MG co-assembly brings them close
enough to enhance the production of the acidic deactivator.
The system thereby features an amplified deactivator
generation, demonstrating advanced chemo-structural feed-
back; namely, co-assemblies promote their own destruction.

In more detail, the key concept relies on coupling
elements of a deactivating, acid-producing EC (invertase/
glucose oxidase; INV/GOX) to pH-switchable, co-assem-
bling MGs (Figure 1a). We chose MGs because they are
well dispersible, can be surface-functionalized with interact-
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Figure 1. System design for rational design of chemo-structural feedback in pH-driven transient co-assemblies of MGs. a) Addition of promoter
(tris buffer) triggers the transient co-assembly of two pH-responsive MGs, b) whereby each MG carries one enzyme partner of the acid-producing
EC (Invertase/Glucose Oxidase; INV/GOX). The EC converts sucrose (dormant deactivator) to gluconic acid which drives the system back to the
disassembled state (State A) hence providing negative feedback to the co-assembled state (State B). c) Enzyme proximity in State B provides a
chemo-structural feedback, leading to strongly amplified acid generation and faster disassembly. d) Sequential functionalization of parent MGs
generate two pH-responsive and co-assembling MGs (MGcpnguey2 and MGz nmey2) followed by successive enzyme immobilization (MGepnvey2,inv

and MGAZ/N(Me)Z,GOX)'

ing groups, and most importantly, can harbor functional
molecules (i.e., enzymes) in their interior to allow imple-
menting features of an embodied intelligence for autono-
mous operation.”! The MGs need to be equipped with
adhesive hetero-complementary supramolecular units (a-
cyclodextrin=CD, and azobenzene=AZ) to allow for
ordered co-assembly, as well as with weak cationic groups
(-N(Me),) to allow for assembly at high pH and repulsive
behavior at low pH. Additionally, each MG partner needs to
be equipped with one enzyme of the EC (Figure 1d).

In a final system, starting from a ground State A, where
both MGs (MGepnmepiny and MGazngep,cox) are well
dispersed in citric acid/sodium citrate buffer (CA/Na;C), a
solution of an alkaline promoter (tris buffer) containing
sucrose as chemical fuel (dormant deactivator) is added.
The tris buffer lifts the system to State B thereby activating
the MG co-assembly (Figure 1b). Concurrently, MGcpnme)-
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»unv catalyzes the hydrolysis of sucrose to the intermediates
glucose and fructose. As a result of the co-assembly, the
glucose only has a short diffusive pathway to the GOX on
MG sznMep2.cox to yield gluconic acid 8-lactone and finally
gluconic acid (Figure 1 b,c, Figure S1). The latter serves as a
deactivator and induces disassembly.

We employed MGs with core-shell architecture.!
The MGs are composed of a water-insoluble poly(2,2,2-
trifluoroethyl methacrylate) (PtFMA) core that is refractive
index-matched with water and labeled with Rhodamine B
for Confocal Fluorescence Laser Scanning Microscopy
(CLSM). These cores are surrounded by a water-soluble
hydrogel shell composed of N-isopropylacrylamide (NI-
PAM, 90 wt%), N,N'-methylenebis(acrylamide) (MBA, 1 wt
%), and glycidyl methacrylate (GMA, 9 wt%) (Figure 2a,
Supporting Information 4.1 and 4.2). The MGs have a z-
average radius, <R, >, of 649 nm with a core of <R, >,=

2¢,d,9a,10]
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Figure 2. Synthesis and characterization of two co-assembling MGs. a) Synthesis scheme for MGcp ez and MGazynue)2 (Supporting Information
4.4). Rhodamine B labels (red channel) are present in the core, while only the shells of CD-containing MGs are labelled with Atto-488 (green
channel) to differentiate them from MGz we)2- b) pH-dependent zeta-potential of MGaz/nmey2 and MGepnmeya- Error bars represents the standard
deviation from three independent measurements. c,d) pH-dependent CLSM images of MGy ey MGcp, MGpz and 1:1 mixture of MGy and MG,
e) pH-dependent CLSM images of MG ez MGazjngue)2 and 1:1 mixture of MGep ez and MGazynmey2- Co-assemblies only occur for the
desired MGaz/nmey2/ MGepnme2 Mixture at pH 8.0 and disassemble reversibly at acidic pH. Scale bars (c-e), 3 pm. f, g) Hierarchical structures for
non-stoichiometric mixtures of MGepngue)2 and MGaznuey2- Scale bars: f,g) 3 pm; scale bars in insets: 1 pm. The final concentration of MGs in all

suspensions is 0.0064 wt%.

198 nm as measured by dynamic light scattering (DLS) at
pH 7 (Figure S2).

The initiator (2,2"-azobis(2-methylpropionamidine) dihy-
drochloride) used for the synthesis imparts a minimal
positive charge (zeta ({)-potential value= +1.2 mV) to the
MGs, that is constant across the entire pH range (Fig-
ure 2b).

To integrate the MG system to a pH-FS in an alkaline
regime (Figure 1a), the prospective building blocks must be
capable of forming reversible SAs at alkaline pH (pH 8-9).
Additionally, a hetero-particle aggregation with controlled
co-assembly is beneficial to assure spatial proximity of the
enzymes of the EC in the co-assembled state. To meet these
requirements, we co-functionalized the MGs with pH-
responsive N,N-dimethylethylenediamine (DMEDA, pK,
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~10.2) and the CD/AZ pairs.***"] CD and AZ are
immobilized separately on two batches.

This leads to MGaznaep and MGepngve (Figure 2a,
synthetic details in Supporting Information 4.4, Figure S3).
Additionally, we synthesized control MGs, bearing only the
DMEDA groups (MGyye),) or only the CD and AZ groups
(MG¢p and MG,,) using the same reaction protocols to
maintain a close to identical functionalization,
respectively.l

pH-dependent (-potential measurements of the amine-
modified MGs (MGaznuep and MGepnoveps MGroveyo)
show a continuously increasing electrostatic repulsion when
reducing the pH from 9 to 3 due to increased protonation of
the N(Me), groups (Figure 2b, Figure S4). This contrasts the
constant {-potential for the parent MGs (flat line in Fig-
ure 2b). For accurate treatment of (-potential measure-
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ments, that are not hard sphere colloids, we refer to
literature by Saunders and group.™ The successful function-
alization is further corroborated by DLS, which, for
instance, shows a size increment of ~70 nm in the case of
MG,; to MG,znmee functionalization due to increased
repulsion between the protonated N(Me), groups (Fig-
ure S2).

To probe for the selective co-assembly at alkaline pH,
we visualized the dispersions of the controls and of the
relevant mixtures via CLSM at pH 3.5, 6.0 and 8.0 (Fig-
ure 2¢,d). For better visualization, the MGs bearing CDs
were labeled with a green-emitting dye (Atto-488, Support-
ing Information 4.4.3), while only the cores are visible in red
for the other MGs. Gratifyingly, only mixtures of MG,z
Nover2 a0d MGepnovey2 assemble at high pH, and they do so
reversibly (Figure 2e, Figure S6). The control, MGy,
does not assemble at high pH (Figure 2c). This underscores
that the low (-potential and the slightly hydrophobic
stickiness of the deprotonated N(Me), groups alone are
insufficient for assembly at high pH, but that the attractive
interactions provided by the CD/AZ pair are important for
the co-assembly. Similarly, the mixture of MG,, and MGp,
without N(Me), does also not assemble at high pH, which
we associate to the lack of some beneficial hydrophobicity
effect of the deprotonated N(Me), groups in the co-
functionalized MG system (Figure 2d). Hence both compo-
nents are important to jointly promote co-assembly at high
pH. Non-stochiometric ratios of MGcpnmey and MG s znmey
lead to core-satellite structures, which underscores that co-
assemblies are primarily based on hetero-complementary
recognition units, assisted by some hydrophobic effects from
N(Me), (Figure 2 f,g). Overall, these building blocks and
their behavior are the first steps towards chemo-structural
feedback.

To integrate these pH-switchable building blocks with a
self-regulating feature brought about by the EC, the MG
offsprings bearing the supramolecular units need to be
functionalized with the individual enzymes. To this end, CD-
functionalized MGs (MG¢p and MGepnmey) Were coupled
with INV (Figure 3a, Supporting Information 4.5.1) and AZ-
modified MGs (MG, and MG sznwmep) With GOX (Fig-
ure 3b, Supporting Information 4.5.2). Since immobilization
can change enzyme activities,'! we characterized the
respective activities using fluorometric activity assays (de-
tails on the activity assays are in Supporting Information 4.6,
Figure S5; Figure 3c,d). Both assays probe for the oxidation
of a substrate that is generated by the H,O, side product of
the GOX-mediated oxidation of glucose. This means that
free GOX has to be present in the activity assay for INV-
modified MGs to complete the EC. Overall, the activity of
immobilized INV on MGs (MGp vy, and MGepnveppmv) 18
higher than that of immobilized GOX (MG,zgox, and
MG sznmep.cox) (Figure 3c,d). Importantly, for all enzyme-
modified MGs, the assays clearly show a substantial catalytic
activity required in later stages.

Towards the final system integration, we performed
minimalistic pH assays, aiming at the formation of a
transient alkaline pH-FS (Figure 3e,f, Supporting Informa-
tion 4.7). To this end, we injected a mixture of the respective
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Figure 3. Enzyme immobilization on MGs and their characterization.

a, b) Scheme for the catalytic activity. ¢, d) Quantified activity of
covalently immobilized enzymes by fluorometric assay (Supporting
Information 4.6). Error bars represent the standard deviation from two
independent measurements. p value indicated above. n.s. not statisti-
cally significant. e, f) Simplified transient pH-curves using only one
enzyme-functionalized MG and either sucrose or glucose as fuel,
respectively. Free GOX needs to be added in (e) to complete the EC
(Supporting Information 4.7). The shaded areas represent the standard
deviation from two independent measurements. Conditions:

e) 200 mM sucrose, 1.5 mM CA/NA;C (pH 3.5), 20 mM tris buffer

(pH 8.8), 0.14 gL' GOX (here, we used minimum amount of GOX
which is required to complete the EC and furnish transient alkaline pH-
FS) and concentration of MGep iny/MGepnmeziny in the system is
0.0032 wt%.; f) 200 mM glucose, 1.5 mM CA/NA;C buffer (pH 3.5),

20 mM tris buffer (pH 8.8) and concentration of MGz cox/MGaz/nue)-
260ox in the system is 0.0032 wt%.

fuel (sucrose for INV, glucose for GOX) and tris buffer
(20 mM, pH 8.8; promoter) into suspensions containing one
of the enzyme-loaded MGs. In the case of the INV systems,
GOX is additionally provided in the solution. The starting
point is a CA/Na;CA buffer (1.5 mM, pH=3.5). In all cases,
we find the desired autonomous pH-curves in alkaline
regime, which clearly demonstrates the successful operation
of the enzymes on the MGs for each individual enzyme-
modified MG.

For the final system integration towards co-assembling
systems with chemo-structural feedback (CSF), we define
two systems: (i) System REF: A reference system incapable
of co-assembly using a 1:1 mixture of MGcpny, and
MG,zcox (Figure 4a). (ii) System CSF: Capable of co-
assembly, which is composed of a 1:1 mixture of MGp,
Nvewy - and - MGaznmepcox  (Figure 4b). Due to  the
elemental composition of the MGs, it is not possible to
determine the exact quantity of enzyme. This is why we
study the system also with enzyme-loaded, but non-assem-
bling MGs (due to lack of supramolecular interactions —
System REF). The suspensions for both systems were
prepared by mixing the respective MGs in CA/Na;CA buffer
(pH 3.5, 1.5 mM).

The addition of sucrose with the promoter tris buffer
(pH 8.8, 20 mM) increases the pH rapidly to ca. pH~8.0 in
both systems (Figure 4c). However, a striking difference in
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* indicate that p < 0.05. d, e) ex situ CLSM of System REF (e) and System CSF (d) during the transient state.

f) Re-addition of sucrose in tris to 1:1 mixture of System CSF leads to dampened response. Conditions: 200 mM sucrose, 1.5 mM CA/NA;C buffer
(pH 3.5), 20 mM tris buffer (pH 8.8), and total concentration of MGs in System REF and System CSF is 0.0064 wt%. All shaded areas represent the
standard deviation from two independent measurements. Scale bars: d,e) 5 pm; f) 3 pm.

the pH profiles of REF and CSF can be observed. The pH
almost remains constant (or slowly decreases) until 20 mi-
nutes due to the low activity of the enzymes (Figure S1),
after which CSF takes off and demonstrates a decrease in
pH. Moreover, REF is clearly associated with a delayed
response which ultimately results in a lifetime (#rgr
~1390 min) ~ 1.8 times longer than CSF (#; csr~ 780 min).

The lifetime (¢;) is defined as the time that the pH
profile takes to decrease to half of the initial pH and the
maximum pH. The delay in REF continues until the
recorded end point, where the final pH for CSF (pHgy,
~3.7) is substantially lower than that for REF (pHj,,~4.2).
This effect is even more significant because the activity
assays in Figure 3d showed a higher activity of MGz gox
that is used for REF. Concurrently, ex situ CLSM images of
REF and CSF confirm that REF remains disassembled over
the entire time-period, whereas CSF yields transient co-
assembled structures that dissolve autonomously (Fig-
ure 4d,e). Collectively, these results conclusively show that
the presence of co-assemblies in CSF brings the two enzyme
partners close enough to enable enhanced operation of the
EC.[™ The consequence is amplified acid generation and the
emergence of chemo-structural feedback wherein co-assem-
blies accelerate their own destruction.
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In the interest of a more complete description of such
transient systems, we also tested for reactivation using the
same fueling solution. Re-addition of sucrose in tris buffer
to System CSF leads to successive damping in the pH
response (Figure 4f). In a second run, the pH rises to only
7.3 because more equivalents of tris are required for
neutralization of previously formed gluconic acid. The
resulting pH is neither high enough to trigger co-assemblies
nor to access a prolonged plateau. The third injection shows
a lower pH feedback to acidic regime, which can stem from
waste accumulation.!®!

In summary, we introduced a first rational design
approach to reach transient colloidal co-assemblies which
accelerate their own destruction by chemo-structural feed-
back. The approach uses co-assembly of enzyme-loaded
MGs to force proximity effects for enhancing an acid-
producing EC that accelerates disassembly. Such concepts
could be generalized to other chemistries, in particular redox
systems, or systems with specific chemical response. Looking
out to the future, truly self-regulating systems, in which self-
assembling structures take a prominent role in the reaction
network by programming their own destruction, are still in
their infancy with limited examples. We believe that the
concept proposed in this study allows advancements of

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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transient systems towards autonomously dynamic materials
with higher regulatory capacity.
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