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Abstract

This work presents a general strategy for engineering cell spheroids with capillary-like structures using
intercellular self-assembly of peptide nanofibers. These nanofibrous materials induce mechanical changes
in the extracellular matrix (ECM), activate mechanotransduction pathways, and enhance cellular
morphogenesis, resulting in dynamic 3D spheroids with improved cell-cell and cell-matrix interactions. By
promoting the formation of capillary-like structures within tumor spheroids, we develop models that closely
mimic human tissue physiology. Our results demonstrate that tumor spheroids with capillary-like structures
display gene expression profiles that closely match those of patient-derived tumors, underscoring their
relevance for cancer research. Furthermore, these spheroids, including those derived from an islet cell line,

exhibit significantly increased functionality, such as enhanced insulin secretion in response to glucose



stimulation, highlighting their potential for diabetes research and regenerative medicine applications. This
work advances our understanding of tissue engineering and provides a robust platform for studying complex
cellular interactions and therapeutic responses. By highlighting the critical role of capillary-like structure
formation in engineered tissues, our findings pave the way for innovative strategies to address significant

challenges in drug delivery and cancer therapy, ultimately enhancing patient care and treatment outcomes.
Introduction

The extracellular matrix (ECM) is a complex, three-dimensional (3D) network that plays a fundamental
role in tissue remodelling and cellular activities.> > * It provides essential structural support, facilitates cell
signalling, and regulates mechanical properties crucial for modulating cell behavior. By interacting with
cell surface receptors, the ECM influences cell processes such as growth, differentiation, and
communication.> ® 7 Recent studies underscore the ECM's significance in controlling tissue mechanics,
where its composition and organization are vital for mediating cellular responses to mechanical forces.® °
Cells utilize integrins and other membrane proteins to adhere to the ECM, enabling them to sense and
respond to its mechanical properties. This mechanotransduction process involves conformational changes
in mechanosensitive proteins, which activate downstream signalling pathways affecting cellular behavior.™*
11,12.13. 14 Additionally, the ECM's role in supporting angiogenesis—the formation of new blood vessels—
is critical for maintaining tissue integrity and facilitating nutrient transport. Angiogenesis ensures adequate

oxygen and nutrients for tissue growth and function.*®

Despite the importance of the ECM in these processes, the development of effective biomaterials that
can replicate its dynamic properties remains a significant challenge in tissue engineering.'® /- 18 19.20.21, 22
Traditional natural scaffolds, such as those derived from decellularized tissues and purification (i.e. silk,
chitosan, collagen, gelatin, proteoglycan, etc.), offer some advantages but often come with limitations,
including high production costs, variability in composition, and a lack of spatially controlled biochemical
cues.? Furthermore, while synthetic biomaterials provide tuneable properties,? they frequently fail to

mimic the complex interactions and mechanical behaviors characteristic of natural ECM.* * The



construction of artificial scaffolds that can support angiogenesis has primarily focused on engineered 3D
printing techniques, designed to create artificial channels and shapes. However, these approaches often fall
short of replicating the spontaneous and multifaceted nature of angiogenesis observed in vivo.? %" The
engineered vascular structures typically lack the functional diversity and adaptability necessary for realistic
tissue integration. Moreover, the mechanical properties of the ECM profoundly influence tissue
morphology and functional behavior. Alterations in ECM mechanics are frequently associated with
pathological processes in various diseases,? 2 highlighting the need for materials that can dynamically
modulate mechanical properties to reflect physiological conditions. The challenge of in situ construction of
matrix materials that can reshape ECM mechanics remains a significant barrier to advancing tissue
engineering.®

This study describes the intercellular formation of peptide nanofibrous materials, which assemble
rapidly in the spaces between cells through enzymatic self-assembly. The in situ self-assembly of these
nanofibers alters mechanical cues within the ECM, activating signalling pathways that remodel cytoskeletal
actin and facilitate YAP nuclear translocation (Figure 1). This process induces cell morphogenesis and
enables the formation of dynamic 3D cellular spheroids. Notably, co-culturing these spheroids with
endothelial cells promotes angiogenesis, resulting in capillary-like structures that enhance substance
transport and cellular communication. This work demonstrates that the strategy of in-situ formed
nanofibrous materials effectively mimic ECM architecture while integrating mechanical cues to promote
cellular morphogenesis and functional capillary-like structure formation. This innovative approach holds
significant promise for advancing tissue engineering and organoid development, offering a paradigm for

creating functional, vascularized tissues.

Results
In-situ self-assembled peptide nanofibers driving the cells into spheroids
As shown in Fig. 2a, the peptide CSP features a backbone of “Tryptophan-phenylalanine-Tyrosine (W-F-

Y), a well-studied composition for self-assembly.? * The modification at N-terminal by Pyrene increases



the self-assembly ability of the whole system by providing strong aromatic-aromatic interactions,* while
phosphorylated tyrosine provides enzymatic responsiveness that mimic the processes of biocatalytic ECM
formation. Additionally, an electrostatic lysine at the C-terminus promotes cell adhesion through
electrostatic interactions.®* The peptide solution was clear after 24 hours, and cryo-EM imaging revealed a
few of self-assembled nanofibers with a diameter of 6.3 nm (Fig. 2b). Treatment with alkaline phosphatase
(ALP) for 2 hours initiated the formation of a nanofiber network (Supplementary Fig. 1a), demonstrating
the peptides' responsiveness to enzymatic cues. Extending the incubation to 24 hours significantly increased
fiber density, suggesting that enzymatic hydrolysis enhances the assembly process. Circular dichroism (CD)
spectra confirmed that these nanofibers exhibit a -sheet secondary structure (Supplementary Fig. 1b),
indicating a stable and organized structure critical for cellular interactions. The same time points as cryo-
EM were chosen for HPLC and MS analysis (Supplementary Fig. 1c-d), the peaks of the hydrolysis
products gradually increased.

To investigate the physiological impact of the peptide nanofibers, we treated U87MG cells (a human
glioblastoma cell expressing ecto-phosphatase) with CSP for 24 hours, leading to spheroid formation (Fig.
2c). Over 96 hours, these spheroids increased in size, as shown in a video of the spheroid formation process
(Supplementary Fig. 2, Supplementary Movie 1). Concentration dependent experiments revealed that 50
uM CSP yielded the largest spheroids, with volume positively correlated to peptide concentration and
incubation time within the 10-50 uM range (Fig. 2d, Supplementary Fig. 3), suggesting the importance of
optimizing peptide concentration to induce cell spheroid formation. The decrease in spheroid size at higher
CSP concentrations (>50 uM) and the failure to form spheroids at 200 UM are governed by the balance
between the generation rate of the hydrolyzed product and cell aggregation dynamics. While the enzymatic
hydrolysis rate per se may remain constant (as enzyme concentration is fixed of the same density of the
cells), increasing the CSP concentration elevates the amount of hydrolyzed product due to greater substrate
availability. The hydrolyzed product forms at a moderate rate at 50 UM CSP, allowing cells to aggregate
into larger spheroids before becoming entrapped in the assembled matrix. At 100 uM CSP, the higher

precursor concentration increases the cumulative hydrolyzed product over time, leading to earlier and more



extensive matrix formation. This restricts cell-cell contact at a smaller spheroid size. At 200 UM CSP, the
rapid accumulation of hydrolyzed product overwhelms the system, entrapping individual cells before they
can establish stable contacts. This prevents spheroid formation entirely, as the matrix solidifies around
dispersed cells. Therefore, the total hydrolyzed product generated determines whether cells form large
spheroids, small spheroids, or remain isolated. The threshold concentrations reflect a kinetic competition
between cell aggregation and matrix entrapment. Cellular viability assays indicated that peptide-induced
spheroids maintained similar proliferation levels to monolayer U87MG cells. Live-dead staining showed
strong green fluorescence in the spheroids, indicating good cell viability (Fig. 2e).

Congo Red staining visualized the -sheet nanofibers,®® showing strong red fluorescence around the
cell spheroids but minimal fluorescence in monolayer cells (Supplementary Fig. 4), confirming that the
peptide nanofibers are preferentially formed locally around the cell spheroids, enhancing their structural
integrity and functional capabilities. Scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) provided further insights into the morphology of in-situ formed peptide assemblies
induced spheroids. SEM images (Fig. 2f) displayed extensive cell aggregation with huge clusters of
nanofibers distributed between the cells. These nanofibers adhered to the surface of the cell membranes,
promoting cell-cell interactions. Filopodia formed by the cells extended towards the nanofibers, integrating
into the fiber network. In contrast, the control group showed only independent cells with an elliptical
appearance and microvillus structures on their membranes, lacking any associated nanofibers. Bio-EM (Fig.
2g) images revealed that after 6 hours, the nanofibers aggregate around the cells, which distribute along
cell membranes to help cells form cell spheroids. Prolonging incubation to 24 hours resulted in tighter cell
connections and dense fibrous networks, resembling the nanofibers formed by enzymatic assembly of CSP
in vitro. This dynamic correlation suggests that the nanofibers not only support structural assembly but also
could facilitate the mechanical and signalling interactions necessary for the cell spheroid development.

Beyond U87MG cells, we successfully induced spheroid formation in other cell lines (SK-OV-3,

HepG2, Saos-2) that naturally expressed ALP3* 3> 3¢ ysing the peptide, demonstrating the broad



applicability of CSP (Supplementary Fig. 5-6). Notably, CSP successfully induced spheroid formation in
MDA-MB-231 cells (Supplementary Fig. 7), which showed 2D structure in low-adhesion plates and low
expression levels of ALP. This finding further highlights the unique capability of our enzyme-responsive
strategy to promote 3D spheroid formation even in challenging cell models. However, CSP alone could not
induce HUVEC which didn’t express ALP to form spheroids (Supplementary Fig. 8). To investigate the
influence of molecular structure on cell spheroid formation, we synthesized similar peptide variants
(Supplementary Fig. 9). The peptide lacking the pyrene group (CSP1) resulted in single adherent cells, with
no cell spheroid formation, highlighting the critical role of aromatic-aromatic interactions in self-assembly
for inducing cell spheroid formation. The variant without the phosphatase-responsive motif (CSP2) yielded
smaller aggregates with reduced growth activity, suggesting that enzymatic responsiveness is vital for
effective spheroid formation. This process reflects the natural mechanisms of ECM remodelling and cellular
aggregation, highlighting enzymatic peptide self-assembly is crucial for the dynamic assembly of ECM
components that support cell spheroid formation. Such parallels emphasize the potential of our peptide
design to replicate physiological processes in tissue engineering. Peptides containing glycine (CSP3) and
glutamic acid (CSP4) showed significantly diminished spheroid-inducing ability, indicating that charge and

structural integrity are crucial for optimal cellular aggregation.

Cytoskeletal remodelling Drives YAP translocation and cell spheroids formation induced

by in-situ formed peptide nanofibers

The ECM is composed of dense fibrillar protein complexes that provide structural support and facilitate
cell communication.®” To visualize the distribution of peptides at the cellular level, we used
nitrobenzoxadiazoles (NBD) to label the peptide at the N-terminal, resulting in NBD-CSP. An optimized
ratio of CSP:NBD-CSP of 9:1 was used in our experiment to visualize the distribution of peptides without
affecting the assembly of CSPs. Immunofluorescence imaging (Fig. 3a, Supplementary Fig. 10) revealed

strong green fluorescence from self-assembled peptide nanofibers co-localized with red fluorescence from



ECM proteins such as collagen 111 and fibronectin.! *® To determine co-localization, we employed Pearson's
correlation coefficient, which quantifies the degree of overlap between the two fluorescent signals. A high
coefficient value would indicate a strong correlation between the peptide nanofibers and ECM proteins,
confirming their spatial proximity. The observed overlap suggests that peptide nanofibers interact closely
with ECM components, facilitating enzyme-instructed self-assembly at the cell surface. This interaction is
crucial for establishing a supportive microenvironment that enhances cellular functions, promoting not only

structural integrity but also dynamic signalling pathways essential for cell behaviour and morphology.

The interactions between the self-assembled peptide nanofibers and the ECM likely play a critical role
in modulating the mechanical environment of the cells. To assess the mechanical properties of the cells, we
employed atomic force microscopy (AFM) (Fig. 3b, c). The basal adhesion of cells in the spheroid group
was 72.5 nN, significantly lower than the control group (343.4 nN). This reduction indicates that the fibrous

network formed by the peptide assembly substantially alters the mechanical microenvironment of the cells.

Cytoskeletal protein remodelling is crucial for filopodia formation®®, so we explored the role of
cytoskeletal protein remodelling in spheroids formation by incubating cells with the peptide and the small

molecule inhibitors Latrunculin B (which inhibits actin polymerization40) and CK666 (which stabilizes the

ARP2/3 complex in an inactive state and blocks actin nucleation and branching"'l). Results indicate that

cells treated with the inhibitors formed significantly smaller aggregates compared to the peptide-only group
(Fig. 3d, e, Supplementary Fig. 11). This suggests that the introduction of Latrunculin B and CK666
markedly impaired the peptide-induced spheroid-forming activity. Our viability assays (Alamar Blue) and
2D culture retention data collectively demonstrate that CSP and cytoskeletal inhibitors (Latrunculin
B/CK666) impair 3D spheroid formation primarily through adhesion/migration disruption rather than
proliferation effects. The maintained cell viability coupled with significant 2D cell accumulation
(Supplementary Fig. 12) suggests these treatments interfere with cell-cell contact initiation—a critical first

step in spheroid assembly. This aligns with known roles of actin dynamics (Latrunculin B) and Arp2/3



(CK®666) in cellular adhesion. The diminished size of the cell spheroids underscores the critical role of
cytoskeletal protein remodelling in spheroid formation. Specifically, through actin-mediated
mechanosensing, cells can respond to the mechanical alterations induced by peptide nanofibers by forming
structures such as protrusions and filopodia that facilitate cell-cell interactions and enhance aggregate
stability. This highlights how the cytoskeleton is essential for translating mechanical signals from the

nanofiber network into morphological changes necessary for spheroid development.

YAP proteins are key mediators of cellular responses to mechanical cues, translocating to the nucleus
to activate downstream signalling pathways.lg’ 42 1n our study, 76.5% of YAP proteins in cell spheroids

were localized in the nucleus (Fig. 3f, g, Supplementary Fig. 13), compared to only 26.0% in the control
group, indicating that self-assembled peptides significantly enhanced Y AP nuclear translocation-an almost
fourfold increase. CSP treatment triggered YAP nuclear localization, consistent with its mechanosensitive
role in spheroid growth and survival. While low-adhesion controls were technically unfeasible (spheroid
loss during staining), CSP-induced YAP activation suggests matrix stiffness or ligand cues override
adhesion-dependent mechanosignaling. These findings underscore YAP’s role in 3D spheroid maintenance.
We investigated the expression levels of the relevant proteins in the upstream signaling pathway of YAP -
the Hippo pathway (Supplementary Fig. 14). After CSP treatment, cell spheroids were formed, the
expression level of LATS1 slightly decreased, the expression levels of YAP and MOB1 remained almost
unchanged, but the phosphorylation levels decreased. Among them, MOBL1 acts as the molecular switch of
the Hippo pathway. It transmits the upstream signals (MST1/2) to LATS1/2 through a phosphorylation-
dependent mechanism, ultimately regulating the activity of YAP/TAZ. Then, YAP detaches from the
cytoplasmic retention protein due to dephosphorylation and relocates to the nucleus, where it binds to the

transcription factor TEAD and activates downstream target genes. We also applied Verteporfin (VP), an
inhibitor of YAP protein,43 finding that 0.2 uM VP substantially reduced cell spheroid formation, while 1

uM VP nearly completely inhibited spheroid formation (Supplementary Fig. 15). Statistical analysis



revealed a negative correlation between spheroid area and VP concentration. These findings suggest that
peptide CSP modulates the mechanical microenvironment of cells and activates the YAP pathway.

These results together indicate that the peptide CSP undergoes enzyme-instructed self-assembly to form
a nanofiber network on the cell membrane, significantly influencing the mechanical properties of the ECM.
This alteration induces mechanotransduction, promotes cytoskeletal remodelling, and facilitates the nuclear
translocation of YAP proteins, leading to the activation of downstream signalling pathways that drive
spheroid morphogenesis (Fig. 3h). Additionally, gene transcriptomics analysis (Fig. 3i, j) of cell spheroids
revealed expression of genes associated with mechanoregulation and morphogenesis, confirming the
proposed induction mechanism. These findings underscore the potential of peptide nanofibers in tissue

engineering, where they can modulate cellular behavior through mechanosensing pathways.

Peptide nanofibers induce capillary-like structure formation in spheroids

Vascularization is essential for the functional performance of tissues.** “ *® To mimic in vivo
angiogenesis, we designed the self-assembled peptide sequence CSP-A, incorporating the cNGR fragment
known to target angiogenesis.*”*® In the co-culture system of cell spheroids induced by the original peptide
CSP and endothelial cells*® *°, the self-assembled peptide CSP-A was treated for inducing capillary-like
structure formation of cell spheroids. We co-cultured CSP-formed spheroids with HUVECs in three
matrices (CSP-A, Matrigel, or agarose) to assess vascularization potential (Supplementary Fig. 16-17).
While control groups (spheroids alone or with HUVECs) showed no immature vascular networks
formation, CD31 immunofluorescence revealed endothelial localization around spheroids in HUVEC-
containing groups. Notably, CSP-A supported progressive immature capillary-like structure formation
around spheroids, with CD31 tubular structures indicating functional capillary-like structure formation. In
Matrigel, we observed initial tubular networks between spheroids that later matured into perfusable
immature capillary-like structures. By contrast, agarose cultures exhibited passive spheroid-HUVEC
aggregation due to low adhesion, with minimal immature vascular network morphogenesis. These results

demonstrate that matrix properties critically regulate vascular patterning, with CSP-A uniquely enabling



organized peri-spheroidal capillary-like structure formation. As a comparison, we also used Matrigel as a
substrate and the Agarose method to culture U87MG cells and HUVECs to form 3D cell spheroids with
endothelial tubes. The results (Fig. 4a, Supplementary Fig. 18, Supplementary Table 1) revealed the
presence of outgrowth structures around the spheroids. Similar structures were also observed in the Matrigel
group, which provided a substrate environment for cell growth, adhesion, and differentiation under 3D
conditions, but these structures were absent in both the control group and the Agarose group.
Immunofluorescence (IF) confirmed a high expression of CD31, a hallmark of angiogenesis,* indicating
the formation of immature capillary-like structures induced by CSP-A (Fig. 4B). Compared with angiogenic
spheroids cultured with Matrigel, the immature capillary-like structures were also distributed inside the
spheroids when cultured with CSP/CSP-A, likely due to the combined effect of CSP-A on U87MG cells
and HUVECs (Supplementary Fig. 19, Supplementary Table 1). Microstructural studies (Fig. 4c, d) showed
that endothelial cells surrounding the spheroids developed sprouting and elongated structures, consistent
with the newly formed immature capillary-like structure observed by IF. Magnified images of these
immature capillary-like structure revealed dense nanofibers adhering to the surfaces of elongated cells,
resembling the self-assembled peptide nanofibers seen in the spheroids. This suggests that CSP-A co-
assembles with the original CSP to form nanofibers featuring the angiogenic motif cNGR, enhancing
interactions between U87MG spheroids and endothelial cells, ultimately facilitating endothelial tube
formation and immature capillary-like structure formation. We subsequently used FITC-Dextran to
simulate nutrient transport within the spheroids.®® *® The results showed that fluorescent signals were
primarily localized at the edges of cell spheroid without immature capillary-like structure (Fig. 4e, f,
Supplementary Fig. 20), indicating impaired transport in the inner regions. Notably, in spheroids containing
immature capillary-like structures, there was deeper penetration of the fluorescently labeled dextran, with
strong signals observed in the interior. We cultured CSP-treated tumor spheroids with CSP-A (without
HUVECs) and observed their growth over time (Supplementary Fig. 21). The spheroids gradually increased
in size, showing no significant differences between experimental groups. Furthermore, neither structural

loosening of the spheroids nor significant penetration of FITC-dextran into the spheroid cores were



observed (Supplementary Fig. 22). These results suggest that nutrient transport is significantly enhanced in
spheroid tissues with capillary-like structures, highlighting the importance of capillary-like structures in
facilitating nutrient distribution within cellular constructs. As the culturing time increases to 7 d, the
spheroids with capillary-like structures do gradually grow larger, and multiple cell spheroids can merge to
form a larger structure (Supplementary Fig. 23).

Transcriptomic analysis of tumor spheroids with capillary-like structures reveals enhanced

similarity to patient-derived GBM

To assess the similarity of tumor spheroids with capillary-like structures to clinical tumor tissue, we
analyzed the transcriptomics of these cells. Gene differential analysis (Supplementary Fig. 24-25) revealed
that compared with cells and spheroids, the spheroid +HUVEC group was located closer to the patient-
GBM, suggesting that the transcriptional characteristics of the two are more similar, indicating that the
spheroid model with capillary-like structures better simulates the clinical GBM samples at the
transcriptional level. Gene Set Enrichment Analysis (GSEA) (Fig. 5a) indicated that spheroids with
capillary-like structures shared a gene signature with patient GBM, particularly in pathways related to ECM
protein interactions.

Specifically, angiogenic gene hallmarks in the spheroids with capillary-like structures showed
significantly higher expression levels comparable to that in and HUVECs (Fig. 5b), which proved that the
presence of immature capillary-like structures enhanced spheroid growth and proliferation. In terms of
GBM-associated oncogenic pathways (Fig. 5¢), such as EGFR and JAK-STAT,> spheroids with capillary-
like structures closely mimicked patient GBM gene expression, surpassing that of 2D tumor cells. Our
transcriptomic analyses of spheroids with capillary-like structures (U87MG+HUVECSs) and patient GBM
samples (GSE119834) reveal two key findings: First, HUVEC-specific endothelial tube formation
signatures in mixed cultures are distinguishable from tumor cell profiles, confirming capillary-like structure
contributions. Second, conserved oncogenic pathways in patient GBMs are recapitulated in pure U87TMG

cells and spheroids with capillary-like structures, supporting their clinical relevance. While bulk sequencing



cannot fully resolve cell-type-specific signals, our controlled comparisons-using HUVEC-only groups and
tumor-only controls-provide critical context for interpreting mixed-population data. These results highlight
the importance of microenvironmental crosstalk in GBM biology. These findings confirm that peptide
nanofibers effectively modulate the ECM environment and induce capillary-like structure formation,
resulting in tumor spheroids with immature capillary-like structures that more accurately represent clinical

tumor tissues compared to conventional 2D cell models.

Enhancing tumorigenicity and functionality in engineered spheroids through capillary-like
structure formation and intercellular self-assembly.
Angiogenesis plays a crucial role in tumor development and progression, as it enables the formation of new
blood vessels to supply nutrients and oxygen to growing tumors. In tumor models, the presence of
vascularization is essential for accurately mimicking the physiological conditions found in human cancers.
Angiogenesis not only supports tumor growth but also facilitates the dissemination of cancer cells,
contributing to metastasis. Therefore, establishing a tumor model with robust angiogenic features is vital
for studying tumor biology, assessing therapeutic responses, and developing effective treatments. By
incorporating angiogenesis into our tumor models, we can better understand the complex interactions
between tumor cells and the vascular environment, ultimately leading to more effective cancer therapies.
To investigate the tumorigenicity of peptide-induced U87MG cell spheroids and immature capillary-like
structures containing spheroids, we established a subcutaneous tumor model in immunodeficient mice (Fig.
6a). Throughout the growth period, there were no significant changes in body weight among the four groups
(Supplementary Fig. 26a). Tumor weights were similar in the single-cell and spheroid groups, while the
matrigel group showed higher weights. Notably, the spheroids with capillary-like structures exhibited the
highest tumor weights, indicating greater tumorigenicity (Supplementary Fig. 26b).

Tumor volumes were also greater in the matrigel group compared to the single-cell and spheroid groups
(Fig. 6b). However, tumor growth in these three groups plateaued within 18 days post-inoculation, likely

due to hypoxic conditions limiting nutrient and oxygen delivery. In contrast, the spheroids with capillary-



like structures consistently formed larger tumors (Supplementary Fig. 27). The matrigel group produced
smaller tumors, while enhancing cell-matrix interactions, but it lacked endothelial cell angiogenesis®™. We
evaluated capillary-like structure formation (CD31 and a-SMA) at 16- and 33-days post-inoculation (Fig.
6¢, Supplementary Fig. 28). After 16 days, the single-cell, spheroid, and matrigel groups showed low
capillary-like structure formation, consistent with the growth plateau. The spheroids with capillary-like
structures demonstrated the highest level of endothelial tube formation, suggesting that immature capillary-
like structures within the spheroids facilitate essential transport for tumor growth, including nutrient and
oxygen delivery, as well as metabolic waste removal.

To assess whether the ability to promote capillary-like structure formation by intercellular self-assembly
of the CSP-A/CSP peptides is also applicable in organoid-like spheroid formation of functional cells other
than tumors, we co-cultured MING cells, a pancreatic islet insulin-secreting B-cell line with HUVECs and
our peptide nanofibers. The pancreatic islets are highly vascularized in vivo since they have to produce
insulin in a rapid and dynamic fashion in response to external stimuli.*® Since the level of vascularization
is highly important to the regulation of insulin secretion of the pancreatic islet -cells, the ability to produce
insulin in response to glucose stimulation would be directly reflective of immature capillary-like structures
induction ability of the CSP-A/CSP peptide nanofibers. As a result, considering the nature of MING cells,
peptide CSP-RGD was initially introduced to enhance cellular adhesion. Successfully formation of MING
cell spheroids was observed without compromising cellular function (Fig. 6e, f, Supplementary Fig. 29).
The MING cell spheroids were then treated with peptide CSP-A and co-cultured with the HUVECs for
potential establishment of immature capillary-like structures as already detailed previously. Subsequent
functional analysis showed that the CSP-A/CSP-RGD MIN6/HUVEC spheroids exhibited the highest level
of glucose-stimulated insulin secretion (Fig. 6g), with significantly higher stimulation index than the no

spheroid single-cell MING group and the non-vascularized MING spheroid group.

These results demonstrates that 1) the CSP-based peptide self-assembly induction ability in cell

spheroid formation could be used in multiple cell types, both cancerous cells as well as functional cell types.



2) the facilitated capillary-like structure formation by the CSP-based peptide nanofibers not only enhance
cell-cell interactions and cell proliferation, but also significantly improved the functional performance of
the organoid-like spheroids. Our work underscores the potential of intercellular self-assembly techniques

to create complex tissue architectures that can be tailored for specific therapeutic outcomes.

Discussion

This work introduces a unique strategy for engineering cell spheroids with capillary-like structures
through in situ self-assembly of peptide nanofibers. By facilitating capillary-like structure formation within
tumor and pancreatic islet spheroids, we have developed models that closely mimic the physiological
characteristics of human tissues, significantly enhancing their utility in biomedical research. A critical
aspect of our approach is the role of in situ self-assembly in inducing mechanotransduction. The formation
of capillary-like structures not only improves nutrient and oxygen delivery but also enhances intercellular
signalling through mechanosensitive pathways. This dual action is vital for maintaining cellular viability
and function in three-dimensional environments. The significant increase in insulin secretion observed in
pancreatic islet spheroids with capillary-like structures illustrates the practical implications of our strategy
for regenerative medicine, particularly in developing advanced therapies for diabetes. Moreover, the gene
expression profiles of tumor spheroids with capillary-like structures showed similarities to those of patient-
derived tumors, underscoring the relevance of our engineered models for cancer research. This alignment
enables more effective evaluations of therapeutic strategies and provides deeper insights into tumor biology.
By bridging the gap between in vitro models and clinical realities, our work offers a powerful platform for

investigating the complexities of tumor microenvironments and their responses to treatment.

However, it is important to acknowledge the limitations of the current model. While we observe the
formation of CD31-positive, capillary-like structures and enhanced molecular transport, these in vitro
networks may not fully recapitulate the complexity, stability, or perfusive functionality of true in vivo
vasculature. In this project, our structures are better described as pro-angiogenic endothelial networks or

capillary-like assemblies that represent an important step toward vascularization. Future work will focus



on incorporating additional cell types, including immune, stromal, and mural cells, to achieve long-term
stability, perfusion, and hierarchical organization of these networks for a more accurate mimicry of native

vasculature.

Despite these limitations, the ability to leverage intercellular self-assembly for capillary-like structure
formation and mechanotransduction represents a significant advancement in tissue engineering. This
approach not only enhances the structural and functional capabilities of engineered tissues but also opens
an avenue for exploring intricate tissue interactions and cellular dynamics. The mechanotransduction
induced by immature capillary-like structure formation is particularly promising, as it could lead to
improved drug delivery systems and more effective cancer therapies. In summary, this research establishes
a framework for engineering vascularized spheroids that emphasizes the importance of in situ self-assembly
and mechanotransduction. By focusing on the interplay between vascularization and cellular function, this
work paves the way for innovative strategies to address some of the most pressing challenges in tissue
regeneration and cancer treatment. The insights gained from this work have the potential to significantly
impact the fields of tissue engineering and regenerative medicine, ultimately improving therapeutic

outcomes and patient care.
Methods

Materials sources

All reagents were of analytical grade and used as received without further purification.
Fluorenylmethyloxycarbonyl (Fmoc-) protected amino acids, as well as 2-(1H-benzotriazole-1-yI)-1,1,3,3-
tetramethyluronium hexafluorophosphate (HBTU) and O-(benzotriazol-1-yI)-N,N,N',N'-
tetramethyluronium hexafluorophosphate (HATU), were obtained from GL Biochem Ltd. (China). 1-
Pyrenebutyric acid and 4-chloro-7-nitrobenzofurazan (NBD-CI) were sourced from Sigma-Aldrich.
Piperidine and trifluoroacetic acid (TFA), along with N,N-diisopropylethylamine (DIPEA), were supplied
by Sinopharm Chemical Reagent Co., Ltd. (Shanghai). Triisopropylsilane (TIPS), N,N-dimethylformamide

(DMF), and dichloromethane (DCM) were purchased from J&K Scientific.



Peptide synthesis and characterisation

The peptides used in this study were synthesized via solid-phase peptide synthesis (CSP as an example,
Supplementary Fig. 30). 2-Chlorotrityl chloride resin was selected. The resin was fully swollen in DCM
for 15 min in a peptide synthesis tube. The first amino acid (2 eq) was weighed and dissolved in DCM.
After adding DIPEA (6 eq), it was transferred to the above-mentioned peptide synthesis tube containing the
resin and reacted for 2 h. The reaction solution was then removed. A mixed solution (DCM: MeOH: DIPEA
=17: 2: 1, viIviv) was prepared and added to the synthesis tube to block the unreacted resin. The resin was
washed with DCM and DMF successively. A DMF solution containing piperidine (20%) was added to the
above synthesis tube and reacted for 30 min to completely remove the protecting group (Fmoc). Then the
resin was washed with DCM and DMF. The second amino acid (3 eq) and HBTU (3 eq) were weighed and
dissolved in DMF. After adding DIPEA (3 eq), the solution was transferred to the synthesis tube and reacted
for 2 h. The resin was washed six times with DCM and DMF. After a 30 min deprotection reaction, the
resin was washed with DCM and DMF. Then the next amino acid was reacted in the same way as the second
one. Repeat this process until the last amino acid was reached. Cleavage was performed using a reagent

mixture of 2.5% H-0, 2.5% triisopropylsilane, and 95.0% trifluoroacetic acid for 30 minutes.

For the cyclic peptide CSP-A (Supplementary Fig. 31), the thiol groups of the two cysteines were reacted
through the air oxidation method to form a disulfide bond. The linear crude peptide synthesized by solid-
phase peptide synthesis (50 mg) was dissolved in MeCN/H2O (40:60, v/v), and the pH of the reaction
solution was adjusted to 8.5-9.0 using ammonia. After stirring for 48 h, the solvent was removed by vacuum

rotary evaporation, and the peptide product was purified using HPLC, yielding approximately 70%.

The crude peptides were then purified through high-performance liquid chromatography (HPLC) and
Iyophilized into powder form. Each peptide was analyzed using LC-MS (Agilent 1260 Infinity)
(Supplementary Fig. 32-39) with a C18 column, employing a flow rate of 1 mL/min and a mobile phase

composed of acetonitrile (0.5%o0 TFA) and deionized water (0.5%0 TFA). The molecular structures of the



peptides were confirmed by nuclear magnetic resonance (NMR) spectroscopy (*H NMR, Bruker 500 MHz

AVANCE NEO), utilizing d6-DMSO as the solvent for analysis (Fig. S40-47).
Liquid Chromatography-Mass Spectrometry (LC-MS)

Synthesized peptides were dissolved in methanol at a concentration of 0.2 mg/mL. The purity and molecular
weight of the samples were analyzed using LC-MS (Agilent 1260 Infinity) equipped with a C18 column.

The mobile phase consisted of acetonitrile (0.5%o0 TFA) and deionized water (0.5%o0 TFA).

Circular dichroism (CD)
A 100 pL aliquot of the assemblies was added to a quartz cell with a 0.1 cm path length, and the CD signal

was recorded from 180 nm to 280 nm at a scan speed of 100 nm/min using circular dichroism spectroscopy

(Applied Photophysics Ltd, UK).
Transmission Electron Microscopy (TEM)

A 5 pL solution of peptides was placed on 200 mesh carbon-coated copper grids. After a 1-minute
incubation, excess solution was removed with filter paper. A 5 puL solution of 2% (w/v) uranyl acetate was
added for staining for 1 minute. Samples were imaged using a Talos L120C transmission electron

microscope (Thermo Fisher), and diameters were analyzed using ImageJ.

Cryo-electron microscopy (Cryo-EM)

Ten microliters of assemblies were placed on a grid, and excess samples were removed with filter paper.
The grid was then plunged into precooled liquid ethane. Observations were conducted using a 200 kV Cryo-

EM (Glacios, US).
Bio-EM

Bio-EM was utilized to investigate the microstructure of U87MG cells and spheroids. U87MG cells were
treated with peptides CSP at a concentration of 50 uM for varying durations, with blank medium as a control.

Cells and spheroids were collected using a scraper, centrifuged, and washed three times with cell living



buffer. They were then incubated overnight at 4 °C in a mixture of 2% PFA and 2.5% glutaraldehyde.
Subsequent steps involved washing with PB buffer (0.1 M) three times, fixation with 1% osmium acid for
1 hour at 4 °C, and further washing with PB buffer and H20. Cells were stained with 1% uranyl acetate for
1 hour, dehydrated through a series of ethanol concentrations, and prepared for embedding in "812" resin.

The embedded samples were sliced and stained before observation with a 120 kV TEM.
Cell culture

U87MG, Saos-2, SK-OV-3, HepG2, and HUVEC cells were obtained from ATCC, while MING cells were
sourced from AddexBio Technologies. US7MG cells were cultured in DMEM supplemented with 10%
heat-inactivated fetal bovine serum (FBS). Saos-2 cells were maintained in McCoy’s 5SA medium with 15%
heat-inactivated FBS. SK-OV-3 cells were also cultured in McCoy’s 5SA medium, but with 10% heat-
inactivated FBS. HepG2 cells were grown in minimum essential medium supplemented with 10% heat-
inactivated FBS. HUVEC cells were cultured in Vascular Cell Basal Medium supplemented with the
Endothelial Cell Growth Kit-BBE. MING cells were maintained in DMEM supplemented with 10% heat-
inactivated FBS and 55 uM B-mercaptoethanol. All cell lines were supplemented with 100 U/mL penicillin

and 100 pg/mL streptomycin and were cultured in a humidified atmosphere of 5% CO- at 37 °C.

Cell Viability Assay

To assess cell viability following peptide treatment, 10 pL of Alamar Blue reagent (Invitrogen) was added
to each well at specified time points. After 4 hours of incubation at 37 °C with 5% CO., the culture medium
was collected, and fluorescence was measured with an excitation wavelength of 560 nm and emission at

590 nm.

Cell Spheroid Culture

Cells were seeded in a 96-well culture plate at a density of 2 x 10° cells/mL for 24 hours to allow attachment.
Peptide-containing fresh culture medium was prepared. Following incubation with the culture medium for

varying durations, cells gradually formed spheroids. Additionally, cells diluted directly into peptide-



containing medium without prior attachment were also assessed for spheroid formation. The projected area

of the spheroids was measured using ImageJ.
Spheroid with capillary-like structure Construction

In our experiment, the tumor spheroids were mechanically isolated without enzymatic treatment. All the
CSP-treated cells which contain spheroids and single cells in the wells are collected. The harvested cells
are mixed with HUVEC cells (2 x 10° cells/mL) and seeded into a 96-well culture plate for 24 hours to
facilitate attachment. CSP-A (50 uM) is added 24 h after seeding into a new plate. For Matrigel method,
100 uL Matrigel is added to a 96-well culture plate. Then, US7MG cells (2 x 10° cells/mL) or CSP-treated
spheroids and HUVECs (2 x 10° cells/mL) are mixed and seeded into a 96-well culture plate. The cells
grow on the top of the Matrigel. After culturing for 96 h, the projected area of the spheroids is measured
using Image J. For Agarose method, US7TMG cells (2 x 10° cells/mL) or CSP-treated spheroids and
HUVECs (2 x 10° cells/mL) are mixed and seeded into a 1% agarose pre-treated 96-well culture plate.

After culturing for 96 h, the projected area of the spheroids is measured using Image J.
Immunofluorescent Imaging

After incubating U887MG cells for 72 hours with peptide-containing medium (50 uM) at 37 °C in a
humidified atmosphere of 5% CO., cells were washed three times with PBS buffer. They were then fixed
with 4% formaldehyde for 15 minutes at 37 °C and permeabilized with 0.1% Triton X-100 in PBS for 10
minutes, followed by PBS washing. Cells were blocked with 3% bovine serum albumin (BSA) in PBS for
1 hour at room temperature and stained with primary antibodies diluted in 1% BSA in PBS overnight at 4
°C. After incubating with Alexa Fluor-conjugated secondary antibody for 1 hour at room temperature,
nuclei were stained with 1 pg/mL Hoechst 33342 in PBS for 15 minutes. After washing with PBS, confocal

laser scanning microscopy (CLSM) was used for detection.
AFM Measurement

U87MG cells were treated for 12 hours in 6-well culture plates before assessing their mechanical properties

using atomic force microscopy (AFM). The adhesion force was measured using micropipette cantilevers



which was not coated with any ligand or PLL with an 8 pm diameter aperture and a nominal spring constant
of 2 N/m. The force exerted on the cantilever, proportional to its deflection, was recorded by the

photodetector. Ten cells per condition were analyzed.
GSIS Test of MING Cells

MING cells were plated on 6 cm plates for GSIS analysis. After peptide treatment for 2 days, cells were
washed twice with KRBH buffer. They were then incubated with 1 mL of KRBH buffer containing 2.8 mM
glucose for 1 hour at 37 °C. Following this, the buffer was replaced with either 1 mL of KRBH with 2.8
mM glucose or 1 mL of KRB with 16.8 mM glucose for 1 hour. The supernatant was collected, centrifuged,
and 1 mL of the upper supernatant was prepared for insulin measurement using a mouse insulin enzyme-
linked immunosorbent assay (Mouse Insulin ELISA, ALPCO, NH, USA) according to the manufacturer’s
instructions. The stimulation index (SI) was calculated as the insulin level under high-glucose conditions

divided by that under low-glucose conditions.
Transcriptomics Study

To evaluate gene expression changes in U87MG cells, spheroids, and spheroids with capillary-like
structures compared to clinical patient GBM samples, RNA-seq analysis was performed. The reported gene
expression set of patients GBM samples (GSE119834) was collected. U87MG cells are seeded in a 96-well
culture plate at an initial density of 2 x 10° cells/mL for 24 h to allow attachment. Then, peptide CSP is
given to form spheroids. Harvest the spheroids in one well, mix them with HUVECs at an initial density of
2 x 10° cells/mL. Seed them into a new 96-well culture plate. After 24 h, add CSP-A to induce the formation
of spheroids with capillary-like structures. All of the spheroids in one well are harvested to do this
experiment. Replicate this experiment for three times. Total RNA was isolated from all samples using
TRIzol RNA Isolation reagent (Invitrogen) following the manufacturer’s protocol. RNA quality was
assessed using the TapeStation RNA Assay (Agilent Technologies). Libraries were constructed with the
NEBNext Ultra Il Directional RNA Library Prep Kit for Illumina, amplifying 25 to 75 ng of RNA using 14

cycles of PCR. Final library quality was evaluated by TapeStation DNA HS Assay (Agilent Technologies).



Equimolar pooling of libraries was performed based on Qubit values and loaded in triplicates onto an
Illumina NextSeq 500 platform for gene expression analysis. Expression levels were calculated using
RSEM and processed with the Bioconductor package DESeq2 (version 1.24.0 in R). Data normalization
was performed using Trimmed Mean of M values (TMM), and differentially expressed genes were
identified with a false discovery rate (FDR)-adjusted P-value of < 0.05. Principal component analysis

(PCA) and gene set enrichment analysis (GSEA) were conducted with KEGG and GO methods.
Transport Experiment in Spheroids

Cells, spheroids, and spheroids with capillary-like structures were prepared with peptides and blank
controls. Cells were washed with living buffer solution and treated with FITC-dextran (70 kDa, 10 uM in
PBS) for 15 minutes, followed by three washes with PBS. Fluorescence of FITC in different layers of

spheroids was examined using CLSM.
In Vivo Experiment

Female NSG mice (6-8 weeks) were obtained from Westlake University Animal Center and maintained
under sterile conditions. Animal experiments were approved by the Animal Care and Use Committee of
Westlake University (License number: AP#22-050-WHM-4). Mice were inoculated subcutaneously with
U87MG cells (2 x 10%/100 pL in PBS or matrigel), spheroids, and spheroids with capillary-like structures.
Tumor volume and body weight were measured every three days, with tumor volume calculated as width?
x length/2. Mice were sacrificed 16 days post-inoculation, and tumors were collected for
immunofluorescent imaging of vascularization markers (CD31 and a-SMA). All tumor-bearing mice were
sacrificed at the end of the experiment, and tumor capillary-like structure formation was evaluated through

immunofluorescence. Images (n = 10) were taken at 40x magnification and analyzed using ImageJ.
Ethical Statement

All mice studies were approved by the Institutional Animal Care and Use Committee of Westlake
University (AP# 22-050-WHM-2). Female NSG mice (6-8 weeks) were obtained from Westlake University

Animal Center. All male mice were fed with non-fluorescent chow. Housing conditions: 12 h dark/12 h



light cycle, ambient temperature: 20-25 °C, Humidity: 45-55%. The maximal tumour burden is defined as

a mass reaching 10% of body weight or a maximum diameter of 2 cm.
Statistical Analysis

All experimental data are expressed as mean + standard deviation (SD). Statistical comparisons between
two groups were performed using a two-tailed unpaired Student's t-test. Statistical comparisons between
more than two groups were performed using One-way ANOVA. Two-way ANOVA was used for
comparisons among groups influenced by two factors, with statistical significance set at P < 0.05.

Significance levels were indicated as *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

Data Availability

All the data that support the findings are available within the main text and the supplementary
materials. Source data are provided with this paper. The RNA-seq data generated in this study have
been deposited in the NCBI database under accession number PRINA1367769

[https://www.ncbi.nlm.nih.gov/bioproject/PRINA1367769].
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Figure Legends/Captions (for main text figures)

Fig. 1: The Schematic illustration of cell spheroid formation and capillary-like structure formation
induced by in-situ peptide self-assembly (SA). Intercellular peptides (CSP) self-assemble into a
nanofibrous network surrounding the cells, modulating mechanical cues in the ECM. This mechanical
signalling, characterized by YAP activation and actin remodelling, drives cellular morphogenesis and the

formation of 3D spheroids. Subsequent co-culture with endothelial cells and peptides (CSP-A) leads to the



development of spheroids with capillary-like structures, enhancing substance exchange and signal
communication. Created in BioRender. Li, Y. (2025) https://BioRender.com/sglourl.

Fig. 2: In-situ peptide self-assembly into nanofibers and induces cell spheroids formation. a) The
molecular structure of the peptides CSP. b) Cryo-EM images of nanostructures formed by CSP (50 uM)
with or without the treatment of ALP (1 U/mL). ¢) The illustration and microscopic images of U87MG cell
spheroids formation induced by peptides CSP (50 uM) at 24 and 96 h. Created in BioRender. Li, Y. (2025)
https://BioRender.com/dmp2uém. d) The projected area of U87MG cell spheroids induced by peptides
CSP at different concentrations (n = 10). Data are presented as plots: center lines = mean, error bar = SD,
and individual data points are shown as circles. e) Live/dead fluorescence staining images of cell spheroids
induced by CSP for 96 hours. f) SEM images of U87MG cell spheroid, with filopodia marked in yellow,
peptide nanofibers in cyan, and microvilli in purple, respectively. g) Bio-EM images of U87TMG cells
treated with CSP for 6 and 24 h (The cell membrane is depicted by blue lines), respectively. Source data

are provided as a Source Data file.

Fig. 3: Mechanistic studies of cell spheroids formation induced by intercellular peptides self-
assembly. a) Immunofluorescence staining of U87MG cells treated with CSP/NBD-CSP. The cell spheroid
and 2D cells stained with antibodies of ECM protein Collagen 11l and Fibronectin. b) and c) The
measurement of mechanical force of U87MG cells with or without the treatment of CSP (The blue area
reflects cell-to-cantilever adhesion and the red reflects cell-to-plate adhesion.) (n=5). Data are presented as

mean value + SD, and individual data points are shown as circles. Two-tailed unpaired Student's t-test (*P

<0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001). d) Schematic illustration of the effects of inhibitors
(Latrunculin B, CK666) on cellular actin remodelling and spheroid formation. e) Optical microscopic
images and projected areas of US7MG cells treated with CSP (50 uM) in the presence of Latrunculin B and
CK666 (n = 10). Data are presented as plots: center lines = mean, error bar = SD, and individual data
points are shown as circles. f) The immunofluorescence staining of U87MG cells, and g) statistical

localization (n = 100) of YAP protein in U87MG cells treated with the peptides CSP compared to a control



group. Data are presented as mean value + SD. Two-tailed unpaired Student's t-test (*P < 0.05, **P < 0.01,

***pP <(0.001, and ****P < 0.0001). h) Mechanistic scheme of cell spheroid formation with CSP treatment.
Created in BioRender. Li, Y. (2025) https://BioRender.com/utjk4z9. i) and j) The transcriptomics analysis
of genes related to the mechanoregulation and morphogenesis in the spheroids and control cells (n = 3)

Data are presented as mean value + SD, and individual data points are shown as circles. Two-tailed unpaired

Student's t-test (*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001). Source data are provided as a
Source Data file.

Fig. 4: The construction of spheroids with capillary-like structures induced by peptide self-assembly.
a) Schematic representation of spheroids with capillary-like structures formed by co-culturing U87TMG
spheroids with HUVECs treated with peptides CSP-A. b) Immunofluorescence imaging showing capillary-
like structure formation (CD31 expression) in the spheroids. c¢), and d) Scanning electron microscopy
(SEM) images illustrating the structure of spheroids with capillary-like structures, with U87MG spheroids
marked in yellow and HUVECs in red. e) and f) Schematic and confocal images depicting the distribution
of FITC-Dextran (70 kDa, 10 uM in PBS for 15 min) in spheroids and spheroids with capillary-like
structures. Created in BioRender. Li, Y. (2025) https://BioRender.com/1yi5qot.

Fig. 5: RNA-seq analysis reveals higher gene expression similarities between spheroids with
capillary-like structures and patient-derived GBM compared to 2D cells. a) Gene Set Enrichment
Analysis (GSEA) comparing spheroids with capillary-like structures to patient-GBM using GO and KEGG
methods. Two-tailed unpaired Student's t-test (*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001).
b) Gene expression levels of angiogenesis-related genes in HUVEC and spheroids with capillary-like
structures (n = 3). Data are presented as mean value £ SD, and individual data points are shown as circles.

c) Gene expression levels of GBM oncogenes in mono U87MG cells, spheroids with capillary-like



structures, and clinical GBM (n = 3). Data are presented as mean value + SD, and individual data points are
shown as circles. Source data are provided as a Source Data file.

Fig. 6: Functional study of spheroids with capillary-like structures. a) Schematic representation of the
U87MG tumor model in mice (n = 5), illustrating the grafting of cells, cells in Matrigel, spheroids, and
spheroids with capillary-like structures, with subsequent evaluation of tumor growth and capillary-like
structure formation. b) Tumor volume growth curves for the four experimental groups (n = 8). Data are
presented as mean value £ SD. Two-way ANOVA (*P < 0.05, **P < 0.01, ***P < 0.001, and ****P <
0.0001) c) Immunofluorescent images showing capillary-like structure formation (CD31) in tumors
collected on days 16 and 33. d) Quantitative assessment of capillary-like structure formation (CD31) in
tumors from days 16 and 33 (n = 10). Data are presented as mean value + SD, and individual data points
are shown as circles. Two-way ANOVA (*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001).
e) Schematic illustrating MING cell spheroids and the capillary-like structure formation activity induced by
self-assembled peptides, highlighting cellular signalling communication. f) Differential interference
contrast (DIC) images of MIN6 monocellular cultures, pseudoislets (spheroids) induced by incubation with
peptides (CSP/CSP-RGD = 10:1, 50 uM) for 24 hours, and angio-pseudoislets formed by MING6 spheroids
and HUVECs induced by peptides (CSP-A) for 24 hours. g) Schematic and evaluation of glucose-
stimulated insulin secretion in MING cells (n = 4). Data are presented as mean value + SD, and individual
data points are shown as circles. Two-way ANOVA (*P < 0.05, **P < 0.01, ***P < 0.001, and ****P <

0.0001). Source data are provided as a Source Data file.
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The extracellular matrix provides mechanical cues that guide tissue formation. Here, authors use
enzyme-responsive peptide nanofibers that self-assemble between cells to generate mechanical forces,
driving spheroid formation and creating tissue models to mimic human tumors and pancreatic islets.

Peer Review Information: Nature Communications thanks the anonymous reviewers for their
contribution to the peer review of this work. A peer review file is available.
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