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ABSTRACT

Radical ring-opening polymerization (RROP) of cyclic ketene acetals (CKAs) constitutes a powerful avenue to biodegradable
polyesters via radical polymerization. CKA-based degradable polymers have been established mainly as linear polymers, while
networks from CKA-based RROP remain scarce despite their potential as degradable materials. Herein, a photoreversible RROP-
polyester network based on poly(2-methylene-1,3,6-trioxocane) (PMTC) is introduced. Photoreversibility is achieved by decorating
the PMTC chains with pendant pyrene chalcone (PyChal) moieties. Photoinduced [2+2] cycloaddition (4,,,, = 440 nm) of the
PyChal moieties affords covalent cross-links, while irradiation at 4., = 345 nm allows for network reversion as underpinned
by an in-depth solution assessment of the photochemistry. The reversible nature of the photochemistry enables repeatable gel-
sol transitions as shown by variations in their storage and loss modulus (resulting in G’ changes of up to 9 kPa). Importantly,
the photoreactive CKA-based polymer can be employed in light-driven multi-photon printing (MPP) without the need for any
initiators, allowing the fabrication of pre-determined spatially confined architectures as evidenced by ToF-SIMS. The MPP
structures can be degraded by expore to UV irradiation and alkaline conditions. We thus establish a degradable PCKA-based
resist with reversible photochemistry for modular soft matter manufacturing.

1 | Introduction increased attention to polymer designs that enable controlled

degradation or-ideally—circular lifecycles. Within this context,
The ubiquity of non-degradable polymer materials has produced  aliphatic polyesters have emerged as an appealing route toward
awell-documented environmental crisis: persistent plastic waste, degradable materials, which has prompted significant research
fragmentation into micro- and nano-plastics, and associated interest over the last decades [4-7]. Conventional polyesters
ecological and human-health impacts are now recognized as are prepared via polycondensation of bifunctional monomers
major global challenges [1-3]. Continued growth in plastic or ring-opening polymerization (ROP) of cyclic monomers [8].
production and insufficient waste management have driven While ROP offers excellent control over polymer architecture and
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molecular weight, it commonly relies on catalytic systems and
highly purified monomers, whereas conventional lactone-derived
polyesters generally lack readily accessible pendant functional
groups. Consequently, introducing functionality often requires
either elaborate monomer synthesis prior to polymerization or
post-polymerization modification through additional synthetic
steps that can compromise the integrity of the polyester backbone,
thereby limiting the versatility of these materials. In contrast,
radical ring-opening polymerization (RROP) of cyclic ketene
acetals (CKAs) has emerged as a powerful alternative, combining
the synthetic robustness and broad tolerance towards functional
groups of free-radical polymerization with the ability to generate
degradable polyester backbones. RROP of CKAs hence provides
a straightforward route towards functional, biocompatible, and
biodegradable aliphatic polyesters, while overcoming several
limitations associated with conventional ROP [9-12].

Pioneered by Bailey et al. in 1982, the synthesis of polyesters via
RROP of CKAs - referred to as poly(CKAs) (PCKAs) - fuses
advantageous features of free-radical polymerization (FRP) as
well as ring-opening polymerization, i.e. robust reaction condi-
tions from FRP coupled with ester functionalities through ROP
[13-15]. Inherently, compared with PCL-based systems, PCKA
materials offer several advantages, including their innate propen-
sity for branching during RROP, which can be used to tailor
the polyester microstructure. Furthermore, linear PCKAs have
previously been demonstrated to undergo enzymatic degradation,
where the semi-crystallinity (=the microstructure) affects the
degradation rate, representing an advantage that may be exploited
in future studies. Over the past decades, a range of CKAs have
been developed ranging from hydrophilic [16, 17], amine-bearing
[10, 11, 18], to unsaturated [19] and circularly-operated derivatives
[20-23], and their propensity to undergo RROP has been explored
in-depth [24-27]. These studies demonstrate that RROP unlocks
tunable ester content, molecular architecture, and degradation
susceptibility across homo- and copolymers.

Despite these advances, the majority of research on PCKAs
has been directed towards thermoplastic polyester architectures,
while cross-linked polymer networks are explored to a lesser
extent. 3D scaffolds have been reported to include PCKAs as
a minor component to achieve degradability into (meth)acrylic
networks in a variety of contexts, mostly focusing on 2-methylene-
1,3-dioxepane (MDO) and 2-methylene-1,3,6-trioxocane (MTC)
as CKAs. Such materials have been used in a wide range
of applications, including thermo-responsive networks [28-31],
amphiphilic gels [32], networks for biomedicine (e.g., tissue
engineering [33, 34], or drug delivery [35]), bioelastomers [36],
biomimetics [37] and robust tissue adhesives [38-42]. In these
studies, the responsive behavior relied on temperature, pH or an
enzymatic gradient as stimulus to trigger a specific response. In
contrast, the use of light as a traceless reagent offers key benefits
due to its non-invasiveness and spatiotemporal precision [43],
which has also been exploited in vinylic networks with CKAs
as a minor component. For instance, Agarwal and colleagues
reported a network with pendant coumarin groups which were
photocross-linked at 365 nm into amphiphilic micelles and
subsequently photochemically reverted upon irradiation with
high-energy 254 nm UV light [35]. Similarly, Xie et al. developed a
copolymer-network with pendant coumarin entities that yielded
mechanically stable, antimicrobial adhesives upon UV-induced

cross-linking [42]. Advancing beyond coumarins, Gorman and
co-workers incorporated benzophenone moieties into the side
chain to generate antibiofouling films by means of a UV-induced
covalent bond formation [41]. The group of Carlotti took the
utilization of light further and developed a photoresist formula-
tion for additive and subtractive manufacturing via two-photon
printing (2PP), enabling the fabrication of a plethora of hydrolyz-
able arbitrary structures with high fidelity [44]. Despite these
important contributions, networks that are primarily composed
of PCKAs and fuse reversible light-responsiveness with intrinsic
degradability have not yet been realized. 3D-printed microstruc-
tures capable of reversible photomodulation in combination with
the ability for chemical or photolytic degradation thus present a
critical research gap.

We herein report a dual degradable network based on PMTC
copolymerized with a vinyl comonomer, bearing pendant pyrene
chalcone (PyChal) units as minor component. PyChal units can
be subjected to a reversible light-induced [2+2] cycloaddition
for network formation and UV-triggered cycloreversion for net-
work degradation. We examine the photochemical behavior of
these materials in solution as well as in the bulk state using
photorheology to demonstrate photoreversibility. Once estab-
lished, our system serves as the basis for a photoresist based
on our PCKA-PyChal system for multi-photon printing (MPP)
to unlock the fabrication of three-dimensional structures which
are inherently susceptible to basic, enzymatic as well as light-
induced degradation pathways. Our work establishes a general
strategy for degradable RROP-polyester networks compatible
with advanced and reversible photo-manufacturing as well as
sustainable materials design.

Importantly, the current study significantly expands RROP of
CKAs to provide an avenue towards photo-decomposable and
hydrolyzable network materials constituting of PMTC-PyChal.
We initially copolymerize the CKA (MTC) with 2-chloroethyl
vinyl ether (CEVE) to synthesize copolymers with pending
functional groups. We selected MTC as the CKA building block
for the polymer backbone due to its pronounced ring-opening
propensity and favorable reactivity under diverse radical polymer-
ization conditions, enabling the formation of non-cross-linked
polyesters [45]. MTC belongs to a broader class of synthetically
accessible CKAs, including MDO, BMDO and MPDL, which
can be prepared via the well-established haloacetal route in a
concise two-step procedure and on multigram scale [45]. The
increasing commercial availability of CKAs, including MTC,
further facilitates access to these monomeric building blocks
and highlights the growing practical maturity of CKA chemistry
for the synthesis of degradable polyesters [24, 46]. In a post-
polymerization protocol, we decorate the vinylic units within
the PCKA backbone with pendant PyChal entities by means
of a copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC)
(Scheme 1A). Our modular strategy exploits the pendant vinyl
ether (VE)-derived functionality introduced directly during the
statistical RROP of CKAs and VEs, thereby avoiding the need for
elaborate synthesis of functionalized (lactone) monomers, while
preserving the integrity of the degradable polyester backbone.
Notably, the complete synthetic sequence, including the PPF pro-
tocol, can be reliably performed on the gram scale, demonstrating
the overall amenability to scale-up. We subsequently establish
the photochemistry of these materials in solution (sol-state)
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SCHEME 1 | Overview of the current study. (A Synthesis of P(MTC-co-PyChalEVE) via post-polymerization-functionalization. (B) Exploration of

copolymer photochemistry via solution-state studies. (C) Photoreversibility of material properties via photorheological assessment. (D) Multi-photon

printing of P(MTC-co-PyChalEVE) and degradation through multiple stimuli.

using combined UV/Vis and NMR spectroscopy, size exclu-
sion chromatography (SEC) and LC-MS characterization. After
demonstrating photoreversibility (Scheme 1B), the networks are
studied by photorheology, demonstrating that the material prop-
erties can be modulated by different colors of light (Scheme 1C).
Finally, we employ our photoreactive polymer to formulate a
P(CKA-co-PyChal) photoresist, which enables the manufacturing
of 3D-printed microstructures through MPP (Scheme 1D) [47, 48].
Subsequent degradation via either light or base hydrolysis proves
the multimodal degradability of the generated structures. These
findings underscore the versatility of PCKAs and will incentivize
their use in advanced contemporary fields of application.

2 | Results and Discussion

To enable PCKAs for photochemical network formation, we
selected [2+2]-photocycloaddition as the cross-linking chemistry,
as it affords efficient covalent bond formation that can be
reversibly gated by different colors of light [49]. Specifically,
we employ PyChal as a visible light-responsive chromophore
owing to its superior synthetic scalability as well as tunable
functionality opposed to, for instance, styrylpyrenes [50-53].
In addition, photocycloaddition as well as reversion of the
PyChal system can be triggered with red-shifted, more benign
wavelengths important for potential biological applications [53].
Initial attempts to incorporate PyChal directly into an aliphatic
polyester via copolymerization with MTC were unsuccessful. VE
and methyl methacrylate (MMA) derivatives of PyChal either
failed to copolymerize (Scheme S1 and Figure S3) or underwent
undesired side reactions. The highly reactive intermediate pri-
mary radical present during the polymerization of MTC attacked
the chalcone double bond, resulting in premature termina-
tion and chromophore deconjugation (Figure S4). These results
are consistent with previous reports on PyChal demonstrating
that free-radical polymerization of chalcone moieties succeeds
preferentially when adjacent groups stabilize intermediate rad-

icals (e.g. methacrylate-based chalcone) [54-57]. Attempts to
mask the chalcone double bonds by prior photocycloaddition
and subsequent immediate network formation via bisfunctional
PyChal dimers also proved ineffective. We attribute this to either
a lack of reactivity (VE derivatives) or mismatched reactivity
ratios (MMA derivative). Collectively, these findings motivated
a strategy based on the post-polymerization functionalization
(PPF) of a prefabricated PMTC backbone bearing VE repeat units.
Grafting-from will allow for attaching the PyChal units after the
backbone has been synthesized. MTC was chosen as PCKA due
to its superior reactivity during RROP as well as its tendency to
form completely ring-opened polyesters [45]. In order to include
the PyChal moiety, we adapted a synthetic procedure reported
by Guillaneuf and colleagues, who exploited similar reactivity
ratios between MTC/MDO and functional VEs in free-radical
copolymerizations [36, 58]. Based on their protocol, MTC was
copolymerized with CEVE, and the PyChal handles introduced
using CuAAC (Scheme 2) [59]. CuAAC is known for its high func-
tional group tolerance, selectivity and benign reaction conditions
and has been shown to tolerate chalcone moieties and the labile
polyester backbone in a variety of instances [36, 59-61].

As the initial step of the synthetic sequence, MTC was copoly-
merized with CEVE (Fyrc:Fcpye = 84:16) at 70°C in the presence
of 2,2’-azobis(2-methylpropionitrile) (AIBN, 1 mol%) as a radical
initiator in bulk (refer to Scheme S2). The resulting P(MTC-co-
CEVE) was isolated and characterized by 'H-NMR spectroscopy
as well as SEC. Initial kinetic experiments at the targeted feed
ratio reveal a modest compositional drift toward higher CEVE
incorporation (Fegyg >20%) and a pronounced loss of molar
mass control (formation of ultra-high molar mass species) over
extended reaction times (after 24 h, refer to Figure S9). Note
that the dispersity (P) also increased from 2.9 to 56 at longer
reaction times owing to the tendency of MTC/PMTC to undergo
chain transfer reactions under radical conditions, leading to a
significantly increased P [62, 63]. To balance conversion and
compositional drift, reactions were quenched at a conversion
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SCHEME 2 | Synthetic sequence toward PyChal-decorated polyester P(MTC-co-PyChalEVE) via copolymerization and subsequent post-

polymerization-functionalization.

of 65%-70%, preserving both the feed composition and molar
mass control. After optimization (reaction quenched after 9 h),
P(MTC-co-CEVE) was obtained with good retention of the initial
co-monomer feed as evidenced by 'H-NMR (Fyyrc = 84+ 4, Fopyg
= 16+ 4, Figure S5), an M, of close to 9000 g mol™! and D of
2.9 (Figure S8, refer to the Supporting Information S1: Section
2.2.2.1 for details of molar ratio as well as functional group density
determination) [36]. As PCKAs are prone to undergo branching
reactions, the density of branching (DB) had to be evaluated.
It was determined to be 7.3% via 'H-NMR spectroscopy, that
is, 4-5 PMTC repeating units per chain showed short- or long-
chain branching. This value is notably lower than for PMTC
homopolymers, implying a more defined polymeric architecture
[62, 63]. In agreement with previous studies, *C-NMR spec-
troscopy showed no ring-retained MTC, suggesting quantitative
ring-opening toward the aliphatic polyester (refer to Figure S6)
[63-65]. The microstructure of the copolymer was determined
by 2D NMR analyses, revealing the presence of various dyads,
confirming the copolymerization reaction (refer to Figure S7).
The absence of larger CEVE blocks was further evidenced by
SEC-MS in combination with degradative studies. Complete
disintegration of the pristine polymer upon basic degradation
was shown by NMR spectroscopy, SEC and SEC-MS (refer to
Figures S11-S15 and Tables S3 and S4). Somewhat surprisingly, the
THF-SEC trace of the purified copolymer was distinctly bimodal
(refer to Figures S8 and S10). When the eluent was changed
from THF to DMAc, the populations merged (refer to Figure
S10), indicating that secondary interactions with the SEC column
likely caused the THF-SEC elution behavior, rather than intrinsic
chemical heterogeneity. Together these results emphasize that
the polymer exhibits a unimodal distribution [66]. This finding is
consistent with that reported by Guillaneuf and coworkers, who
observed near-ideal reactivity ratios for VEs (including CEVE)
and MTC/MDO together with little to no multimodality in SEC
[36, 58, 67].

After successful introduction of functional handles into the
polyester backbone, the pendant alkyl chloride moieties were
converted to azides via nucleophilic substitution using sodium
azide (refer to Scheme S3) [36]. Quantitative conversion was

achieved after 24 h at 80°C unlocking P(MTC-co-N;EVE) (refer
to Figure S16, refer to the Supporting Information S1: Section
2.2.2.2 for details of molar ratio as well as functional group density
determination). The first step of PPF was accompanied by a
slight decrease in molar mass (M, = 7500 g mol™}; B = 2.9),
but under retention of the MTC/VE ratio, suggesting negligible
polyester backbone degradation during azide-functionalization
(refer to Figure S17). The complementary alkyne-bearing PyChal
reagent was prepared from its accessible acid precursor following
a reported procedure [53]. Capitalizing on the carboxylic acid
moiety, EDC/HOBt-mediated amidation with propargylamine
and 4-methyl morpholine was performed at ambient temperature
overnight, affording the respective alkyne-PyChal in excellent
yield and purity (refer to Scheme S4 + Figures S18-S21). With
both the azide-functional polymer and alkyne-PyChal at hand,
CuAAC was performed in the presence of Cu(I)Br as well as
PMDETA at 40°C for 24 h (refer to Scheme S5). Purification by
preparative SEC and subsequent precipitation afforded the final
P(MTC-co-PyChalEVE). We acknowledge that preparative SEC
is not routinely available as a polymer purification technique.
The extended polyaromatic structure of PyChal, together with
its limited solubility in solvents compatible with conventional
precipitation and dialysis, renders these more broadly accessible
purification approaches comparatively inefficient and solvent
intensive. In addition, strong aromatic interactions may promote
retention or physical retaining of residual low-molecular-weight
PyChal within the precipitated polymer, potentially complicat-
ing the reliable assessment of chromophore incorporation. We
therefore employed SEC, which separates species according to
their hydrodynamic size rather than polarity and is particu-
larly well-suited to the pronounced size difference between
the free PyChal chromophore and the corresponding PyChal-
functionalized PCKA. The purification procedure was performed
on the gram scale, affording up to 1.5 g of the final P(MTC-co-
PyChalEVE) with an isolated yield of approximately 70% (see
Supporting Information S1: Section 1.4 for detailed purification
procedures and SEC specifications). Thus, despite its compara-
tively limited accessibility, preparative SEC provided an efficient
means of removing excess low-molecular-weight PyChal on a
preparatively relevant scale without substantial loss of polymer.
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More accessible alternatives could include solid-phase covalent
scavenging using azide-functionalized silica to selectively remove
residual alkyne-bearing PyChal via CuUAAC, or Soxhlet extraction
to remove low-molecular-weight species. 'H-NMR spectroscopy
indicated good preservation of the initial molar composition of
the copolymer, accompanied by quantitative disappearance of
the azide-associated resonances. The emergence of the triazole
proton in the aromatic region, together with broadened PyChal
proton resonances, also indicated the successful ligation (Figure
S22, refer to Supporting Information S1: Section 2.2.2.4 for details
of molar ratio as well as functional group density determination).
Exclusion of low molar mass fractions during preparative SEC
shifted the observed molar mass distribution toward a higher
M, of close to 12 600 g mol™ and slightly lower D of 2.6 while
bearing a unimodal size population (refer to Figure S23). Dual
DRI/UV (4 = 420 nm) detection indicated coinciding signals,
confirming ligation of PyChal to the polymer backbone, which
itself is UV-transparent at this wavelength. UV/Vis spectroscopy
in DMF displayed the characteristic PyChal absorbance in its
conjugated state, thus demonstrating the successful preservation
of the pristine structure of this moiety (refer to Figure S24).

After the successful synthesis of the PyChal-decorated PCKA, we
monitored the photo-induced network formation and degrada-
tion by means of solution-state techniques, such as NMR- and
UV/Vis spectroscopy and SEC. Experiments were thus conducted
at copolymer concentrations sufficiently low to form sols rather
than gels. Preliminary experiments at a PyChal concentration
of 7 wt.% (66.3 mM, corresponding to 6.61 mM copolymer)
resulted in solidification of the sample upon blue-light irra-
diation. Accordingly, lower concentrations were employed to
prevent complete gelation while enabling the photo-induced
dimerization and subsequent cycloreversion to be monitored
under liquid-state conditions. To gain a chemical understanding
of the photo-induced dimerization and its reversion, a series of
'H-NMR spectra were recorded with a 2.5 wt.% PyChal (18.3 mM
corresponding to 1.83 mM copolymer) concentration in DMSO-
ds. The yellow solution comprising P(MTC-co-PyChalEVE) was
illuminated with a A,,,, = 440 nm LED (I = 294 mW cm™2) for
5 min, yielding a noticeably paler yellow mixture. This color
of light was chosen as PyChal exhibits its highest reactivity in
that wavelength regime [68]. Upon irradiation, broad resonances
emerged in the 'H-NMR spectrum at § = 525 ppm (light
orange tile in Figure 1A,B) corresponding to the characteristic
cyclobutane protons formed via [2+2]-photocycloaddition of the
PyChal units. At the same time, the integral of the resonance
associated with the olefinic protons of PyChal at § = 8.75 ppm
(light blue tile in Figure 1A,B) decreased accordingly. This change
in chemical environment also prompted the chalcone proton at
& = 7.10 ppm to shift to § = 6.80 ppm (red tile in Figure 1A,B).
Based on this change, we estimate the degree of dimerization by
comparing the integral intensity of the cyclobutane protons (6 =
5.25 ppm) to an internal standard (PMTC methylene backbone at
d = 4.10 ppm; indigo tile in Figure 1A,B). The chalcone proton
at § = 7.10 ppm was used to define the upper limit for the
cyclobutane integral (red tile in Figure 1A,B; refer to Figure S25
and Table S5 for detailed explanation and calculation). Following
this approach, a dimer content of close to 88% was calculated
after 5 min of 1,,, = 440 nm irradiation. Subsequent exposure
to UV light of 4,,,, = 310 nm (I = 38 mW cm™2) triggered pho-
tocycloreversion of the PyChal adducts: The cyclobutane integral

decreased progressively, reaching a reversion of close to 60% after
120 min (i.e., close to 40% dimer remained). Prolonged irradiation
did not increase reversion, consistent with the establishment of
a photostationary state at 4,,,,, = 310 nm in which cycloaddition
and reversion progress at the same rate [68, 69]. In agreement
with photocycloreversion, distinct sharp resonances emerged in
the aromatic region, indicative of small-molecule formation (dark
orange tile in Figure 1A,B). These resonances are associated with
the asymmetric cleavage product during photocycloreversion—
bispyrene (molecule highlighted in turquoise in Figure 1A) [49].
LC-MS analysis confirmed the presence of a species with m/z =
428.16, whose mass and isotope pattern match C,,H,, (bispyrene,
refer to Figure S26C + D). The MS evidence is consistent with
the detection of bispyrene as a radical cation rather than a
protonated ion as no mass alteration is observed. Such a behavior
fits a previously reported pattern for large, highly conjugated
systems that are difficult to ionize by ESI [70]. In addition, the
photodiode array (PDA) UV/Vis spectrum of this species revealed
ared-shifted absorbance compared to PyChal, congruent with the
extended, conjugated 7r-system of bispyrene (refer to Figure S26E)
[71].

To evaluate the aforementioned light-induced network formation
and reversion, we conducted a series of UV/Vis spectroscopy
measurements of an 18.3 mM PyChal (1.83 mM copolymer)
solution in DMAC as optical readout of these photochemistries.
The solution initially displayed absorption extending into the blue
regime (4 = 420 nm), characteristic of the conjugated PyChal
chromophore (red trace in Figure 1C). Irradiation at A, =
440 nm caused a pronounced decrease of this long-wavelength
band and the concurrent appearance of a blue-shifted doublet at
approx. 4 = 330 and 350 nm, indicating the formation of pyrene-
derived photoadducts arising from disruption of the pristine
conjugation [53]. The wavelength at which the absorbances
of photoactive species account for the same value (isosbestic
point) was found at 4 = 359 nm and remained unchanged,
demonstrating selective formation of the photoadduct. In order
to demonstrate the photocycloreversibility under lower-energy
irradiation conditions, we opted for an LED with 4., = 345
nm (I = 13 mW cm™2). Illumination at that wavelength progres-
sively reduced the pyrene-associated bands, while the red-shifted
absorbance increased again (dashed traces in Figure 1C). Based
on identical aliquots taken from the reaction mixture at each
time point (equivalent concentration allowing for quantification
via absorbance), the absorbance at 1 = 409 nm recovered close
to 60% of the initial value after 120 min exposure at A, = 345
nm. Note that this recovery solely reflects the photocycloreversion
of the cyclobutane adduct rather than regeneration of the initial
PyChal entity. The cycloreversion is supported by a shift in the
isosbestic point from A = 359 nm to shorter wavelengths, further
indicating a drift from a binary to a multicomponent photoactive
mixture over extended A,,, = 345 nm irradiation [51]. These
observations are consistent with the formation of asymmetric
cleavage products (e.g., bispyrene, refer to Figure S26), whose
extended conjugation and tendency to form aggregates results
in red-edge tailing and a change in the simple binary spectral
relationship [71]. As direct metric for the dimensions of the
formed gels, we assessed irradiation-driven changes via SEC.
Aliquots of P(MTC-co-PyChalEVE) were dissolved (18.3 mM
PyChal (1.83 mM copolymer)) in DMAc and illuminated via blue
(Amax = 440 nm) and UV (4., = 310 nm) light and analyzed via
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FIGURE 1 | Solution-state studies of the, (A) photocycloaddition/reversion of P(MTC-co-PyChalEVE) via blue and UV light LEDs, respectively, (B)
chemical changes upon cycloaddition under 440 nm and reversion under 310 nm monitored via NMR spectroscopy (18.3 mM PyChal in DMSO-dg),

(C) evolution of the absorbance trace upon blue light (440 nm) and subsequent UV light (345 nm) irradiation screened via UV/Vis (18.3 mM PyChal in
DMACc), and (D) elugram development under 440 and 310 nm light irradiation assessed via SEC (18.3 mM PyChal in DMACc), refer to the Supporting
Information S1: Section 1.1 (Figure S1) for detailed emission spectra of the employed LEDs.

SEC (Figure 1D). Note that molar masses were obtained using a
PMMA-based relative calibration and therefore represent values
based on elution time that may not reflect the true sizes of
the analyzed polymers (= apparent molar mass). Elution time
(i.e., elution volume) is thus reported as the comparative metric.
The pristine copolymer exhibited the previously noted unimodal
elution trace. Briefirradiation at A,,,, = 440 nm (0.5 min) resulted
in an immediate redistribution of these populations (bold green
trace in Figure 1D). Simultaneous shifts toward both lower and
higher elution times were observed. The appearance of species
with a higher hydrodynamic radius is attributed to intermolecular
[2+2]-photocycloaddition-based cross-linking of PyChal units.
In contrast, the concurrent increase in faster eluting species
reflects competing intramolecular cross-linking towards single-
chain nanoparticles, which could be expected in the applied
dilute conditions [72]. Continued exposure to A, = 440 nm
amplified the population at low elution time.

Upon subsequent exposure to UV light (1,,,, = 310 nm), the
chromatograms initially exhibited only minor changes but sub-
sequently evolved toward increasingly shorter elution times after
60-120 min of irradiation, corresponding to larger apparent

hydrodynamic radii of the structures. Owing to UV-induced
photocycloreversion and the expected reduction in network con-
nectivity, the opposite behavior was initially expected. Instead,
the continued progression towards shorter elution times even-
tually approached elution times below 17 min, followed by an
abrupt decrease in the recorded signal beyond this threshold
(dashed traces in Figure 1D). Two effects may contribute to
this unexpected behavior: (i) establishment of a photostationary
state between PyChal dimerization and photocycloreversion, in
which cross-link formation and cleavage proceed simultaneously
and may transiently favor the formation of larger intercon-
nected structures [73], and (ii) formation of hyperbranched or
aggregated species following asymmetric photocycloreversion,
which may exhibit non-ideal interactions with the stationary
phase and thereby produce distorted elution profiles and an
apparent increase of hydrodynamic size [74]. In particular, the
asymmetric cleavage product bispyrene is expected to amplify
this effect due to its limited solubility as well as its susceptibility
for aggregation [75, 76]. Accordingly, the observed shift toward
shorter elution times should be interpreted as an increase in
apparent hydrodynamic volume rather than as direct evidence for
an increase in the molar mass of the polymer.
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FIGURE 2 | (A)Small-amplitude oscillatory shear photorheology of P(MTC-co-PyChalEVE) transitioning reversibly from sols to gels and vice versa
through different colors of light. (B) 30 wt.% Copolymer in DMSO: blue light irradiation (4,,,x = 440 nm) induces gelation (G’ ~ 1.9 kPa after 20 min);
UV light (A,,.x = 335 nm) reverses the network (G’ < 1 Pa within 5 min). Alternating irradiation cycles show reversible switching but an increased G’

after the second cycle (G’ ~ 4.7 kPa), refer to the Supporting Information S1: Section 1.1 (Figure S2) for detailed emission spectra of the utilized LEDs.

Having established the photochemistry of the PyChal-containing
PCKA in solution, we translated this responsiveness into a gel
system and monitored light-driven mechanical changes by small-
amplitude oscillatory shear (SAOS) photorheology (Figure 2A).
Photochemical cross-linking was examined at two polymer load-
ings (30 and 90 wt.% copolymer in DMSO) (Figure 2B and Figure
S27). At 30 wt.%, pronounced gelation was observed under 4,,,, =
440 nm irradiation using an Omnicure S20 lamp. Within 20 min
the storage modulus (G”) increased to close to 1.9 kPa, surpassing
G”, indicating a fast polymer cross-linking process. The gradual
incline in G’ value during the blue-induced cross-linking can
be rationalized by the progressive restriction of polymer chain
mobility upon gelation of the reaction mixture [77]. The color
of light was then changed to 2., = 340 nm causing rapid
dissociation of the network: Within 5 min G’ decreased to below
G” and fell below 10 Pa, indicating the transition to strongly
viscous behavior. Repeated alternation of blue and UV irradia-
tion demonstrated macroscopic reversibility of the mechanical
response. After a second irradiation cycle, the post-gelation G’
increased notably to close to 4.7 kPa (close to 2.5x the initial
stiffness). We attribute this effect to secondary cross-linking
from photooxidation under prolonged irradiation, as already
observed by Koay et al. for a related PyChal-decorated PEG
system [78]. We acknowledge that UV-induced cycloreversion of
the networks resulted in substantial formation of low-molecular-
weight photoproducts, rather than exclusively yielding bispyrene
as the asymmetric cleavage product, as evidenced by solution-
state 'H-NMR and UV/Vis spectroscopy. This did, however,
not affect the material’s light-driven cyclability between the gel
and sol states, as confirmed by photorheological measurements
(Figure 1B,C and Figure 2B). When increasing the copolymer
concentration to 90 wt.%, blue light-induced gelation proceeded
more rapidly, attaining a G’pjyen Of approx. 8.8 kPa after 8
min due to an increased chromophore density (refer to Figure
S27). UV-induced dissociation was decisively slower, requiring
24 min to return to its initial viscous state. The storage mod-
ules obtained through light-induced cross-linking are generally
substantially lower (approximately one order of magnitude) than
those reported for PMTC networks synthesized by RROP directly,

even after accounting for differences in solvent content and
cross-linking density [79]. All materials of the present study are
thus soft with G’ in the low-kPa range, and remained amenable
to spatiotemporal modulation, thereby significantly enhancing
the range of materials available through CKA-based RROP [79,
80]. Network formation using blue light occurred more slowly
than UV-induced reversion at 30 wt.% (with the reverse trend
at 90 wt.%), which can be reasoned by a complex interplay of
factors. These include intrinsic kinetics [81], quantum yields
[82], percolation sensitivity of the forming network [83] as well
as the presence of oxygen, that is, triplet state quenching, in
addition to the already mentioned photooxidation (refer to Figure
S28) [84]. The polymer loading dependence of the switching
behavior supports an acceleration of the bimolecular kinetics
of the [2+2]-photocycloaddition at high PyChal concentrations,
whereas triplet state quenching may compromise the gelation
rate under more dilute conditions. This relationship could be
leveraged to fine-tune targeted material properties by modu-
lating the probability and efficacy of cross-linking events and,
consequently, the attainable material stiffness.

We subsequently exploited the underlying photochemistry
together with the intrinsic degradability of PCKAs to fabricate
microstructures by multi-photon lithography, followed by
controlled, multimodal degradation of the printed objects
(Figure 3). In contrast to conventional radical chain-growth
polymerization, which accounts for the majority of established
MPP photoresists, [2+2]-photocycloaddition represents a
comparatively uncommon curing mechanism and exhibits
fundamentally different requirements for efficient network
formation [85]. In particular, the attainable curing efficiency
in MPP depends on the two-photon absorption characteristics
and photochemical quantum yield of the chromophore, as
well as the spatial proximity and molecular organisation of
the reactive groups. Accordingly, the photoresist formulation
represents a critical parameter, as it must simultaneously provide
sufficient concentrations of photoactive moieties for efficient
network formation while maintaining adequate solubility of the
polymer precursor and compatibility with the MPP process [86].
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FIGURE 3 | (A) Sequential fabrication process of multi-material yin-yang structures via MPP. The yin part (tanwas printed from the PCKA-

based resist (37.5 wt.% in e-caprolactone, while the yang part (black) was printed from a commercial resist (Nanoscribe IP-S). (B) SEM image of the

multi-material yin-yang print. (C) ToF-SIMS ion map, showing the overlaid intensities of fragments corresponding to C4;sH™ (yellow) and fragments

corresponding to C;.;H3 04, (blue) of the yang structure (a detailed list of individual fragments can be found in the Supporting Information S1: Section

1.4). (D) SEM array of the degradation of yin-yang microstructures in 0.05 M KOH in THF/MeOH, showcasing the pristine structure as well as after 5

min of exposure. (E) SEM array of the degradation of yin-yang multi-material objects in DMSO under irradiation with a 3 W LED (4;,,x = 345 nm, refer

to the Supporting Information S1: Section 1.1 (Figure S1) for a detailed emission spectrum of the utilized LED and to Supporting Information S1: Section

5.2.1 (Figure S32) for the degradation setup) showcasing the pristine structure and gradual decay after 2, 6, and 24 h.

Initial photoresin formulations comprising 25 wt.% P(MTC-co-
PyChalEVE) in propylene carbonate/acetophenone provided
a broad printability window. It was, however, associated with
challenges in focusing the laser at the substrate-resin interface,
the volatility of acetophenone despite its favorable solvent
properties, and limited structural fidelity, prompting a transition
to an alternative resin composition (refer to Figure S29). The
printability window refers to the range of laser powers and scan
speeds that yield continuous solidification, whereas structural
fidelity denotes the accuracy and dimensional stability of the
printed microstructures. Attempts to employ DMSO and DMF
for MPP were hampered by rapid solvent evaporation and
subsequent crystallization of the copolymer. PEG400 was also
not feasible as it displayed insufficient copolymer solubilization
capacity, with less than 25 wt.% copolymer dissolving. Cyrene,
a greener alternative to DMF with a higher boiling point [87],
provided an insufficient refractive index contrast relative to the
borosilicate glass substrate (An < 0.04). Motivated by the recent
study of van Durme et al., who employed e-caprolactone as a
non-volatile and chemically inert solvent for MPP, we adopted
this solvent for our formulation [88]. A photoresist based on our
photoreversible system was prepared by dissolving P(MTC-co-
PyChalEVE) in e-caprolactone without complementary additives
and submitted to MPP. Specifically, we assessed the printability of

the resist by fabricating cuboids via systematic variation of laser
power and scanning speed in a so-called dose test. The herein
employed PCKA resin exhibited an overall broad fabrication
window across a broad range of laser powers and scanning
speeds (refer to Figure S30), consistent with previous reports by
Pashley-Johnson et al. who employed small molecules bearing
telechelic PyChal moieties as chromophores in MPP [89]. Higher
laser doses (effective exposure dose > 1.1025:107° W2s> m™!)
caused overexposure of the resist, resulting in reduced resolution
and diminished feature definition due to microexplosions [90].
In contrast, underexposure of the resist resulted in poorly printed
structures exhibiting no structural integrity due to a lack of cross-
linking junctions. Such writing parameters not only critically
affect the mechanical properties of the fabricated microstructures
[91], but also the resolution of individual features. This is well
documented in the literature and results from the influence of the
laser power on the voxel size (volumetric pixel, which constitutes
the smallest discrete 3D building block) [92, 93]. In addition,
pronounced shrinkage of the printed structures was observed
after development, likely due to network densification during
polymerization and capillary stresses during solvent removal,
with solvent evaporation during washing further exacerbating
the process [94-96]. Despite the improved formulation, the
printed features still exhibited limited structural fidelity and
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substantial shrinkage during fabrication. To improve print
resolution and structural integrity, the copolymer content within
the ink was subsequently increased to 37.5 wt.%. Higher loadings
of 50 wt.% resulted in only partial dissolution of the copolymer
and thus produced an inhomogeneous ink incompatible with
MPP. The higher copolymer loading now enabled the fabrication
of 2.5D structures as test motifs in the scope of a practical
demonstration format.

To demonstrate selective multi-material fabrication, yin-yang
structures were fabricated with the yin part composed of our
degradable PCKA resin and the yang part of a non-responsive
acrylic resin (Nanoscribe, IP-S). The yin-yang geometry was
chosen as a simple yet visually clear model system to show that
our resist can retain its functionality after multi-photon fabrica-
tion, while enabling subsequent selective subtractive erasure. In
practice, the multi-material structures were fabricated through
a sequential two-resist MPP workflow. First, the yin structures
were written using the PCKA-based resist (37.5 wt.% copolymer
in e-caprolactone), followed by development in DMSO to remove
the unpolymerized resist and reveal the printed structures.
Subsequently, the resulting yin structures were subjected to a
second MPP step using the commercial IP-S photoresist to write
the complementary yang structures. Development in acetone
then removed the unpolymerized IP-S resist, yielding the final
multi-material yin-yang structures. A dose test was carried out to
optimize the printing parameters for the yin structures fabricated
from our PCKA resist () (refer to Figure S31). Efficient printing
was performed at a laser power of approximately 10 mW (20%
of nominal 50 mW full power at the focal point) and a scanning
speed of 4 mm s~'. Under these conditions, all features remained
well resolved, whereas higher doses caused pronounced over-
curing, preventing reproducible patterned microfabrication. To
understand structural homogeneity between both materials, a
dose test was also performed for the IP-S resin and the thickness
of both printed components was assessed by confocal microscopy.
Based on these measurements, a laser power of approximately 17
mW and scanning speed of 5 mm s™! was chosen for IP-S, pro-
viding homogeneous fabrication of both materials. The fabricated
complementary 2.5D structure exhibited two optically distin-
guishable parts introduced by each resist (refer to Figure 3B).
Differences in optical appearance likely arise from several factors,
including the following: (i) The inherently slower kinetics of
[2+2]-photocycloaddition of PyChal relative to radical chain-
propagation of acrylic groups; (ii) The shrinkage of the PCKA
structures stemming from polymer-chain entanglement and the
increased spatial proximity induced by cyclobutane formation;
and (iii) The higher dilution of the PCKA polymer in the resin,
which increases the likelihood of intramolecular cross-linking
events that do not contribute to the mechanical integrity of the
printed object [86, 97, 98]. The chemical composition and spatial
distribution of the fabricated microstructure were characterized
via time-of-flight secondary-ion mass spectrometry (ToF-SIMS).
ToF-SIMS images showed fragment ions attributable to pyrene
(C,46H™) were localized predominantly within the right yin
(PCKA)-region (Figure 3C, plotted in yellow), whereas fragment
ions characteristic of the acrylic resin (C, ;H;0,,~) were collected
in the left yang (IP-S) region (refer to Supporting Information S1:
Section 1.4 for a comprehensive list of mapped ions, i.e. Tables S1
and S2).

As complete degradability is a hallmark characteristic of PCKA-
derived materials, the decomposition behavior of the fabricated
objects with a modular chemical structure was examined. In
order to highlight the different and orthogonal degradation mech-
anism, accelerated hydrolysis of the PCKA-inherent ester link-
ages was performed under basic conditions and the disintegration
of the (PyChal), moieties was performed under UV-light (refer to
Figure 3D,E, respectively). The degradability of MPP-fabricated
PCKA structures had previously been demonstrated by Mattoli
and co-workers, employing high cross-linker concentrations (>10
mol%) relative to the CKA content. Although this approach
enabled the fabrication of intricate, high-fidelity microstructures
through a radical chain-growth mechanism well established
for high-resolution MPP, degradation of the resulting micro-
objects required comparatively harsh conditions involving ele-
vated acid/base concentrations and temperature [44]. In contrast,
the present system combines a mechanistically distinct [2+2]-
photocycloaddition-based network formation with a predomi-
nantly polyester backbone. The high content of hydrolytically
labile ester linkages consequently enables chemical degradation
under comparatively mild conditions, while the reversible PyChal
cross-links provide an additional, orthogonal pathway for photo-
chemical network disassembly. Taking advantage of the inherent
susceptibility of the PCKA-derived ester bonds to undergo base-
promoted hydrolysis, the developed structures were submerged
in 0.05 M KOH in THF/MeOH (2:1, v/v) on glass substrates at
ambient temperature. Degradation of the microstructures was
monitored via scanning electron (SEM) and optical microscopy
(Figure 3D,E). Under these conditions, complete disintegration
of the PCKA structures occurred within 5 min, highlighting the
pronounced susceptibility of the PCKA network towards basic
cleavage. Notably, this brief degradation protocol, conducted at
ambient temperature, is considerably milder than those reported
previously. Our approach allows the selective degradation of
the CKA backbone, while other ester bonds remain intact.
Harsh basic conditions are known to also hydrolyze acrylate-
based resists such as pentaerythritol triacrylate (PETA) [44, 99].
Structures printed from the non-responsive IP-S resist, which
contains solely carbon-carbon bonds, showed little to no degra-
dation under these conditions, confirming structure-dependent
degradation (Figure 3D, bottom). In addition, PCKA-derived
microstructures remained non-responsive in the absence of a base
(refer to Figure S33).

We subsequently exploited the photoreversibility of the PyChal
system by exposing the structures to LED irradiation at A,
= 345 nm (I = 58 mW-cm™2) in DMSO (refer to Figure
S32 for the experimental setup). Photodegradation proceeded
markedly more slowly (hours rather than minutes), allowing for
a much more controlled disassembly over an extended timescale
(Figure 3E). This behavior can be ascribed to three main factors:
(i) Photocycloreversion occurs solely through cleavage of the
cyclobutane-photodimer cross-links, rather than direct backbone
scission; (ii) The limited penetration depth of UV light, governed
by the density of absorbing moieties and compounded by the
stronger absorption of shorter-wavelength radiation, which limits
optical access and suggests a diffusion-limited process [93]; (iii)
The spatial confinement of the degradative stimulus under unidi-
rectional illumination (in contrast to the omnidirectional action
of hydroxide ions) [93]. As a result, the progressive disappearance
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of the structures with irradiation were followed over time (images
taken after 2, 6, and 24 h). As with base-induced degradation,
IP-S structures remained unaltered owing to the absence of
photo-responsiveness, while sole PCKA-derived microstructures
maintained their shape in the absence of light irradiation (refer
to Figure S34). It is thus evident that the PCKA network enables
a targeted erasure via two independent pathways.

3 | Conclusion

We herein demonstrate a key advancement of RROP of CKAs by
integrating PMTC-based polyesters with mild reversible phot-
ochemistry to produce multifunctional, degradable polymer net-
works. A single-material platform is established that (i) is att-
ainable through PPF of an existing PCKA backbone by installing
PyChal pendants through CuAAC, (ii) exhibits wavelength-
dependent [2+2]-photocycloaddition/photocycloreversion beh-
avior in solution, (iii) shows photo-reversible modulation of
network connectivity assessed via photorheology, (iv) can be
processed by two-photon polymerization without additives to
afford microstructures, and (v) can be erased by base and
light, that is, by two orthogonal pathways. The resist’s sus-
ceptibility to controlled degradation stimuli, that is, specific
wavelengths and alkaline hydrolysis, enables targeted subtractive
erasure that leaves other chemical moieties, i.e. the ones in the
methacrylic IP-S resin, intact. Spatially resolved multi-material
printing, confirmed by ToF-SIMS, further illustrates how RROP-
derived polyester chemistry can be combined with photochemical
selectivity to encode location-specific properties into printed
architectures. Our study thus advances RROP by demonstrat-
ing initiator-free, MPP-processable PCKA resists and coupling
reversible photochemistry directly to RROP-derived networks.
We further highlight the need to balance monomer reactivity,
radical ring-opening efficiency, pendant chromophore design and
conjugation with the polyester backbone as well as cross-linking
kinetics to achieve uniform networks with predictable/controlled
degradation pathways. Future efforts will exploit complementary
orthogonal (photo)chemistries to further diversify the attainable
photochemical response of these materials. Simultaneously, the
full potential of CKA chemistry will be realized through the inclu-
sion of functional CKAs such as semi-crystalline, pH-sensitive
or hydrophilic poly-CKAs, preserving a complete polyester archi-
tecture with programmable degradability. Such materials are
anticipated to provide improved opportunities for enzymatic
degradation under mild conditions. The convergence of these
orthogonal CKA functionalities with photomodulation would
establish a versatile class of sustainable, multifunctional soft
materials capable of responding to multiple external stimuli while
maintaining degradable network architectures [100]. Our results
position photoadaptable networks based on RROP of CKAs as a
versatile material platform for degradable soft matter for additive
microfabrication as proof-of-concept functionality upon which
application-oriented developments can be built.
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