An dte

Chemie

GDCh

=7 Research Articles

Internatic

Adaptive Materials

How to cite: Angew. Chem. Int. Ed. 2021, 60, 43584367
International Edition:  doi.org/10.1002/anie.202011592
German Edition: doi.org/10.1002/ange.202011592

Wavelength-Gated Adaptation of Hydrogel Properties via Photo-
Dynamic Multivalency in Associative Star Polymers

Simon Ludwanowski, Oliver Skarsetz, Guido Creusen, Daniel Hoenders, Paula Straub, and

Andreas Walther*

Abstract: Responsive materials, such as switchable hydrogels,
have been largely engineered for maximum changes between
two states. In contrast, adaptive systems target distinct func-
tional plateaus between these maxima. Here, we demonstrate
how the photostationary state (PSS) of an E/Z-arylazopyra-
zole photoswitch can be tuned by the incident wavelength
across a wide color spectrum, and how this behavior can be
exploited to engineer the photo-dynamic mechanical properties
of hydrogels based on multivalent photoswitchable interac-
tions. We show that these hydrogels adapt to the wavelength-
dependent PSS and the number of arylazopyrazole units by
programmable relationships. Hence, our material design
enables the facile adjustment of the mechanical properties
without laborious synthetic efforts. The concept goes beyond
the classical switching from state A to B, and demonstrates
pathways for a truly wavelength-gated adaptation of hydrogel
properties potentially useful to engineer cell fate or in soft
robotics.

Introduction

Multivalent interactions are of great interest for under-
standing (bio)chemical systems and designing molecular
materials, in which molecules interact by multiple non-
covalent bonds."! With respect to the bottom-up design of
materials, reversible multivalent interactions are promising in
terms of the precise tunability towards external (multiple)
stimuli, such as pH,® temperature,” and/or light.*! Light is
a particularly promising switching mechanism, because of its
non-invasive character, high spatial resolution,” and fast
response times.!

Hydrogels mimic many of the mechanical properties of
soft biological tissues and are widely used for cell culturing,
tissue engineering and regenerative medicine.”) Here, it is
important to note that a property, such as the viscoelastic
properties, need to be matched to the requirements of the
cells or tissues.”’! For instance, intestinal stem cell cultures
exhibit the highest efficiency of colony formation at a hydro-
gel stiffness of approximately 1.3 kPa; in contrast, softer and
stiffer hydrogels impede cell growth.”) An adjustment of the
hydrogel properties commonly relies on the type of crosslinks
(non-covalent vs. covalent bonds) and on the variation of the
crosslinking density.'”! Supramolecular hydrogels—despite
consisting of intrinsically weak interactions—derive tunable
viscoelastic characteristics from precisely controlled junc-
tions, length scales and multivalent interactions using molec-
ularly defined components."!! Although the understanding of
the bottom-up design of such non-covalent materials is
rapidly growing, it remains challenging to easily and precisely
tune macroscopic characteristics from molecular building
blocks and to acquire distinct structure-property relation-
ships."?!

There has been great progress in the direction of photo-
switchable hydrogels™ ranging from hydrogels based on
photoproteins, which dimerize and dissociate upon irradiation
with red and far-red light,"¥ to artificial molecular muscles
enabling reversible contraction and expansion.!™ In the latter
example, an azobenzene derivative was used as a reversible
molecular photoswitch, which interconverts between two
conformational states. Azobenzene and its derivatives are
likely the most prominent photoswitches with a plethora of
examples of switchable materials.') However, these examples
typically target maximum switching with the two “best”
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wavelengths to generate the highest photostationary state
(PSS) accessible of the respective isomer.'"”) Hence, such
material concepts target rather classical switching between
state A and B to maximize a macroscopic response; that is,
a sol-gel transition. Truly adaptive hydrogels with wave-
length-gated behavior however go beyond the classical
responsive two state material design (from state A to B and
back to A)."™ Such a wavelength-gated adaptation to
intermediate switching levels has to the best of our knowledge
not been addressed with synthetic photoswitches, but would
be desirable for precision engineering of properties. It is
interesting to note that the wavelength-dependent activity of
drugs in photopharmacology is a related research field."”

Our concept has specific requirements for the used
molecular photoswitches. Firstly, the photoresponsive inter-
actions need to be highly reversible without severe photo-
induced fatigue. This limits the use of emerging red-shifted
light-responsive covalent crosslinkers (e.g., Diels—Alder type
cycloadducts), as side-reactions play a role and the cyclo-
reversion is not always feasible.”” Secondly, the photoswitch
should feature high PSSs in both directions, so that one can
benefit from its full potential as a switch.”?!] This certainly
limits the use of a range of reversible photoswitches.”
Thirdly, if thermally self-reverting photoswitches are used,
they need a very long thermal stability to truly maintain at
a certain intermediate PSS after being switched to that state.
Considering these requirements, Fuchter and co-workers
identified that water-insoluble arylazo-bis(o-methylated)pyr-
azole (A AP) is a particularly promising candidate, because its
thermodynamic E-isomer isomerizes nearly quantitatively
(PSS >98%) to the metastable Z-isomer upon irradiation
with UV-light (365 nm) in organic solvents.’®! The quantita-
tive back switching (PSS>98%) is either induced by
irradiation with green light (532 nm) or occurs very slowly
via thermal relaxation in the dark (z;,~10 days). Subse-
quently, Ravoo and co-workers synthesized various water-
soluble AAP-PEG (polyethylene glycol) derivatives by
modification of the pyrazolyl ring with PEG, and identified
that an additional methoxy or iso-propoxy group at the
phenyl ring is needed to optimize the PSS (PSS > 96 %) for
aqueous systems while maintaining beneficial long half-lives
(715 > 6 days).¥

Telechelic associative polymers (TAPs), consisting of
a hydrophilic backbone with hydrophobic terminal moieties,
can form dynamic and responsive networks in water with
transient, sticky network junctions, which allow to control the
viscoelastic properties.™ Inspired by TAPs but considering
the implications of multivalency and wavelength-gated adap-
tation, we herein report star-shaped PEG polymers (sSPEG)
with multivalent and photoswitchable AAP end blocks of
different compositions. These “sticky” segments form photo-
switchable associating linkages based on photo-switchable
aromatic donor-acceptor interactions. By exploiting distinct
wavelength-gated PSSs of the AAP to change the corre-
sponding association strength of the multivalent AAP seg-
ments, we will elucidate highly programmable wavelength-
adaptive hydrogel properties. We quantify the precise tuna-
bility of the PSS of a specific AAP unit on the molecular level
and transfer this concept to the material scale to derive

Angew. Chem. Int. Ed. 2021, 6o, 4358 — 4367

Research Articles

© 2020 The Authors. Angewandte Chemie International Edition published by Wiley-vCH GmbH

Internati

comprehensive structure-property relationships. To this end,
we characterize the material properties of our AAP-function-
alized sSPEG (SPEG-AAP,) as a function of an increasing
number of AAPs (x) in the outer segments of the star
polymers and characterize in-depth the rheological properties
dependent on the incident wavelength (375-545 nm). We
demonstrate that the wt-m interactions are fully reversible and
tunable over the entire range of PSSs (1.7 % < PSS <96 %).
In contrast to a time-dependent irradiation, reaching a certain
PSS by different wavelengths leads to a homogenous photo-
switching throughout the sample and thus, translates into
precisely programmable hydrogel properties. We anticipate
that this precise control over the number of interacting
stickers as well as over the multivalent interactions is of
general relevance to extend the concept of A/B/A responsive
materials to adaptive materials with tunable intermediate
functional states. This can be of great importance in the field
of extracellular matrix materials to provide a new toolbox to
accurately control cell fate by external precision manipulation
of gel properties.

Results and Discussion

This article focuses on light-adaptation in dynamically
associating hydrogels based on multivalent interactions of
star-shaped polymers using AAPs as photo-switchable linkers
with tunable supramolecular interactions (Figure 1). On the
molecular level, AAP exists in two forms—in its thermody-
namic E- and in its metastable Z-isomer (Figure 1a).? These
isomers can be reversibly interconverted by light of different
wavelengths (colored curves). Additionally, the metastable Z-
isomer can undergo thermal relaxation to E-AAP after
overcoming the activation energy barrier E, in the dark
(dashed curve). Force-field calculations reveal that the E-
AAP possesses a planar conformation, which favors m-x
stacking in aqueous media due to aromatic donor-acceptor
interactions of the electron-rich pyrazolyl and the electron-
poor phenyl ring (Figure 1a, Figure S1). In contrast, the Z-
isomer of AAP features a twisted conformation and a higher
dipole moment, which impede m-m stacking in water.**! We
verified the calculations of the aromatic donor-acceptor
interactions via 2D NOESY (Nuclear Overhauser Effect
Spectroscopy) NMR experiments and confirmed that the
aromatic donor-acceptor interactions of the E-isomer are
distinctly stronger than the ones of the Z-isomer (Figure S2).
Since m-m interactions are individually weak, we embedded
them into a multivalent system (Figure 1c¢). To this end, we
chain-extended sPEG to prepare multivalent building blocks
with a defined number of AAPs in an otherwise solubilizing
block (synthetic details below; Scheme 1). We emphasize that
proper design on the polymer level is important to assure
well-dissolved systems and absence of strong solubility
transitions.

The idea towards light-adaptive systems stems from
multivalent interactions which can be tuned in the material
by only switching a part of the AAP units in a highly selective
manner to precisely modulate their interactions. This in fact
means that the two-state system of an individual AAP (E/Z;
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Figure 1. Schematic illustration of precisely and reversibly adaptable multivalent hydrogels based on star-shaped associative polymers. a) Energy
landscape during photoisomerization and thermal relaxation of an individual AAP. On the molecular level, AAP possesses two forms, which are
converted into each other by light of different colors or via thermal relaxation in the dark. The planar E-AAP favors mt-rt stacking in water and acts
as a dynamic crosslinker (sticker) in the resulting network. In contrast, the Z-AAP impedes -7t stacking due to its twisted conformation and its
higher dipole moment. b) 3D energy surface, which correlates the system energy to the mechanical properties of the system. Each PSS(1)
represents a local minimum on the energy landscape with a deep metastability due to the long thermal half-lives of AAPs. c) Wavelength-gated
mechanical properties. The degree of association of the polymer strands depends on the PSS of E- vs. Z-AAP, ranging from nearly no interaction
(left, sol) to nearly full association (right, gel). The PSS is a function of the wavelength A, which allows to engineer the mechanical properties of

hydrogels by light of different wavelengths.
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Scheme 1. Synthesis and functionalization of chain-extended sPEG-b-
pPFPAg, to obtain dynamically associating, multivalent, and light-
adaptive networks.

Figure 1a) is extended on a system level to many different
metastable energy states that can be selectively addressed by
different wavelengths (Figure 1b). We will show below that if
a system is irradiated for instance with 375 nm, 430 nm, or
545 nm (colored arrows; Figure 1b), each wavelength will
drive the system into a specific PSS(4) in the energy landscape
with a certain ratio of E/Z-isomers. Correspondingly, we show

www.angewandte.org © 2020 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

that the mechanical hydrogel properties (2™ z-axis; Fig-
ure 1b) are directly related to the PSS(4), and hence
connected to the system energy landscape (1% z-axis). Due
to the extraordinary long thermal half-lives of AAPs (= days),
the energy state and the mechanical properties are main-
tained in the time frame of common experiments without the
need for continued irradiation. Conceptually this goes beyond
classical responsive materials, that typically only switch from
state A (4;) to state B (4,), as we herein target to explore
adaptation as a function of a more complex light-controlled
energy landscape using widely different wavelengths.'

To integrate the AAP photoswitches with controllable
multivalency in the outer blocks of water-soluble star-shaped
polymers, we developed a versatile polymer platform ap-
proach. Briefly, we chain-extended a 4arm-PEG (sPEG-OH,
M,=41170 gmol™!, D=1.04) with active ester-containing
monomers (pentafluorophenyl acrylate, PFPA) via Radical
Addition Fragmentation Transfer (RAFT) polymerization to
alength of ca. 51 PFPA (Scheme 1).") Those PFPA units were
functionalized with mixtures of p-iso-propoxy-AAP-PEG-
amine (iPrO-AAP-PEG) and 2-(2-aminoethoxy)ethanol),
followed by end group modification (removal of the hydro-
phobic chain transfer agent) using 3-sulfopropyl acrylate as an
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additional solubility aid (experimental details in the Support-
ing Information; Figure S3-5). Using this Scheme, we pre-
pared four different multivalent star-shaped block copoly-
mers (SPEG-AAP,), where x denotes the amount of AAP
units per arm (x=~6.3, 11.7, 14.8, and 17.0). Table S1
summarizes the molecular characteristics of all SPEG-AAP,
polymers. Their well-defined nature is evident from the low
dispersity P of 1.12-1.22, which renders them suitable to
obtain conclusive structure-property relationships.

Prior to the discussion of the mechanical properties of the
sPEG-AAP, hydrogels, we discuss the switching behavior of
iPrO-AAP-PEG on a molecular level by firstly analyzing the
maximum switch/PSS using the two limiting wavelengths
(Figure 2), and secondly by addressing the detailed adjust-
ment of intermediate PSSs using modulated light conditions
(Figure 3). For a basic characterization of the maximum PSS
attainable, we irradiated a solution of iPrO-AAP-PEG
(1.0mMm in D,0O) with LEDs of 375 nm and 545 nm (Fig-
ure S6,7) until the respective PSS was reached and subse-
quently recorded '"H-NMR spectra (Figure 2a,b). Once a PSS
is reached, iPrO-AAP-PEG maintains its E/Z ratio in the
time frame of common experiments, because the metastable
Z-isomer possesses a thermal half-life of 7,,=5.2 days at
25°C and pH 7.4 (Figure S8).”! A thermal half-life of more
than five days is a very important feature, because we later
exploit this deep metastability to not only adjust the PSS, but
also to maintain the system at a certain PSS without
a considerable decay of the Z-isomer. Since the E- and the
Z-isomer feature different 1H-NMR signals (highlighted in
Figure 2b), the integration of the pyrazole-methyl groups
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reveals a PSS of PSS,(375nm)=984+0.4% and PSSg-
(5451m)=96.2+0.1% after irradiation with 375 nm and
545 nm, respectively. Subsequently, we acquired UV/Vis
spectra of the solutions of E- and Z-iPrO-AAP-PEG (diluted
to 50 um, pH 7.4) to correlate the absorbance at a certain
wavelength to the PSS. This calibration allows later to
spectroscopically determine intermediate PSSs according to
Beer-Lambert law (Figure 2¢). The UV/Vis spectrum of the
Z-isomer shows that the m-rt* and the n-t* transitions of the
Z-isomer are well separated with a relative minimum at
372 nm (blue graph). In addition, the E-isomer does not
absorb at wavelengths larger than 520 nm (inset, black graph),
which is why iPrO-AAP-PEG features nearly quantitative
photoisomerization. Calculating the difference of both UV/
Vis spectra (E-Z; Figure 2d) highlights more clearly the
maximum absorption differences between both isomers. The
black area from 307-412 nm indicates a higher absorptivity of
the E-isomer, while the Z-isomer flanks this area at both side
(blue areas). The isosbestic points are highlighted by red
circles (Figure 2¢,d). To illustrate the robustness of iPrO-
AAP-PEG as a photoswitch, we alternatingly irradiated the
aqueous solution with 375 nm (purple background; Fig-
ure 2¢) and 545 nm (green background) and determined the
PSS spectroscopically. Accordingly, iPrO-AAP-PEG isomer-
izes nearly quantitatively over 300 switching cycles without
any detectable photo-induced degradation (<1 %), which is
important for later material investigations as it confirms
minimum fatigue.

Next, we turn to the detailed finetuning of the photo-
switch behavior. The performance of AAP and other photo-
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Figure 2. General photoswitch performance of E- and Z-iPrO-AAP-PEG on a molecular level. a) Schematic photoisomerization of iPrO-AAP-PEG
using LEDs of the wavelength of 545 and 375 nm. b) "H-NMR spectra of E- and Z-iPrO-AAP-PEG in D,O upon irradiation with 545 and 375 nm.
The residual solvent peak was cut from the spectra for reasons of clarity. The PSS is calculated via the integration of the pyrazole-methyl groups.
c) Corresponding UV/Vis spectra of E- and Z-iPrO-AAP-PEG at pH 7.4. The spectra show that the E-isomer does not absorb light with a wavelength
longer than 520 nm and that the st-t* and n-t* transitions of the Z-isomer are well separated. d) The difference of both UV/Vis spectra vividly
illustrates at which region of the spectrum the E-isomer (black area) absorbs more strongly than the Z-isomer (blue area) and vice versa.

e) Photostability of iPrO-AAP-PEG. The photoswitch shows a photoinduced fatigue of <1% within 300 switching cycles.

Angew. Chem. Int. Ed. 2021, 6o, 4358 — 4367

© 2020 The Authors. Angewandte Chemie International Edition published by Wiley-vCH GmbH

www.angewandte.org

An dte

Chemie

4361


http://www.angewandte.org

GDCh . An dte
~_~7 Resear Ch Arti CI es o Chemie
Precise adjustment of the PSS using a tunable laser
a__{;_<::>_N\ . o , . , c100!!!!llllllllllll!llll
N =14 e, RS
N—Q N NH, < . -
1.0 1 3 -
\/'eo/\); 3 PSS(A) < 8o} 'l-_.. i
, s08} 530nm | &
Q 3 S = 80T " . PSS(EAAP) |
f Pss() 506 420mm | g % . PSS(ZAAP)
Tunable laser S04l 380nm | = 401 S 1
el @0 [] "
< 8 s .
N=N 02} S 20+ ) ",
o AR e
)\o N\/fo/\); MU 200 300 400 500 600 35 400 450 500 550
Wavelength (nm) Irradiation wavelength (nm)
Tunable PSS using LEDs of different colors
RS - h
N S
N\ "\/éo/\);"”z i =80}
©
[}
I s RO = PSS(E-AAP) |
PSS(A) 5 45 = PSS(Z-AAP)
2 40 |
375 nm 430 nm 545 nm L 3
© 20r
N=N &
@ | \,N . . i i 0 . " B n
N NH, 300 400 500 600 700 350 400 450 500 550 600
)\0 \/60/\); Wavelength (nm) Irradiation wavelength (nm)
" R 545 nm — A A lk}l A _lJ N . 1
o sosam NTITRE
e MM 'Ia 430 nm /\_A_AA_Al o l l
e ’ 405 nm - A_,_,\_JGAA e ) l l
M 395 nm =g Ao Mg A T J J
J ]‘l g 375Inm & = ¢ l‘ E T Z l b 1
8 7 | s 4 2 1 0
Chemical shift (ppm)

Figure 3. Tunable PSS of iPrO-AAP-PEG using different colors of light via irradiation with a tunable laser (top) and LEDs of different colors
(bottom). a) Scheme of the photoisomerization of iPrO-AAP-PEG upon irradiation with a tunable laser. b) UV/Vis spectra in dependence on the
irradiation wavelength. Longer irradiation wavelengths lead to higher PSSs of the E-isomer and vice versa. c) PSS as a function of the irradiation
wavelength. Based on a "H-NMR calibration, the UV/Vis spectra of (b) are presented as PSS of both isomers in dependence on the irradiation
wavelength. d) Schematic photoisomerization using commercial LEDs with different colors of light. ) Emission spectra of the LEDs. f) PSS as

a function of the wavelengths of the LEDs. The error bars in x-direction are based on the emission profile of the respective LED and the ones in y-
direction are calculated from duplicate measurements. The illustrated curves are guides to the eye. g) "H-NMR spectra in D,O after irradiation
with seven LEDs of different colors. The residual solvent peak was cut from the spectra.

switches is generally characterized by the wavelengths at
which the PSSs are greatest (here, 375 nm and 545 nm). Per
definition however, the PSS represents the stochiometric
composition in quasi-equilibrium of E- and Z-iPrO-AAP
which are converted into each other in a reversible photo-
chemical reaction by irradiation of any wavelength. Hence,
we hypothesized that the PSS can in fact be tuned on-demand
with light of different colors and any intermediate ratio of E-
and Z-iPrO-A AP can be achieved between the two maximum
PSSs (Figure 3a). To test our hypothesis of modulating the
PSS to intermediate ratios, we utilized a tunable laser and

4362
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stepwise irradiated an iPrO-AAP-PEG solution (50 uM,
pH 7.4) from 350 to 530 nm inside a UV/Vis spectrometer
until the equilibrated PSS was reached (see Figure S7 for
experimental setup). Figure 3b displays a selection of UV/Vis
spectra, that evolve continuously from nearly full Z-iPrO-
AAP at 370 nm to nearly full E-iPrO-AAP at 530 nm. This
clearly shows that every intermediate PSS can indeed be
achieved. The highest PSSs are obtained using 370 nm and
530 nm, respectively, whereby the former corresponds very
well to the relative absorption minimum of Z-iPrO-AAP-
PEG at 372 nm (Figure 2¢). Using the NMR-based calibra-
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tion, it is possible to quantify the E/Z ratio. Starting from the
maxima, the PSSs of both isomers show a sigmoidal depend-
ence on the irradiation wavelength with a crossover (PSSg =
PSS, =50%; Figure 3¢) at A,.=421 nm. The crossover coin-
cides well with the isosbestic point as shown in Figure 3b (red
circles). Although it appears intuitive that a PSS of 50% is
reached when both isomers absorb equally, it cannot be taken
for granted. The PSS depends on the quantum yield @

# photons inducing isomerization

P(he) = # photons absorbed (1)

which in turn is a function of the wavelength A and the
extinction coefficient e. The fact that both the isosbestic point
and the crossover are found at ca. 421 nm implies that the
quantum yields of both photoisomerization processes are in
fact equal @ ,(421 nm)=®, (421 nm). Thus, referring
back to Figure 2d, the highlighted areas under the curve do
not only show which isomer absorbs more strongly; they also
illustrate at which wavelengths the photoisomerization from
E-to-Z (black area) is more pronounced than from Z-to-E
(blue area) and vice versa. Moreover, Figure S9 confirms the
systematic tunability of the PSS by defining rates of the
photoisomerization.

While tunable lasers allow wavelength-selective tuning of
the ratio of E- and Z-iPrO-A AP, they are not economic, not
available to every lab and require safety precautions. To
address these problems, we also used readily available and
safe-to-use commercial LEDs of different colors, which gives
access to a broad range of PSSs as well (Figure 3d-g). Hence,
we irradiated a solution of iPrO-AAP-PEG (D,0O, 1.0 mm)
with seven LEDs of different wavelengths until the respective
PSSs were reached (375-545 nm; Figure 3e and Figure S6).
Subsequently, we acquired 'H-NMR spectra to determine the
E/Z ratio via the integration of the pyrazole-methyl groups
(Figure 3g). The integration reveals that the PSS possesses
a similar sigmoidal wavelength dependence when using the
LEDs, hence simplifying the operation of wavelength-gated
behavior to common place equipment (Figure 3f). In the
following, we will continue to use the LEDs because they
facilitate an easy in situ irradiation and still cover the entire
range of PSSs. In control experiments we assured that
irradiation of solutions with higher concentration can produce
the same PSS as compared to highly diluted samples, albeit
requiring longer irradiation times to reach the quasi-equilib-
rium PSS (Figure S10). These results allow to transfer the
understanding of the precisely tunable PSS from the molec-
ular level to the material scale.

Prior to the rheological characterization of the multi-
valent hydrogels, we determined the overlap concentration c*
of SPEG-OH (c* = 0.9 mm; Figure S11).”! As a result of the
chain-extension, the overlap concentration of the sPEG-
AAP, polymers is expected to be slightly lower than ¢* of
sPEG-OH. Thus, the supramolecular hydrogels were charac-
terized at a molar concentration of 0.8 mm (close to c¢*) to
minimize chain entanglements. This allows to derive struc-
ture-property relationships, that are truly based on the
adjustable intermolecular interactions and not on entangled
polymer chains. Upon dissolution at the targeted concentra-
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tion of 0.8 mm, the three sSPEG-AAP, polymers with x =6.3,
11.7 and 14.8 AAPs units per arm form transparent hydrogels.
In contrast, sSPEG-AAP,;, results in an opaque hydrogel,
which indicates phase-separation of the outer block due to its
hydrophobicity. As the macroscopic phase separation ham-
pers to derive conclusive structure-property relationships,
sPEG-AAP;, was not further considered in this study
(Figure S12). Below, we will hence focus on the first three
hydrogels.

At the outset, we characterized the three supramolecular
hydrogels in their thermodynamic equilibrium (100% E-
iPrO-AAP) from the sPEG-AAP, via strain-sweeps in
oscillatory rheology (y =0.1-1000 % ) to determine the linear
viscoelastic region (LVE: y <20%; Figure S13a). To stay
within the LVE, we conducted all following measurements
with a strain amplitude of y =1 %. Within the LVE, G’ and G”
increase from approximately 0.39 kPa and 0.24 kPa (SPEG-
AAPg;), to 2.3kPa and 1.3 kPa (sPEG-AAP,;,), and to
3.1 kPa and 1.4 kPa (SPEG-AAP,,g). The increasing stiffness
is indicative of stronger multivalent interactions of E-iPrO-
AAP, leading to better association. Furthermore, the fre-
quency sweeps illustrate that SPEG-AAP,; forms a more
dynamic hydrogel with a crossover frequency (G'(f,) = G"(f.))
of f.=2.6 Hz and a relaxation time (¢, =f. ) of #,, =0.38 s as
opposed to sSPEG-AAP,,, with f,.=0.011 Hz and ¢,,=95s,
respectively (Figure S13b). In contrast, the frequency sweep
of sSPEG-AAP,,; does not show a crossover over the entire
frequency range (w =0.01-300 rads ") at 25°C because of its
lower dynamic character. These elementary rheological
experiments of the three sSPEG-AAP, polymers confirm that
the number of iPrO-AAPs per arm has a decisive influence on
the mechanical properties.

In the next step, we investigated systematically, how the
wavelength-dependent tunability of the ratio of E- and Z-
iPrO-AAP, elucidated on the molecular level above (Fig-
ure 3), affects the hydrogel materials state. To begin with, we
alternatingly irradiated the SPEG-AAP;, ; hydrogel in situ in
a glass-bottom rheometer during oscillatory measurements
(y=1%, o =100rads !, 25 °C; Figure S14) with LEDs of
different colors (ranging from 375 to 505 nm) for 30 min, left
the sample in the dark for 10 min, and subsequently irradiated
it with green light (545 nm, 30 min). Figure 4a illustrates that
the storage modulus G’ and the loss modulus G” can be
precisely and reversibly tuned with the different LEDs.
Longer wavelengths lead to greater moduli and vice versa.
The initial irradiation with 375 nm leads to a gel-sol transition
as indicated by the crossover of G”>G'. Switching the
material back to the E-isomer with 545 nm restores the
original gel properties without a distinct deviation from the
starting point. An irradiation with 395 nm, which leads to
a PSSE(395 nm) of 13.7 %, brings the material close to the sol-
gel point. Again, the process can be reverted by 545 nm.
Irradiation with the other LEDs with intermediate wave-
lengths (405 nm, 430 nm, 460 nm and 505 nm), then allows to
tune the mechanical properties of the supramolecular hydro-
gels in the gel state as a function of the incident wavelength.

Anincrease of the AAP content in SPEG-AAP,,;leads to
a material that remains gel-like across all wavelengths,
whereas the lower AAP content in SPEG-AAP; shifts the
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Figure 4. Rheological characteristics of the dynamically associating sSPEG-AAP, hydrogels upon irradiation with light of different wavelengths.

a) Storage and loss modulus as well as the loss factor of the AAP;; ;-hydrogel as a function of the irradiation wavelength. Both G’ and G” increase
with longer wavelengths due to stronger m-t interactions of E-iPrO-AAP, which are entirely reversible. b) Correlation between the PSS; and the
viscoelastic moduli of the three sPEG-AAP, hydrogels. While G’ correlates linearly with the PSS;, G shows an exponential decay. c) Loss factor as
function of the PSS;. The loss factor decreases monotonically with an increasing PSS, which means that the elastic properties increase more
strongly than the viscous properties with an increasing number of E-iPrO-AAP. d,e) Frequency sweeps of the dynamically associating sPEG-AAP,, ;
and sPEG-AAP; hydrogels. The angular crossover frequency @, decreases with an increasing irradiation wavelength (highlighted by arrows).

f) Effective lifetime of load-bearing associative chains. The logarithmic relaxation times of both transient hydrogels depend linearly on the PSS,
whereas the relaxation times of the sSPEG-AAP,, ; hydrogel are approximately two orders of magnitude greater than the ones found for sPEG-

AAP; ;.

sol-gel transition to approximately 430 nm. Figure 4b gives
detailed insights into the dependence of G" and G” on the PSS
of E-iPrO-AAP as correlated to the wavelength-dependent
calibration of the PSSy (Figure 3 f). Both moduli increase
with an increasing PSSg, which confirms that E-iPrO-AAP
forms stronger m-m complexes than its twisted Z-isomer.
Nevertheless, the multivalent m-mt interactions of Z-iPrO-
AAP are still present, so that the SPEG-AAP,,¢ hydrogel
remains a gel, even upon irradiation with 375 nm (PSS, =
98.3%). G' and G” of the SPEG-AAP,; and the sPEG-
AAP,,5 polymer display the exact same dependence on the
PSS, featuring lower and higher values, respectively. Re-
markably, G’ correlates linearly to the PSSg, and G” can be
accurately fitted by a monoexponential decay function. This
highly programmable behavior is important for materials
design and indicates a similar network topology inside the
different sSPEG-AAP, hydrogels. Based on the fit functions,
the gel-sol transition of the sSPEG-A AP, ; hydrogel is found
at a PSSg of approximately 16 % (small arrow; Figure 4b). In
contrast, the gel-sol transition of the more dynamic sPEG-
AAPg; hydrogel takes already place at a PSSg of approx-
imately 54 %. The least dynamic SPEG-AAP,, s hydrogel does
not display a gel-sol transition at a PSS; > 1.7 %. Evidently,
the aromatic interactions are dependent on the ratio of E- and

www.angewandte.org © 2020 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

Z-iPrO-AAP, which enables a precise control over the
viscoelastic properties. The loss factor tan(d) illustrates the
ratio of viscous to elastic properties.

Gn

tan(0) = G

)

The crossover of G' and G” is found at tan(d) = 1, at which
a sol-gel transition takes place (dashed line; Figure 4c). The
fact that tan(d) of the three dynamic hydrogels steadily
decreases with an increasing PSSy confirms that the elastic
properties increase more strongly than the viscous properties
with a higher ratio of E-iPrO-AAP. This is in line with
expectations: The stronger -7 interactions stiffen the hydro-
gels with a greater number of E-iPrO-AAPs as opposed to the
twisted Z-isomer, which impedes st-t stacking. The compar-
ison of the three sPEG-AAP, hydrogels reveals that the
systems feature lower values of tan(0) for increasing numbers
of AAPs per arm. Upon irradiation with 375 nm for instance,
corresponding to a PSSg(375 nm)=1.7%, tan(d) decreases
from 4.1 (sSPEG-AAP;;) to 1.3 (sPEG-AAP;,,) and to 0.74
(sPEG-AAP,,g). The increase of multivalent interactions
leads to an increase of the elastic properties of the resulting
materials. In summary, the precise and reversible tunability of
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the dynamically associating hydrogels is achieved by two
factors—the number of AAPs per arm and the irradiation
wavelength.

Frequency-dependent measurements give deeper insights
into the effect of multivalency on the average lifetimes of the
transient network linkages. The effective lifetime of network
junctions is defined as the inverse crossover frequency of G’
and G” (ty=f."') at a constant strain. Since the sPEG-
AAP,,5 does not show a frequency-dependent G'/G" cross-
over in the accessible frequency regime (Figure S13), we only
focused the analysis on the relaxation behavior of the two
systems undergoing gel-sol transitions and significant soften-
ing. Hence, we irradiated the samples in situ with different
wavelengths until the respective PSS was reached, and
subsequently acquired frequency sweeps (Figure 4d,e). For
both hydrogels, the angular crossover frequency (small
arrows, o, =2mf,) decreases with an increasing irradiation
wavelength. This in turn results in relaxation times that
increase with an increasing PSSg, so that lower ratios of E-
iPrO-AAPs lead to more dynamic hydrogels with less
associative crosslinks and a more transient network behavior.
This behavior is found as function of the PSSy and of the
functionalization density of iPrO-AAPs per arm (Figure 4 f).
The relaxation times of the transient SPEG-AAP;, ; hydrogel
range from 67s (PSSg(545nm)=96.2%) to 6.9s (PSSg-
(395nm)=13.7%), and are thus more than two orders of
magnitude greater than the ones found for the sSPEG-AAP;;
hydrogel (0.37 sat a PSS 0f 96.2% E-iPrO-AAP). In addition,
the sSPEG-AAP; polymer only forms a gel-like network at
PSSs greater than approximately 50% of the E-isomer
(Figure 4 f). Below 50% E-isomer, the system behaves as
a viscoelastic liquid over the entire frequency range (v =1-
300rads™"). The analysis of the effective lifetimes of load-
bearing associative chains illustrates moreover that the
logarithmic relaxation times of both transient hydrogels
depend linearly on the PSSg (lgt., x PSS; Figure 4 f). This
correlation underscores the excellent tunability of such gels
by light of different colors.

Furthermore, we analyzed the response of the dynam-
ically associating sSPEG-AAP,,; and sPEG-AAP,; hydrogel
towards the simultaneous stimulation with light and temper-
ature. To this end, we irradiated both hydrogels in situ until
the respective PSSs were reached and acquired temperature
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sweeps at a constant strain and a constant frequency (y =1 %,
o =100rads™'; Figure 5,ba) with continuous irradiation. The
crossovers of G’ and G” indicate the gel-sol transition
temperature as highlighted by small arrows. While having in
mind that the crossover of G’ and G” depends on the applied
frequency at a certain strain, we kept the strain and the
frequency constant at this point, because it provides a basis
for comparison of the hydrogels. In case of the SPEG-AAP,, ;
hydrogel, the gel-sol transition temperature varies from ca.
80°C after irradiation with 545 nm to ca. 39°C after irradi-
ation with 395 nm (Figure 5a). Upon irradiation with 375 nm,
the sSPEG-AAP,,; polymer behaves as a viscoelastic liquid
over the entire temperature range (5-80°C). The number of
E-iPrO-AAPs (PSSg(375nm)=1.7%) is too low and the
dynamics are too high to form a percolating network, even at
5°C. The more dynamic sPEG-AAP; hydrogel features
similarly wavelength-tunable gel-sol transition temperatures
from ca. 48°C (545 nm) to ca. 27°C (460 nm). At a wavelength
of 405 nm and below, the SPEG-AAP; polymer does not
form a gel over the entire temperature range (5-60°C;
Figure 5b). Remarkably, the gel-sol transition temperatures
of both hydrogel depend linearly on the PSS of E-iPrO-AAP,
whereby the slope of both linear regressions is approximately
0.5K% ' (Figure 5c). The similar slopes indicate a very
similar network topology in the gels. This correlation addi-
tionally confirms how precisely the mechanical properties of
such sPEG-AAP, hydrogels can be tuned by the incident
wavelength and represents a promising approach for pro-
spective adaptive materials with spatiotemporally controlled
gel-sol transition temperatures.

Conclusion

We introduced a new concept for the wavelength-gated
adaptation of hydrogel properties based on the multivalent
interactions of photo-responsive stickers in networks via
weakly associating star polymers. The material design enables
to reversibly induce gel-sol transitions and to precisely tune
the stiffness of hydrogels as a function of the number of AAPs
and on the wavelength of the incident light. These parameters
concurrently allow to engineer the dynamics of the network in
terms of the effective lifetime of load-bearing associative

b c
3000 e — _ . . : .
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Figure 5. Wavelength-gated gel-sol transition temperature of a) SPEG-AAP;; ; and b) sPEG-AAP,;. The crossovers of G’ and G” are highlighted by
small arrows. The gel-sol transition temperatures vary from 80°C (545 nm) to 39°C (395 nm) for the sPEG-AAP;, ; hydrogel and from 48°C
(545 nm) to 27°C (405 nm) for the sSPEG-AAP;; hydrogel. c) Linear dependence of the sol-gel temperature, Ty, on the PSS;. The slope of both

linear regressions is approximately 0.5 K%'
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chains and its gel-sol transition temperature. The remarkable
self-similar behavior between polymers of different function-
alization density with respect to distinct structure/PSS/
material property relationships (G’ o< PSS; G” x exp(—PSS);
Igt, 1 o PSS, Ty o<0.5PSS) allows for a desirable and deter-
ministic photo-adaptive materials design. It raises the rele-
vant questions to what extent this behavior can be generalized
to other supramolecular interactions.

The foundation of the wavelength-gated engineering on
the material scale relies on a multivalent approach in
correlation to the thorough calibration of the PSS of iPrO-
AAP on the molecular level. The precise calibration to tune
the ratio of E-/Z-iPrO-AAP translates to the reversible
modulation of the mechanical characteristics of the hydrogels
in a spatiotemporal fashion. Any intermediate E/Z ratio can
be obtained with a tunable laser, but also cost-efficient LEDs
cover the entire range of PSSs, rendering the approach of
a tunable PSS suitable for broader field of research and
application. Moreover, the used photoswitch facilitates to
maintain the mechanical properties since its thermal relaxa-
tion can be neglected in the time frame of common experi-
ments.

The introduced approach of a wavelength-gated adapta-
tion of hydrogel properties goes beyond the classical switch-
ing from state A to state B. Considering stem cell culturing for
instance, in which the hydrogel stiffness and viscoelastic
properties regulate stem cell fate and tissue formation, the
mechanical properties of the hydrogel support can be
adjusted on-demand, and, more importantly, with wave-
lengths outside the harmful UV regime. Thus, the approach
of a wavelength-gated engineering paves the way for pro-
spective adaptive materials with advanced and tunable
properties in cell culturing, tissue engineering and 3D
bioprinting.
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