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ABSTRACT
The native extracellular matrix (ECM) comprises fibrous networks formed by supramolecular assembly of biomacromolecules,
which provides cells mechanical support and bioactive cues. As synthetic mimics of ECM, hydrogels made of supramolecular
motifs are prospective candidates resembling the fibrous nature of ECM and providing a versatile platform for further
functionalization. As recently reported, poly(ethylene oxide) (PEO) modified benzenetrispeptide (BTP) motifs can self-assemble
into supramolecular bottlebrush-like fibers and form biocompatible hydrogels when crosslinked. However, previous gelation
methods are not suitable for 3D cell encapsulation. Herein, we introduce a bio-orthogonal, strain-promoted azide-alkyne
cycloaddition (SPAAC) crosslinking strategy enabling a fast and selective coupling under cell-compatible conditions. The
properties of the hydrogels can be tuned by fiber and crosslinking concentrations. Importantly, our design approach enables long-
term (up to 10 days) 3D cell culture, although the system is intrinsically bioinert. Deep-learning-assisted image analysis reveals
that the fiber content significantly influences cell viability and colony growth acrossmultiple cell lines. Long-term live cell imaging
indicates that colony formation occurs by division of single cells rather than the pre-gelation aggregation of individual cells. As a
step toward employing BTP hydrogels as ECM mimics, these findings underscore the role of supramolecular design in directing
the formation pathways of multicellular assemblies.
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Introduction

imicking extracellular matrix (ECM) has become a widely
dopted strategy in biomedical applications such as tissue engi-
eering and bio-electronics [1–5]. Natural ECM-derived mate-
ials (e.g., decellularized ECMs and collagen) can support cell
ncapsulation and growth but often suffer from batch-to-batch
ariation limiting their clinical transitions [6]. On the other hand,
ynthetic hydrogels offer well-defined, tunable, and scalable
latforms with improved reproducibility.
his is an open access article under the terms of the Creative Commons Attribution License, which perm
ited.
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Early generations of synthetic hydrogels based on covalently
crosslinked polymers, including poly(ethylene glycol) (PEG),
poly(N-isopropylacrylamide) (PNIPAM), and polyurethanes, pro-
vided advantages in reproducibility and mechanical tunability [1,
3]. One limitation is the potential immunogenicity of these poly-
mers and the toxicity of residual monomers [7, 8]. Furthermore,
these 3D polymer networks fail to reflect the dynamic and fibrous
characteristics of the native extracellular matrix (ECM), which
are critical for regulating cellular behavior [9–12]. To address
this limitation, strategies including the incorporation of dynamic
its use, distribution and reproduction in any medium, provided the original work is properly
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ovalent crosslinking, biodegradable motifs, or controlled poros-
ty have been introduced to enhance the biological performance
1, 13–15].

n parallel, supramolecular hydrogels have emerged as next-
eneration ECM mimics with distinct advantages. Systems rely-
ng on peptide amphiphiles (PA), benzene-1,3,5-tricarboxamide
BTA), or ureido-pyrimidinone (UPy) motifs have been exten-
ively investigated as ECM mimics [16]. These motifs self-
ssemble into fibrous networks demonstrating tunable mechan-
cal and biological performance through molecular design,
rosslinking control, and incorporation of bioactive cues. The
on-covalent, supramolecular nature of these systems imparts
daptive behavior and confers viscoelastic properties to the result-
ng materials [17]. Nevertheless, most supramolecular hydrogels
eported to date rely on reversible or dynamic self-assembly
rocesses, which frequently compromise the structural stabil-
ty of the fibers [16, 18, 19]. Consequently, these systems are
usceptible to disintegration upon dilution or when exposed to
omplex biological environments, particularly over prolonged
ime frames. Furthermore, the incorporation of bulky biofunc-
ional units into the assembly motifs can exacerbate disruption
f the self-assembly process.

ere, we present supramolecular polymer bottlebrush (SPB)
ydrogels as 3D cell scaffolds that resemble the stability and
unctionality of conventional covalent polymer hydrogels, but
till feature a fibrous nature and viscoelastic properties known for
upramolecular systems. The system relies on previously reported
olyethylene oxide (PEO) modified benzenetrispeptide (BTP)
otifs, which self-assemble into bottlebrush-like supramolecular
ibers via kinetically controlled pathways [20–22]. In contrast to
revious attempts to create hydrogels requiring organic solvents
23, 24], we here developed an approach in which BTP-based
ibers are post-assembly connected through bio-orthogonal,
opper-free strain-promoted azide-alkyne cycloaddition (SPAAC)
rosslinking under cell compatible conditions (Figure 1) [25,
6]. In contrast to other strategies, reinforcing supramolecular
ssemblies with covalent crosslinking, as for example explored
y Baker et al. [27] and Pal and Ghosh et al. [28], our work
ntroduces a complementary concept achieving structural sta-
ilization of SPB fibers under physiological conditions while
reserving the intrinsic noncovalent character of the supramolec-
lar fibers and the viscoelastic properties of the resulting
etwork. To the best of our knowledge, such a SPAAC-induced
rosslinking strategy in the presence of cells has previously
een utilized only in 3D polymer networks [26] and collagen-
ased natural systems to enhance the mechanical robustness
29, 30]. Unlike other supramolecular fibrous hydrogels [31–
3], which rely on gelation by dynamic exchange processes,
H change, and thermoresponsive behavior, the current method
rovides a chemically defined and versatile platform for systemat-
cally investigating how fibrous microenvironments regulate cell
ehavior.

ith this motivation, we prepared BTP hydrogels by varying
he fiber content (1.2–2.5 wt%) and crosslinker (CL) concen-
ration (5–20 mol%) and investigated the rheological behavior
f the resulted hydrogel formulations. To reveal the applica-
ility of BTP hydrogels for 3D cell culture, we encapsulated
ifferent cell lines; L929 fibroblasts cells, MCF-7 and MDA-
of 14
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MB-231 cancer cells, and MDCK kidney epithelial cells. We
studied the effect of fiber content on cell viability and colony
growth over 10 days by utilizing fluorescein diacetate/propidium
iodide (FDA/PI) staining-based live/dead cell analysis. More-
over, we implemented deep-learning-assisted image process-
ing to quantify live/dead cell populations and the area of
multicellular assemblies in a high-throughput way. We fur-
ther tracked the pathway of colony formation via live cell
microscopy.

2 Results and Discussion

In order to make BTP system suitable for biocompatible cell
encapsulation, we prepared a hybrid supramolecular fiber made
of BTP-PEO and BTP-PEO-N3 motifs via solvent switching
method (Figure 1). The reason for aiming at a hybrid system
is that fibers formed exclusively from the BTP-PEO-N3 motif
had the tendency to spontaneously gel upon solvent evaporation,
indicating additional interfiber interactions compared to pure
BTP-PEO system (Figure S2a). We have previously observed
that subtle changes in the assembly can have an effect on
the final rheological properties of concentrated systems, which
we attribute to differences in the entanglement of the fibers.
As we decreased the molar ratio of BTP-PEO-N3 motif, we
observed a reduction in fiber solution viscosity. Considering the
processability of the system for homogenous crosslinking and cell
encapsulation, we selected a hybrid formulation containing 20
mol% BTP-PEO-N3 motif. Upon addition of CL, PEG10kDa end-
capped with dibenzocyclooctyne, and incubation the system at
37◦C for 40 min, the hydrogel forms (Figure S2b). Moreover,
the selected system enabled homogeneous encapsulation of L929
cells in the hydrogel matrix without formation of local cell
aggregates (Figure S2c).

Due to the novelty of our system, it is important to identify a
tunable formulation range that supports long-term cell viability
and growth. Therefore, we selected a fixed crosslinking concen-
tration (10 mol%) and systematically varied the fiber content
(1.2, 1.5, 2.0, and 2.5 wt%) based on preliminary optimization for
extended 3D cell culture (Figures S2d and S3, Table S1). This
approach enabled us to isolate the effect of fiber concentration on
gel stiffness, which is a key parameter for designingmaterials that
mimic native ECM [16, 34]. Formulations below 1.1 wt% did not
form intact hydrogels, and the 1.1 wt% composition gradually lost
integrity during the long-term culture process. For this reason,
lower concentrations were excluded from further investigations.
For the rheological characterization of the hydrogels, we first
performed amplitude sweep measurements for two extreme fiber
concentrations (2.5 and 1.2 wt%) to determine the linear viscoelas-
tic region of the hydrogels (Figure S4). The complex shear strain
was changed from 0.1 to 100% at a constant frequency of 1 Hz.
With increasing CL content, the storage modulus (G′) of the
hydrogels increased, and the crossover between G′ and the loss
modulus (G″) shifted to lower strain. This behavior is consistent
with a denser supramolecular fiber network, indicating more
transient junctions and greater entanglement. A complex shear
strain of 0.5% was selected for all subsequent rheological mea-
surements because it falls within the linear viscoelastic region
for all tested formulations and minimizes the risk of network
disruption during testing.
Advanced Functional Materials, 2026
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FIGURE 1 Schematic illustration of cell-compatible hydrogel formation. BTP-PEO and BTP-PEO-N3 motifs assemble into hybrid supramolecular
fibers that are further stabilized by the covalent crosslinking via SPAAC while preserving the noncovalent character of the network.
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o investigate the influence of fiber concentration on themechan-
cal properties of hydrogel networks, frequency sweep tests were
erformed across a range of 0.1–100 Hz (Figure 2a; Figures S5 and
6). This analysis provided insight into the viscoelastic behavior
f the hydrogels across a range of deformation rates. For all
ormulations, G′ was higher than G″, confirming the formation
f stable hydrogel networks with a broad range of fiber and
rosslinking contents. At a constant crosslinking ratio, decreasing
he fiber concentration from 2.5 to 1.2 wt% resulted in a clear
eduction in G′ values [35]. A similar trend in G′ values was also
bserved when the crosslinker content decreases from 20 to 2.5
ol% at a fixed fiber content [36]. Although the current system
hows lower absolute G′ values (from ~760 to ~104 Pa) (Table S2)
ompared to our previous BTP-based hydrogels, both hydrogel
ystems follow the same trend of decrease in stiffness with
educed fiber and crosslinking concentration [24]. The system-
ependent variations in G′ values may arise from the differences
n formulation and/or crosslinking methods that influence fiber
rganization (entanglement and bundling) and, consequently,
he mechanical properties [33]. To further test the reversibility
f network interactions, step-strain experiments were performed
t various fiber concentrations (Figure S7). After each high-
train deformation, the hydrogels rapidly regained their initial
′ and G″ values, confirming that reversible supramolecu-
ar junctions persist within the covalently crosslinked frame-
ork. The extent of recovery and absolute modulus increased
dvanced Functional Materials, 2026

a

with fiber content, consistent with denser supramolecular
reinforcement.

In order to evaluate the gelation kinetics based on SPAAC
crosslinking, we performed time sweep measurements. For all
formulations, G′ values were instantly higher than G″, indicating
a rapid formation of a network structure by the crosslinking
reaction (Figure 2b; Figure S8). An initial G′-G″ crossover could
not be detected as the SPAAC crosslinking reaction occurs faster
than the time required for sample preparation and loading onto
the rheometer (∼1 min). Initially formed network systems are
soft and weak (G′ < 10 Pa), and the development of a stable,
self-supporting hydrogel occurs gradually over ∼40 min as the
network equilibrates. Increasing both fiber andCL contents accel-
erated the gelation processwith a consistent trend across all tested
samples. Although reported SPAAC-based gelation times vary
among different systems [37], similar secondary strengthening
and equilibration periods have been observed in conventional
covalent hydrogels [38, 39]. Moreover, azide-modified collagen-
based systems exhibited similar moderate gelation kinetics
[29, 30].

Although it might be considered detrimental to uniform cell
distribution, the observed moderate system stabilization time
offers greater flexibility for homogeneous mixing of components,
including cells, and allows the integration of complex workflows
3 of 14
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FIGURE 2 Rheological investigations of hydrogels with 1.2–2.5 wt% fiber and 10mol% CL contents. (a) Frequency sweepmeasurements conducted
with a complex shear strain of 0.5% and the data are represented as mean ± SD (n = 3). The inset bar plot summarizes average G′ and G″ values at 1 Hz.
The photograph shows the corresponding hydrogels after gelation. (b) Time sweepmeasurements to monitor the gelation kinetics starting subsequently
to the addition and mixing of the CL. All measurements were conducted at 37◦C. For rheological characterizations at varying CL ratios (2.5, 5, and 20
mol%), see Figures S5, S6, and S8.
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t room temperature by eliminating the need for rapid mixing
rotocols or cold chain handling [6, 40]. Moreover, the increased
iscosity of the pre-made fiber solutions appears to prevent
premature sedimentation of cells, which again simplifies
rocessing.

or long-term 3D cell culture, it is crucial that hydrogels remain
ntact during medium addition and exchange throughout the
ulture period, while efficiently serving as nutrient reservoirs and
acilitating waste removal. These requirements can be fulfilled
or crosslinked polymer hydrogels, but dynamic supramolecular
ystems might suffer from continuous swelling and dilution of
he system due to long-term dynamic exchange. The presented
upramolecular system; however, demonstrates that once theBTP
ibers are crosslinked, the hydrogels remain stable during media
ddition and exchange over 10 days for all tested fiber contents
1.2–2.5 wt%) (Figure S2d). To further demonstrate the structural
tability, stress-relaxation rheology experiments were performed
efore and after 10 days of incubation in cell culture medium at
7◦C (Figure S9 and Table S3). Nearly identical stress-relaxation
rofiles and relaxation half-times across all fiber concentrations
ere observed confirming that the mechanical integrity and
ynamic viscoelastic properties of the hydrogels are maintained
nder cell culture conditions. Furthermore, phenol red, as a
mall molecule present in the cell culture medium, was able to
ompletely diffuse through the 2.5 wt% hydrogel without visible
welling, indicating no spatial change or dilution of the network;
ne of the major concerns for fibrous supramolecular systems
Figure S2e).

o evaluate the potential of our system for 3D cell culture,
e examined four different cell lines (L929, MCF-7, MDA-MB-
31, and MDCK cells), which were embedded into hydrogel
ormulationswith fiber concentrations ranging from 1.2 to 2.5wt%
ith 10 mol% CL in predetermined time periods (day 2, 6, and 10)
Figure 3a). The viability and morphology of the cultured cells
ere determined by a live/dead cell assay based on anFluorescein
iacetate/Propidium Iodide (FDA/PI) staining assay. PI enters
nto the nuclei of dead cells due to the loss of cell membrane
ntegrity and interacts with the genetic material to give a red,
ocal fluorescence signal. On the other hand, live cells with an
ntact cell membrane are detected by a green fluorescence signal,
hich is a result of the cleavage of FDA upon esterase activity
fter its internalization. Confocal images obtained after 2 days of
ncubation revealed that live cells retained a rounded, unattached
orphology, consistent with the bioinert nature of the hydrogel
ystem (Figure 3b). Cell viability was strongly influenced by fiber
ontent. At lower fiber concentrations (1.2 and 1.5 wt%), most
ell types remain viable by showing the predominance of green
luorescence signal. In contrast, increasing the fiber content to
.0 and 2.5 wt% led to a progressive reduction in green signal
ccompanied by an increase in red signal, reflecting the decrease
n cell viability. The extent of viability loss differed among the
xamined cell types.

n addition to the qualitative observations, cell viability was
uantitatively assessed by employing deep-learning-based image
nalysis workflow (Figure S10). For this purpose, we applied an
utomated image analysis workflow based on the Segment Any-
hing Model (SAM2.1), a recently developed artificial intelligence
ool trained to detect and outline objects in images [41]. Subse-
dvanced Functional Materials, 2026
quently, we performed post-processing and mask classification
by utilizing OpenCV [42]. This workflow enabled reliable and
unbiased quantification of live/dead events from the confocal
images taken after 2 days of culture (Figure 3c; Table S5). Except
MDA-MB-231 cells, all cell lines showed a significant decrease in
cell viability (< 50%) for 2.0 and 2.5 wt% fiber contents (Table S6).
Even though observed bulk stiffness for all tested formulations
are in the range of soft hydrogels (< 1 kPa), the increase in fiber
content can cause a change in local stiffness and/or degree of fiber
entanglement that cells experience in their microenvironments
[16]. The higher tolerance of MDA-MB-231 cells to the increase
in fiber content may arise from their adaptivity to the variations
in local stiffness [43]. Moreover, cytoskeletal plasticity and the
invasive phenotype of MDA-MB-231 cells can also promote their
survival in mechanically restrictive environments [44]. Further
biomechanical investigations are planned in this direction.

Another explanation for the reduction in cell viability with an
increase in fiber concentration could be the restriction of the
diffusivity of necessary nutrients, oxygen, and metabolites due
to densely packed inter-fiber regions. Therefore, we investigated
the diffusion coefficients of fluorescein labeled IgG (FITC-IgG,
Mw: ~150 kDa, Rh: 5.6 to 5.9 nm) [45] in hydrogels with the
lowest (1.2 wt%) and highest (2.5 wt%) fiber contents with 10
mol% CL by utilizing fluorescence recovery after photobleaching
(FRAP) experiments [46, 47]. The mean diffusion coefficients
were calculated as (D) as 2.07 ± 0.02 and 1.14 ± 0.07 µm2 s−1 for
1.2 and 2.5 wt% hydrogels, respectively (Figure S11). The similar
trends are reported in the literature (1 to 5 µm2 s−1) depending on
themesh size and/or polymer content [48, 49]. Our previouswork
on PEO-decorated BTU hydrogels revealed already that dense
hydrated PEOchains can slowdown the diffusion of small to large
molecules, but never fully immobilized them [23]. Similarly, IgG
as large biomacromolecules remained diffusible in the present
system, with a negligible immobile fraction (γ0 ≈ 0). As IgG is
larger than many nutrients and signaling molecules required for
cell survival, FRAP results suggest that mass transport cannot be
severely hindered because of the fiber content. Thus, diffusion
limitations are unlikely to be the primary cause of reduced cell
viability at higher fiber contents, whereas the biomechanical
factors mentioned above are more likely the major reason for this
effect.

In addition to culturing cells in the bulk hydrogel, we further
tested cell growth on solid supports covered with the hydrogel to
gain more insight into the effect of fiber content, and thus the
mechanical restriction on cell attachment (Figure S12). L929 cells
were first seeded on tissue culture-treated plates and incubated
for 24 h to allow complete cell attachment. Afterwards, on top of
the attached cells fiber solutions (1.5 and 2.5 wt%) freshly mixed
with 10 mol% CL were added, and the systems were incubated
at 37◦C under a humidified 5% (v/v) CO2 atmosphere for 40 min
to form hydrogels on top of the attached cells. After gelation,
the samples were investigated by inverted light microscopy.
Cells underneath of hydrogels appeared rounded, indicating
a reversible detachment from the culture plate surface. The
possible reasonwas physical lifting of the cells during the addition
of fiber solutions and/or transient delays in nutrient availability
during gelation. Following the microscopic investigations, cell
culturemediawere added on top of the hydrogels, and the systems
were incubated for 2 days. Bright field images indicated that cells
5 of 14
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FIGURE 3 Evaluation of cell viability of L929,MCF-7,MDA-MB-231, andMDCK cells cultured for 2 days in hydrogels with increasing fiber content
and 10mol% CL. (a) Schematic overview of the 3D cell encapsulation workflow. (b) Representative confocal overlay images of live (green, FDA) and dead
(red, PI) cells for each formulation. The storage modulus (G′) corresponding to each fiber content is indicated above the images. Scale bars = 100 µm.
The images were taken from three randomly selected fields of view per sample (n = 3). (c) Quantification of live (green) and dead (red) events via a
deep-learning-based segmentation workflow on confocal images.
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nder 1.5 wt% hydrogels re-attached on the culture plate within 2
ays. In contrast, cells under 2.5 wt% hydrogels mostly remained
ounded, showing a restriction in cell elongation and attachment
n the denser fiber network. These results support that increasing
iber density imposes mechanical constraints on cells rather than
everely limiting nutrient diffusion.

or the cell survival in 3D scaffolds, cells should either attach to
he bioactive cues in the system or create cell–cell interactions
16]. Particularly, the critical role of bioactive cues in sustaining
ong-term cell viability in hydrogels has been well documented
33, 50–53]. Since our system is bioinert and no sign of attachment
of 14
was observed,we tested how far the difference in fiber content can
support cells without adhesion. For this purpose, we incubated
cells in our 3D systems for up to 10 days. The hydrogels with
2.0 and 2.5 wt% fiber contents did not support the formation of
multicellular communities, andmost cells progressively lost their
viability (Figure S13 and Table S4). In contrast, cells in hydrogels
with 1.2 and 1.5 wt% fiber contents remained mostly viable and
formed multicellular assemblies over time (Figure 4). These
findings additionally support our earlier argument that changes
in the microenvironment of cells can explain the fiber content-
dependent cell viability. Lower fiber concentrations (1.2 and
1.5 wt%) accordingly provide greater spatial freedom and allow
Advanced Functional Materials, 2026
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FIGURE 4 (a) Representative confocal overlay images of live (green, FDA) and dead (red, PI) cells cultured for days 2, 6, and 10 in hydrogels with
1.2 and 1.5 wt% fiber content and 10 mol% CL. The images were taken from three randomly selected fields of view per sample (n = 3). Yellow boxes
indicate exemplarily chosen colonies for bright-field images shown in (b). Scale bars = 100 µm. (b) Bright-field images of representative colonies after
10 days of culture in 1.2 wt% hydrogels. Scale bars = 50 µm.
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etter local matrix deformation, which facilitates cell survival
nd expansion. Consistent with this, combined step-strain and
tress-relaxation measurements (Figures S7 and S9, Table S3)
evealed that the lower-fiber-content hydrogels (1.2 and 1.5 wt%)
ecover more rapidly and dissipate stress faster, providing greater
ocal mechanical adaptability and thus enhance the cellular
eformation and colony formation. This relationship aligns with
revious studies emphasizing the role of viscoelastic relaxation in
romoting cellular remodeling and survival in synthetic matrices
54, 55]. By day 10, colony growth occurred for all cell lines
hrough cell–cell interactions due to the absence of biochemical
dhesion cues. L929 and MCF-7 cells formed bigger colonies in
dvanced Functional Materials, 2026
comparison toMDA-MB-231 andMDCKcells. For larger colonies,
the impact of fiber content on colony size was more pronounced.
MCF-7 and MDCK epithelial cell colonies exhibited compact
morphologies, whereas L929 fibroblasts and MDA-MB-231 cells
with mesenchymal-like phenotype developed more elongated
colonies (Figure S14). The observed morphological differences
among cell lines may reflect intrinsic phenotypic traits. Because
fibroblasts and mesenchymal cells possess minimal or no E-
cadherin, their cell–cell interactions are limited, and they tend
to be more motile [56–58]. In contrast, epithelial cells generally
remain stationary and form compact cell–cell aggregates due to
the presence of E-cadherin [59, 60].
7 of 14
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FIGURE 5 Quantification of the area of live events for (a) L929, (b) MCF-7, (c) MDA-MB-231, and d) MDCK cells cultured in hydrogels with two
fiber contents (1.2 and 1.5 wt%) and 10 mol% CL over a 10-day period. Data represent individual live events identified from the deep-learning workflow
based on confocal images (n= 3). Horizontal bars indicate median values, and whiskers show± SD. Statistical comparisons were performed as described
in the Experimental Section, with significance shown as *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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o quantitatively examine the impact of fiber content on colony
rowth, the area of green events was determined by our deep-
earning workflow. The corresponding scatter plots (Figure 5)
nclude all observed colonies, which are plotted according to the
ndividual colony size (connected green area) except outliers.
he obtained data were further analyzed to reveal statistical
ignificance. Overall, we observed a progressive increase in the
edian area of live events from day 2 to 10 (Table S6). At day 10,
ll four cell lines exhibited a significant increase in colony size,
et the extend of growth was dependent on both fiber content
nd cell type. On day 10, most of the colonies were larger in
he hydrogel with 1.2 wt% fiber content compared to the gels
ith 1.5wt%, which indicates a greatermatrix restriction at higher
iber density. L929 cells exhibited the largest increase in colony
rea over time, which may result from a higher proliferation
ate and/or more pronounced ability to deform the surrounding
etwork. MCF-7 cells displayed a comparable colony growth to
929 cells.MDA-MB-231 andMDCKcells exhibited slower colony
rowth but followed a similar trend to that observed for L929
nd MCF-7 cells. These differences cannot be readily explained
y proliferation rates alone, as our system may enforce as-yet
nknown restrictions on cell growth, and direct comparisons of
ibroblast (L929), epithelial (MCF-7, MDCK), and mesenchymal-
ike (MDA-MB-231) cell growth in bioinert hydrogels are scarce.
oreover, our system does not resemble 2D monolayer models,
here there are restricted cell–cell interactions and unlimited
of 14
access to nutrients, oxygen, and metabolites [61]. Nonetheless,
we can speculate that variations in cell-matrix interactions in
combination with intrinsic cell phenotypes may lead to the
observed growth and morphological differences; a hypothesis
which will be addressed in future studies.

In unmodified bioinert hydrogels, cell–cell interactions are the
main driving force for cell survival and multicellular colony
formation. Previous studies have shown that traditional 3D
polymer networks alone cannot support the formation of multi-
cellular aggregates [62–64]. For supramolecular hydrogels, cell-
encapsulation studies have mostly been conducted in systems
containing bioactive cues [33, 65–67]. In regard of bioinert
fibrous systems, a recent study on BTA motifs demonstrated that
controlling network dynamics in the hydrogel enables ATDC5
cells and human mesenchymal stem cells to form multicellular
communities through cell aggregation due to dynamic reorga-
nization of the supramolecular assemblies [31]. However, our
BTP system does not resemble common polymer networks nor
does it involve the dynamic exchange of building blocks [23,
68]. Nevertheless, transient stress relaxation may still arise from
reversible disruption of supramolecular crosslinks [69], partial
fiber dissociation, or limited rearrangement of the BTP–PEO
junctions [70]. These mechanisms are likely to govern the typical
viscoelastic behavior of supramolecular bottlebrush networks
and may contribute to their favorable mechanical adaptability
Advanced Functional Materials, 2026
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FIGURE 6 Time-lapse bright-field images showing clonal growth of L929 cells encapsulated in BTP hydrogels (1.5 wt% fiber, 10 mol% CL) over
6 days. The yellow circles indicate the tracked colony, and the insets showmagnified views of the same colony at each time point. Objective = 10 ×, scale
bars = 100 µm. For time-lapse video, see Video S2. The colony growth dynamics were observed for other cell lines, including MCF-7, MDA-MB-231, and
MDCK (Figures S15–S17 and Videos S3–S5).
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n biological contexts. Furthermore, we encapsulated the cells
ased on SPAAC click chemistry, which may limit further cell
ggregation by spatial confinement around the embedded cells
uring gelation.

otably, despite its chemical and biological inertness and limited
olecular dynamics, our hydrogel system still supports long-
erm (10-day) viability and enables cells to form expanding
olonies as described above. To assess the origin of colony growth,
e continuously acquired z-stack bright-field images of L929
ells encapsulated in hydrogels containing 1.5 wt.% fiber and 10
ol% CL over a time period of 10 days. In the initial images
aken immediately after gelation, cells remained monodisperse
hroughout the gel (Video S1). Some cells appear as doublets
ikely originating from incomplete separation during cell passage.
herefore, initial cell aggregation during the gelation phase can
e excluded as the origin of colony formation in our BTP sys-
em. This behavior distinguishes SPAAC-based crosslinked BTP
ydrogels from previously reported synthetic supramolecular
ystems, where dynamic exchange or bioactive functionalization
as required to sustain long-term 3D culture.

o investigate the growth pathway of multicellular assemblies in
TP hydrogels, we tracked cell behavior in hydrogels with 1.5
t% fiber and 10 mol% CL over 10 days by live cell microscopy.
ulticellular structures predominantly originated from clonal
xpansion of single cells (Figure 6; Video S2) or division of initial
oublets/triplets (Figures S15–S17 and Videos S3–S5), rather
han from cell aggregation. Moreover, occasional outliers in the
easured live-event area (Figure 5) were attributable to the
erging of two or more neighboring colonies (Figure S18 and
ideo S6). Even though this is not the primary focus of this
ork, our observations suggest that the matrix locally permits
ufficient mechanical space and flexibility for single cells to
ndergomultiple divisions to formcolonies even in the absence of
dhesion ligands. Compared with other bioinert systems relying
n pre-formed voids in gels or dynamic exchange mechanism,
dvanced Functional Materials, 2026

t

our findings underscore a key insight for designing synthetic
microenvironments.

3 Conclusion

In conclusion, we demonstrate that supramolecular polymer
brushes, crosslinked via SPAAC chemistry in the presence of
cells, provide a bio-orthogonal route to fabricate viscoelastic,
shear-thinning, and bioinert hydrogels suitable for homogeneous
3D cell encapsulation. Our approach connects pre-assembled
supramolecular bottlebrush fibers and creates robust hydrogels
as cell scaffolds without compromising biocompatibility or the
inherent noncovalent nature of the fibers. The mechanical
properties of these hydrogels can be tuned by adjusting fiber
concentration and the density of crosslinking connections. Across
multiple cell lines, cell viability and growth were strongly depen-
dent on fiber concentration: lower fiber contents promotedhigher
viability and clonal colony expansion over 10 days of culture.
Remarkably, long-term survival and proliferation occurred for all
tested cell lines in the absence of bioactive cues, highlighting that
the fibrous microarchitecture and mechanical compliance of the
matrix alone can sustain multicellular organization. Compared
to previously reported fibrous hydrogels, the SPAAC-stabilized
BTP system is based on predefined, non-dynamic fibers that
remain structurally stable yet mechanically flexible, restricting
cell migration while enabling local cellular organization and
distinct clonal growth behavior. The nature of the polymer bottle-
brush fibers, with their dense PEO shell and robust non-dynamic
assembly, further opens an interesting avenue for designing
complex structures that not only allow long-term studies but
also enable integration of variable and even bulky biological
cues. Our current system, characterized by its extended structural
integrity, is therefore particularly suited for applications such as
high-throughput drug screening or fundamental 3D cell-behavior
studies, rather than for dynamic systems intended for rapid
cell retrieval. Future investigations will focus on incorporating
9 of 14
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uch cues and biodegradable motifs to promote cell adhesion
nd matrix remodeling, as well as analyzing how local stiffness
eterogeneity influences cell–cell and cell–matrix interactions.

Experimental Section

f it is not stated differently, all solvents and reagents were
ommercially purchased from Sigma–Aldrich and used without
urther purification.

.1 Preparation of Supramolecular Fibers and
ydrogels

n overview of sample formulations for rheological investi-
ations and 3D cell culture studies can be found in Table
1. Supramolecular fibers were prepared by the solvent switch
ethod. Predetermined amounts of BTP and BTP-N3 were added
n 20 mL vial with a wide neck. Then, EtOH was added,
nd sonication was applied until the system was completely
issolved. Afterward, the mixture was stirred with a magnetic
tirrer for 30 min at rt. After a complete dissolution of the
ystem, Earle’s balanced salt solution (EBBS) buffer was added
t a speed of 1 mL h−1 via a syringe pump. Finally, the cap
as removed to let a complete EtOH evaporation at rt. After-
ard, predetermined amount of dibenzocyclooctyne-PEG10kDa-
ibenzocyclooctyne (crosslinker, CL) solution was added into the
iber solution by aiming the final fiber concentration. The system
as incubated for 40 min at 37◦C for complete gelation.

.2 Rheological Investigations

he samples for the rheological investigation were prepared by
trictly following the fiber and gel preparation protocols. The
heological properties of the samples were investigated using
KINEXUS Prime lab+ rheometer (NETZSCH) equipped with
Peltier-Plate Cartridge and Active Hood (temperature range:
5◦C–180◦C). All measurements were performed by keeping a
onstant temperature at 37◦C. To prevent sample dehydration,
saturated atmosphere was created inside the Active Hood by
dding water.

.2.1 Sample Preparation

or each measurement, the fiber solution and the crosslinker
olution were rapidly mixed by a pipette and immediately
ispensed onto the measuring plate with a pre-equilibrated
emperature at 37◦C. A 25mm stainless steel cone-plate geometry
ith a smooth surface was used for all measurements. The cone
ngle was 1◦ with a defined working gap of 0.027 mm as specified
n the instrument configuration. Any excess liquid was carefully
emoved.

.2.2 Amplitude Sweep

o determine the linear viscoelastic range, amplitude sweep tests
ere performed. The complex shear strain was varied from 0.1%
0 of 14
to 100% at a constant frequency of 1 Hz. Storage modulus (G′)
and loss modulus (G″) were recorded as a function of strain, and
the linear viscoelastic (LVE) range was defined for subsequent
measurements.

4.2.3 Frequency Sweep

Frequency sweep tests were conducted in the range from 0.1 to
100 Hz, with the complex shear strain fixed at 0.5%, which was
within the previously determined linear viscoelastic range. G′
and G″ were measured as a function of frequency. All frequency
sweep measurements were performed in triplicate to ensure
reproducibility.

4.2.4 Gelation Time

To determine the gelation time, time-dependent measurements
(time sweeps) were performed at a constant frequency of 1 Hz and
a complex shear strain of 0.5%, both within the linear viscoelastic
range as previously established. The evolution of G′ and G″ was
monitored over time to analyze the kinetics of gel formation.

4.2.5 Relaxation Measurement

Using the same geometry as previously established, relaxation
measurements were conducted with a constant strain of 3%.
The change in shear stress was recorded over a period of 10
min. Afterward, the data were normalized on a scale of 1-0
AU (arbitrary units), using the maximum value of the shear
stress as the starting point for the relaxation measurement. This
allowed for a graphical evaluation of the half-life at a shear stress
normalized to 0.5 AU. All measurements were conducted with at
least four replicates (n = 4) to ensure reproducibility.

4.2.6 Step-Strain Experiments

Recovery of the hydrogels was investigated by monitoring the
shear modulus as a function of time after subjecting the gels to
a severe shear deformation of 200% strain for 1 min during the
designated shearing phase. This shearing period was followed
by a recovery phase, where a minor strain of 0.5% was applied.
All measurements were performed at a frequency of 1 Hz. This
entire cycle, comprising of a shearing and recovery phase, was
consecutively executed five times on the same sample to assess
repeatability and recovery behavior.

4.2.7 Sample Preparation and Hydrogel Swelling
Measurement

Hydrogels with a fiber content of 1.2–2.5 wt% were prepared
in a 1.5 mL Eppendorf vial, each with a volume of 150 µL, as
previously described. After incubation at 37◦C for 4 h to enable
complete gelation, the initial weight was noted, and 1 mL of
Milli-Q water was added to each gel for swelling. After each
subsequent incubation period on days 1, 3, 7, and 10, excess and
Advanced Functional Materials, 2026
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ondensedwater were carefully removed, and theweight changes
ere recorded. Following each recording, the swelling process
as reset with the addition of another 1 mL Milli-Q water to the
ame gel sample for the next incubation period. This process was
epeated for three replicates per each gel. After 10 days, additional
easurements for frequency sweep, strain recovery, and shear
tress relaxation were performed on these hydrogel samples.

.3 Determination of Fiber Content-Dependent
iffusion Coefficients by FRAP Experiments

fluorescence recovery after photobleaching (FRAP) experi-
ents were conducted for the fiber extremes of 1.2 and 2.5 wt%
ith 10 mol% CL to understand if the fiber content-related viabil-
ty could be explained by the diffusion coefficients and mobility
ractions. For this purpose, fluorescein labeled IgG (FITC-IgG)
as added into the selected fiber formulations by aiming a final
ITC-IgG concentration of 0.03 mm. Afterward, 50 µL of each
ydrogel formulation was placed into the wells of ibidi, µ-Slide 15
ell 3D (ibidi GmbH, Germany). The wells were further sealed
ith an adhesive tape in order to avoid water evaporation and
ubjected to a confocal laser scanning microscope Zeiss LSM 880
ounted on an Axio Observer stative (Carl Zeiss, Oberkochen,
ermany) equipped with an EC Plan−Neofluor 10 × /0.3 objec-
ive. First, images of the fresh hydrogels, as pre-bleached images,
ith xy dimensions of 850 µm × 850 µm, were captured with the
88 nm argon laser set to 2% power intensity. The incorporated
ye (FITC) was detected with a 32 channels GaAsP detector
sing a filter−free adjustable prism optic to detect the desired
avelength range of λem FITC = 495 to 519 nm. Subsequently,
small area of 340 µm × 340 µm in xy direction was bleached
sing 100% power of the 488 nm laser for 317 s and an integration
ime of 177 µs pixel−1 with a scaling of 0.4 µm × 0.4 µm per
ixel. After bleaching, the time-resolved recovery of fluorescence
ntensity in the bleached regionwasmonitored everyminute until
o further increase in fluorescence signal intensity was observed
y additionally peaking an unbleached area in the image as an
nternal fluorescence reference to obtain the mean fluorescence
ntensity and to track any presence of general photobleaching
ue to repeated measurement cycles. FRAP image sequences
ere analyzed with a customMATLAB script (MATLAB R2022a)
dopted from the implementation by Richbourg and Peppas
46] based on the model developed by Jönsson et al. [47]. An
utomated batch processing of TIFF image stacks was performed
ia the script by calculation mean fluorescence intensities for
he bleached region over time. Recovery curves were fitted with
ne- and two-component diffusionmodels to determine apparent
iffusion coefficients (D, µm2 s−1) represented as Fit 1 and 2, and
he immobile fractions (γ0, g0) (Figure S7).

.4 Biological Investigations

.4.1 Cell Culture

929 and MDCK cell lines were purchased from CLS Cell Lines
ervice GmbH, Eppelheim, Germany. MCF-7 and MDA-MB-231
ell lines were obtained from Leibniz Institute DSMZ-German
ollection of Microorganisms and Cell Cultures GmbH, Ger-
any. All cell lines were cultured in TC treated cell culture
dvanced Functional Materials, 2026
flasks (Labsolute Th. Geyer GmbH & Co. KG) at 37◦C under a
humidified 5% (v/v) CO2 atmosphere. For L929 cells, Dulbecco’s
modified Eagle medium (D10) (2 mm l-glutamine (Capricorn
Scientific, Germany) supplemented with 10% fetal calf serum
(FCS, Capricorn Scientific, Germany), 100 UmL−1 penicillin, and
100 µg mL−1 streptomycin (Capricorn Scientific, Germany) was
used. MCF-7 andMDA-MB-231 cells were cultured with the addi-
tion of 1% MEM non-essential amino acids (Capricorn Scientific
GmbH, Germany) to the D10 medium. For MDCK cells, Ham’s
F12 Medium (2 mm l-glutamine supplemented with 5% fetal calf
serum, 100 U mL−1 penicillin, and 100 µg mL−1 streptomycin)
was used for culturing. Dulbecco’s phosphate-buffered saline
(1x) (DPBS) and trypsin-EDTA (Capricorn Scientific GmbH,
Germany) were used for each cell passaging. All 3D cell culture
experiments were conducted with the internal passage numbers
of 10 to 14 with > 97% viability.

4.4.2 Live/Dead Cell Analysis by FDA/PI Staining

µ-Slide 15 Well 3D (ibidi GmbH, Germany) was used for 3D cell
culture. 30 mg/mL fiber stock solution was prepared. Cells and
CL solutions were added by aiming final fiber content of 1.2 to 2.5
wt%. For eachwell, 12 µL fiber/CL solution bearing 2000 cells was
added. The slides were incubated at 37◦C under a humidified 5%
(v/v) CO2 atmosphere for 40 min. After gelation was completed,
cell type specific culture media was added on top of the gels,
followed by culture for 2, 6, and 10 days. Every third day of
culturing, the media exchange was performed. Each formulation
was prepared as a triplicate. The viability of cells was examined
microscopically using a fluorescein diacetate/ propidium iodide
(FDA/PI) staining assay. For that, gels were submerged with
medium containing PI (10 µg mL−1) and FDA (10 µg mL−1)
and incubated for 20 min at 37◦C. The green (FDA) and red
(PI) fluorescence signals for live/dead cell analysis, as well as
the transmitted light signals representing general morphology
of cells in the gel, were captured by a CLSM Zeiss LSM 880
mounted on an Axio Observer stative (Carl Zeiss) equipped with
an EC Plan−Neofluor 10 × /0.3 objective. For excitation of FDA
and PI a 488 nm Argon laser and a 561 nm diode laser were
used, respectively. Fluorescence emissionwas detected at 2% laser
power for both 488 and 561 nmwith a 32 channels GaAsP detector
using a filter−free adjustable prism optic to detect the desired
wavelength range of λem FDA = 493 to 596 nm and λem PI =
566 to 718 nm. A main beam path splitter at 488 and 561 nm was
used in order to exclude excitation light from detection. Parallel
to capturing fluorescence signals, the samples were imaged in
transmission mode using identical laser power for the detection
of laser light transmitted through thematerial. Colocalizationwas
visualized in overlay images of the three channels. Images were
acquired using ZEN 3.12 software (Carl Zeiss Microscopy GmbH,
Germany).

4.4.3 Time-Lapse Imaging of Multicellular Aggregate
Formation by Live Cell Microscopy

To continuously monitor the growth andmorphology of different
cell types in BTP hydrogel (1.5 wt% fober and 10 mol% CL)
under optimal conditions, a live-cell incubation unit (BioSpa,
11 of 14
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ioTek Instruments, Agilent Technologies) in combination with
n automated microscopy station (Cytation 5, BioTek Instru-
ents, Agilent Technologies) was utilized. For this purpose, a
on-treated 96-well plate with a flat bottom (Greiner Bio-One
mbH, Germany) was used. The samples for each cell line were
repared by aiming 8000 cells embedded in 40 µL hydrogel
nd submerged with 60 µL of the required cell culture media.
ncubation was performed at 37◦C in the BioSpa unit with a
umidified atmosphere containing 5% CO2. Every 3 h, the plate
as automatically transferred to the live cell microscope set to the
ame culture conditions as presented in the BioSpa. In each well,
specific spot, which was predefined by user set beacons, was
maged in bright field mode with automated exposure settings
nd an autofocus based on the size of the 10× objective (Olympus
PLFLN). In total, a z-stack of 49 optical slices with a step size of
0 µm was aimed, resulting in an observed sample thickness of
80 µm. After the completion of each imaging process, the plate
as automatically relocated to the BioSpa incubator and kept
here until the next cycle. All over, image data of 80 timepoints
uring the 10 days of culture were collected. Nevertheless, only
epresentative images of day 0 to 6 were used to obtain time-
apse sequences of specific cell spots to demonstrate individual
olony growth characteristics. To generate videos from selected
mages, rawmicroscopy data were first processed through ImageJ
oftware, version 1.54p (National Institutes of Health, USA) to
orrect misalignment in the images caused by shifts in culture
late position during automated transfer. The resulting videos
ere further cropped, annotated, and compiled for a better
resentation by utilizing general-purpose video editing software.

.4.4 Image Analysis by Deep-Learning

mage segmentation and analysis on raw image data were
erformed using the pre-trained deep learning model, Segment
nything Model 2.1 (SAM2.1, Meta AI), specifically the large
odel variant (sam2_hiera_large.pt, 224.4 M parameters) [41].
he model was implemented in Python programming language
nd deployed on aMacminiM4Pro equippedwith a 20-coreGPU
nd 64GB of RAM, leveraging Apple Silicon’s Scalable Matrix
xtension (SME) for optimized matrix operations. SAM2.1 was
onfigured to run on theMetal Performance Shaders (MPS) back-
nd to maximize computational efficiency. Post-segmentation
nalysis was conducted using the OpenCV library [42], which
acilitated mask annotation and visualization of segmented
icroscopy images. For the quantitative analysis, outlier cells and
olonies were not included.

.4.5 Statistical Analysis

ll statistical analyses were performed in R (version 4.5.1) using
he packages dplyr, ggplot2, rstatix, and tidyr. Data normality
or each condition was assessed using the Shapiro–Wilk test.
or non-normally distributed data, differences among incuba-
ion days within the same fiber content were evaluated using
he Kruskal–Wallis test, followed by pairwise Wilcoxon rank-
um tests with Bonferroni-adjusted p-values. For comparisons
etween fiber contents within the same incubation day, data were
irst tested for normality in each group. If both groups were
2 of 14
normally distributed, equality of variances was examined using
an F-test; depending on the result, either Student’s t-test (equal
variances) or Welch’s t-test (unequal variances) was applied. If
at least one group was non-normal, the Mann–Whitney U-test
was used. Significance levels were denoted as follows: p < 0.05
(*), p < 0.01 (**), p < 0.001 (***). Median values for each group
were calculated for descriptive reporting. All boxplots display
individual data points, median values, and standard deviation
whiskers by utilizing OriginPro2022b software.
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