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M AT E R I A L S  S C I E N C E

Programming angiogenesis with tunable assemblies of 
multifunctional peptides
Joseph Dodd-o1,2, Bobak Shadpoor1, Abhishek Roy1, Roya Jafari3, Tarunya R. Sudarshan4,  
Abigail Holberton5,6, Dongjing He4,5, Francesco Coppola3, Daniel M. Dinakarapandian4,  
Deep Malu4,5, Gelavizh Gharati2, Alexandra Griffith2, Harrison Rohe-Weiner2, Siya Patel2,  
Edward Bonder7, Yuhang Hu4,5, Levi Wood5,6,8, Anant K. Paravastu4,6,  
Petr Kral3,9, Vivek A. Kumar1,10,11,12,13*

Therapeutic angiogenesis is constrained by the inability to localize, sustain, and finely tune vascular signaling. 
Here, we detail a supramolecular peptide system that enables angiogenic programming by decoupling mechani-
cal integrity from receptor-level bioactivity. We integrate a vascular endothelial growth factor (VEGF)–mimetic 
amphiphile (SLan) with a mechanically robust β sheet peptide (K1) to yield injectable nanofiber hydrogels with 
tunable stiffness (100 to 1000 pascals) and preserved vascular endothelial growth factor receptor 2 (VEGFR2) af-
finity. Molecular dynamics simulations and solid-state nuclear magnetic resonance revealed that the coassem-
bly mitigates steric interference between domains, enabling dense supramolecular packing while maintaining 
optimal receptor accessibility. The resulting SLan-K1 formulation preserves the secondary structure, activating 
canonical VEGFR2–MEK (mitogen-activated protein kinase kinase)–ERK (extracellular signal–regulated kinase). 
In vitro, these hydrogels induce endothelial proliferation; in vivo, they drive rapid neovascular infiltration and 
stable vascular integration in murine and rodent implants. This design unites peptide self-assembly, receptor bind-
ing kinetics, and immunophenotypic outcomes in defining a molecular framework for tunable angiogenic materials. 
This strategy establishes a modular platform for engineering instructive microenvironments that bridge molecu-
lar design and tissue-scale functionality.

INTRODUCTION
Therapeutic angiogenesis remains one of the grand challenges in 
regenerative medicine. The controlled regeneration of functional 
microvasculature underpins the recovery of ischemic tissues, the 
integration of engineered grafts, and the repair of chronic wounds. 
Yet, despite decades of clinical and preclinical effort, no off-the-shelf 
strategy has reliably reconstituted microcirculatory networks in vivo. 
Clinically approved growth factor delivery (e.g., becaplermin) has 
limited clinical acceptance due to concerns of off-target side effects 
(tumorigenicity/persistence of the growth factor in circulation) (1–
3). Gene [e.g., hypoxia-inducible factor 1α (HIF-1α) transcription 
stimulation], RNA (e.g., long noncoding RNA GAS5), and stem cell 
(e.g., bone marrow–derived stem cells and engineered adipose-
derived stem cells) have been attempted clinically with limited phase 2 

trial success owing to localization, stability, and viability of delivered 
biologics, let alone concerns with multiple procedures and scale-up/
age/culture times, especially with cell products (1, 4–7). This high-
lights a gap in the design of an off-the-shelf scalable therapeutic that 
can be delivered to promote robust in situ angiogenesis for thera-
peutic revascularization.

The extracellular matrix (ECM) provides a template for how me-
chanical scaffolding and nanoscale biochemical signaling are inte-
grated. Native ECM provides structural support and presents growth 
factors and receptor-binding ligands at the nanoscale, functions that 
are difficult to fully recapitulate with recombinant proteins or poly-
mer carriers. Synthetic analogs that capture this duality could funda-
mentally shift therapeutic design. Supramolecular peptide assemblies 
can offer a modular bottom-up route toward such ECM mimetics. 
These short, rationally designed peptides self-assemble into nano-
fibrous hydrogels that are injectable, biodegradable, and highly 
tunable in stiffness and bioactivity. Their dynamic noncovalent in-
teractions enable self-healing and controlled degradation, whereas 
their sequence programmability allows the integration of growth 
factor–mimetic motifs directly into the self-assembling backbone. 
However, incorporating bulky bioactive domains often disrupts the 
β sheet architecture that governs fibrillization, leading to weak gels 
and reduced receptor accessibility. This intrinsic trade-off between 
mechanical integrity and molecular bioactivity remains a central un-
solved problem.

We published the description of a self-assembling peptide (SAP) 
that contains a mimic of vascular endothelial growth factor A (VEGF-
A) (termed QK) (8, 9). This peptide showed remarkable local in vitro 
and in vivo angiogenesis compared to other SAPs, as well as thera-
peutic benefit in treating murine hindlimb ischemia (10). Briefly, 
the peptide termed SLanc has a β sheet self-assembling backbone 
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(K-SLSLS“L-RG”-SLSLSL-K), with a central “LRG” forming a matrix 
metalloproteinase (MMP) cleavable scissile bond enhancing in vivo 
biodegradation, a single glycine spacer, and an appended mimic of 
VEGF-A (termed QK: KLTWQELYQLKYKGI), SLanc sequence K-
SLSLSL-RG-SLSLSL-K-G-KLTWQELYQLKYKGI (8, 11, 12). These 
injectable SAP boluses of SLanc rapidly infiltrated in vivo with cells 
that deposit native niche-specific tissue are metabolized in situ and 
rapidly excreted if they enter circulation, negating the concerns 
related to full growth factor persistence and off-target side effects. Com-
bined, these features present an opportunity to both localize and extend 
the therapeutic window of the multidomain peptide (MDP). Despite 
promise in small animal models, subsequent work with SLanc re-
vealed that its poor mechanical/gelation properties (G′ < 100 Pa) 
relegated its use for short-term angiogenesis with poor long-term 
outcomes, especially in larger animal models. Addressing degradation 
and mechanical strength (partially), by improving supramolecu-
lar packing, we engineered SLan (sequence K-SLSLSLSLSLSL-K-
G-KLTWQELYQLKYKGI) (without the LRG scissile bond) that was 
able to promote longer-term vascularized regeneration of tissue 
in vitro and in a large animal (canine) pulp regeneration model (13). 
A prior work from our group revealed that increased uniform SAP 
monomer density results in obfuscation and steric blocking of append-
ed mimetic sequences, which may adversely affect target binding (14).

Several SAP platforms have been explored for therapeutic angio-
genesis from modified peptide amphiphile (PA) nanofibers, MDP hy-
drogels, RADA16-based hydrogels, and composite MDP-liposome 
systems (15–18). Although demonstrating angiogenic efficacy, me-
chanical properties and bioactive signaling are intrinsically coupled 
in these systems. In PA-QK systems, increasing epitope density 
simultaneously alters nanofiber stiffness and packing. In RADA16 
and MDP systems, angiogenesis relies on exogenous growth factor 
loading or innate material-host interactions rather than on rational-
ly designed receptor-mimetic domains (17). A recent comprehensive 
review catalogs these and additional SAP-based angiogenic strate-
gies, again highlighting the unmet need for systems that decouple 
bioactivity and mechanical/structural property trade-offs (19).

To balance this trade-off, we reasoned that structural and bio-
active roles must be distributed across complementary mono-
mers. Here, we introduce a coassembling peptide platform that 
unites a mechanically robust, unfunctionalized β sheet peptide (K1: K-
SLSLSLSLSLSL-K) with the bioactive VEGF-mimetic SLan to form 
hybrid nanofibers. The SLan-K1 coassembly strategy addresses the 
mechanical properties limitation by distributing structural (K1) and 
bioactive (SLan) functions across complementary monomers within 
the same supramolecular lattice. By simply adjusting the SLan:K1 mo-
lar ratio, we engineer to improve mechanical properties while con-
serving or improving vascular endothelial growth factor receptor 2 
(VEGFR2) binding affinity—a degree of modularity not achievable in 
single-component systems. Molecular dynamics (MD) simulations 
and solid-state nuclear magnetic resonance (NMR) demonstrated 
that K1 coassembly can mitigate steric congestion within SLan fibrils 
while preserving both supramolecular order and VEGFR2 accessibility. 
The resulting 1:1 formulation activates canonical VEGFR2–mitogen-
activated protein kinase (MAPK) kinase (MEK)–extracellular signal–
regulated kinase (ERK) signaling comparable to VEGF-A, elicits 
robust endothelial infiltration, and promotes stable neovasculariza-
tion in vivo without exogenous growth factors.

By integrating computational modeling, receptor-level kinetics, 
and in vivo immunophenotyping, this study establishes a molecular 

design framework for programmable angiogenic scaffolds. Beyond 
angiogenesis, the principles uncovered here—decoupling bioactivi-
ty from mechanics through supramolecular partitioning—provide a 
blueprint for synthetic morphogen systems capable of orchestrating 
complex tissue regeneration.

RESULTS AND DISCUSSION
Bioactive region interference in fibril self-assembly
For spontaneously self-assembling thixotropic materials such as 
SAPs, the assembly into fibrils, which are long enough to entangle, 
allows for the formation of a “stiff ” (storage modulus ranging 
from 10 to 1000 Pa) gel structure. We have long hypothesized the 
assembly of monodomain SAPs into antiparallel β sheets and ob-
served slight energetic favorability in this conformation in silico 
(fig. S1), complementing previous studies that established the pres-
ence of antiparallel β sheets analyzed in bulk by circular dichroism 
(CD) or Fourier transform infrared resonance (FTIR) spectroscopy 
(8, 12, 14, 20, 21). Although still thixotropic and forming shape-
holding gels under low shear conditions, SLan has a measurably 
lower storage modulus compared to K1 owing to the bulky QK bio-
active domain of the peptide hindering β sheet packing and self-
assembly into fibers (Fig. 1) (10, 13).

MD simulations of the formation of fibrils demonstrated that the 
QK domain interferes with the initial nucleation of the fibril. In the K1 
simulation, randomly dispersed monomers spontaneously assembled 
into a β sheet with close interactions of the amphiphilic domain (-SL-) 
leucine residues (Fig. 1A). Conversely, MD simulations revealed that 
SLan’s QK region is frequently inserted into the supramolecular self-
assembling β sheet, amphiphilic (-SL-) regions, interrupting the leu-
cine alignment that forms the β sheet structure (Fig. 1C). A randomly 
dispersed 1:1 combination of SLan and K1 monomers appeared to re-
verse this phenomenon, allowing for spontaneous leucine alignment 
akin to K1 (Fig. 1B). Additional MD investigations into fibril assembly 
demonstrated similar patterns, with K1 monomers docking and elon-
gating the fibril (Fig. 1D), and the QK region of SLan interfering with 
the leucine-mediated docking and elongation (Fig. 1F). Similar to the 
nucleation simulations (Fig. 1, A and B), the 1:1 combination dem-
onstrated evidence of docking along the leading edge like K1, sug-
gesting a recapitulation of assembly kinetics missing from pure SLan 
(Fig. 1E). The assembled fibrils remained stable during the course 
of simulations (Fig. 1, G to I). QK assembly’s impedance modeled in 
silico was supported by congruent observations of shorter fibrils of 
SLan compared to K1 in atomic force microscopy (AFM) (Fig. 1, J and 
L). Cryo–electron microscopy (cryo-EM) of hydrogels confirmed these 
observations (without potential AFM drying artifact) with a pattern 
of decreasing fibril length and increasing relative SLan concentration 
(Fig. 1, M and O, and figs. S2 to S4). As the length of fibrils shorten, 
the probability of contact among the fibrils is consequently decreased, 
leading to fewer entanglements, and a consequent lower stiffness of the 
supramolecular polymeric network. This matched our macroscop-
ic observations in oscillatory rheometric analysis, with an ∼10-fold 
reduction in low-strain storage modulus of SLan compared to K1 
(Fig. 1, P and R). We believe that the progressive decrease in fibril 
length with increasing SLan proportion (Fig. 1, J to O) affects an-
giogenic function by reducing interfiber contact and entanglement, 
yielding softer gels (Fig. 1, P to R) that degrade more rapidly in vivo. 
The 1:1 coassembly partially recovers both fibril length and mechani-
cal integrity (Fig. 1, K, N, and Q), bridging material-level observations 
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Fig. 1. Fiber assembly of homogeneous and composite peptide hydrogels. (A) Simulation interrogating K1’s ability to self-assemble into β sheets showed spontane-
ous β sheet assembly, consistent with previous in vitro investigations into the structure. (B) This phenomenon was recapitulated for 50:50 (mol/mol) combinations of SLan 
(blue/purple) and K1 (green/orange), whereas the α-helical bioactive domain (purple) appears to start interfering with the structure. (C) This interference becomes more 
pronounced with SLan as the α helix starts interfering more prominently. (D) Fiber elongation studies show spontaneous docking of K1 monomers (orange) against the 
K1 fiber. (E) 1:1 SLan:K1 combinations show arrangement against the fiber with increased difficulty finding the binding pocket. (F) The α helix interference of docking 
against the fibril is even more prominent for 100% SLan. (G to I) Full fiber simulations of K1, 1:1 SLan:K1, and SLan in the hypothesized β sheet self-assembled structure. 
Although we noticed interactions between the α-helical QK regions, the structures did not disassemble after 1 μs of simulation. (J) AFM of K1 on mica showing linear β 
sheet fibrillar assemblies. (K) These assemblies become smaller and more variable in length as SLan is added. (L) 100% SLan has consistently smaller fibrils, leading to less 
entanglement and interfiber interactions. (M to O) This pattern was further substantiated with examinations of the fiber morphology under cryo-EM, showing progres-
sively less orderly fiber formation with proportionally more SLan. (P to R) Consistent with the observed smaller fibrils, we see a progressive decrease in the low-strain rate 
storage modulus (black line) with increasing SLan.

D
ow

nloaded from
 https://w

w
w

.science.org on Septem
ber 01, 2026



Dodd-o et al., Sci. Adv. 12, eaef5064 (2026)     31 July 2026

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

4 of 14

to that observed in vivo, including comparable endothelial cell re-
cruitment and neovascularization to SLan alone.

Enhancing stiffness with combination peptide hydrogels
Following the observations of the pure K1 and SLan fibrils, we com-
bined the two peptides in molar ratios of 9:1, 3:1, 1:1, 1:3, and 1:9 
SLan:K1. We saw that the combination SAPHs have a direct rela-
tionship between storage moduli (in the gel regime at low strain) 
and the K1 ratio (Fig. 1Q and figs. S5, O to R, and S6), corroborated 
by AFM fibril length (Fig. 1K and fig. S5, G to J) and cryo-EM fibril 
length and morphology (Fig. 1N and fig. S5, K to M). Evidence of 

K1 assisting assembly was supported by MD simulations of the hy-
pothesized coassembled fibers. In the monomer assembly simulations, 
the 1:1 combination was able to recapitulate the leucine alignment 
of pure K1 (Fig. 1B). Higher SLan doping (e.g., 1:3 and 1:9 K1:SLan 
monomer assemblies) show QK interfering with leucine align-
ment, getting more pronounced with higher SLan concentration 
(fig. S5, A and B).

CD and solid-state NMR spectroscopy indicate that K1 do-
mains alone [K-(SL)6-K] and within SLan peptides [(K-(SL)6-K)-G-
KLTWQELYQLKYKGI] predominantly assembled into β sheets 
and that the angiogenic domain is solvent accessible (Fig. 2A). CD 

Fig. 2. Structural Investigation of combination assemblies. (A) CD of SLan, K1, and combinations show indications of the residual 𝛼 helix in SLan, with the peak/trough 
progressively moving toward 220 nm with more K1. (B) 13C CP/MAS solid-state NMR of combinations show consistent ordered β sheet assembly regardless of combina-
tions, substantiating the CD data at the inter/intramolecular scale and supporting conservation of the β sheet self-assembly motifs. Detailed assignments show common 
features for K1, SLan, and combinations.
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spectroscopy exhibit characteristic β sheet minima at 220 nm for 
K1, SLan, and for all molar ratios of SLan:K1 coassembly, largely 
conserved for the combinations of SLan and K1 (Fig. 2). The NMR 
spectra were generated using 1H-13C cross-polarization/magic angle 
spinning (CP/MAS) solid-state NMR measurements (22), which se-
lects for atoms in rigid (e.g., β sheet domains) over flexible solvent-
accessible domains (Fig. 2B). These NMR spectra were labeled using 
partial assignments on carbon atoms on the residues in peptide K1 
and all molar ratios of SLan:K1 using known chemical shift ranges 
for β sheets (23). All molar ratios of Slan:K1 and K1 NMR spectra 
exhibit S and L carbonyl (CO), α carbon (Cα), and β carbon (Cβ) 13C 
NMR chemical shifts consistent with β strand secondary structure 
(table S4) (23). All NMR spectra are highly ordered assemblies with 
linewidths below 1 part per million (ppm) comparable to highly or-
dered amyloids (table S4) (24–26). Furthermore, we compared these 
NMR spectra with that of pure SLan whose NMR spectra were ana-
lyzed from previous data collected (20). The amino acids in the an-
giogenic domain in the SLan peptide contribute little intensity to the 
signal even with large SLan/K1 ratios. Overall, the spectra (Fig. 2A) 
are all similar despite the variable presence of the angiogenic domain 
within the SLan peptide, indicating that the angiogenic domain 
is solvent accessible and dynamic and hence does not experience 
1H-13C cross-polarization.

Maintaining affinity to the target receptor with combination 
peptide hydrogels
Functionalized SAPs are designed to bind to a specific receptor with 
a rationally designed bioactive domain and self-assemble with other 
multidomain monomers (14, 21, 27–33). To explore the designed 
interaction of the bioactive domain of the peptide with VEGFR2, we 
simulated two independent VEGFR2 proteins (Fig. 3, A to C, and 
fig. S7) both positioned on different fibers in a physiological solution 
and placed on opposite sides of the fibers, away from each other, and 
free to move along the fibers. The modeling of these interactions 
showed that there is a general conservation of binding energy up to 
a 1:1 combination of SLan and K1 (Fig. 3D and fig. S8), with K1 not 
showing appreciable binding to VEGFR2 (Fig. 3E).

In vitro spectral shift investigations into the binding affinity fol-
lowed a similar pattern to MD simulations. K1 showed a low affinity 
to VEGFR2, with the calculated dissociation constant (Kd) being ∼1 
order of magnitude higher than in SLan (Fig. 3E and fig. S9), sug-
gesting a nonspecific binding. Combinations of SLan and K1 re-
vealed progressively higher affinity (lower Kd) with increasing SLan 
proportion from 0 to 50% (Fig. 3E), consistent with our hypothesis 
of a combination being able to conserve binding. Ratios of 50 to 0% 
SLan had progressively higher Kd. All experimental groups were for-
mulated at the same total peptide molar concentrations, ensur-
ing that observed differences reflect molecular compositional effects 
(i.e., SLan:K1 molar ratio) rather than dose-dependent responses. 
The 1:1 SLan:K1 group therefore contains half the molar concentra-
tion of SLan compared to the pure SLan group yet achieves compa-
rable angiogenic outcomes. This, combined with the dose-dependent 
response of SLan (fig. S9), supports the hypothesis that coassembly 
enhances per-mole bioactive efficiency by mitigating steric interfer-
ence and improving epitope accessibility.

MD simulations directly informed the experimental design in 
three key ways. First, the observation that the α-helical QK domain 
sterically inhibits β sheet packing (Fig. 1, C and F) predicted that 
pure SLan would form shorter fibrils with correspondingly weaker 

gel properties—a prediction validated by AFM (Fig. 1, J to L) and 
oscillatory rheology (Fig. 1, P to R). Second, coassembly simulations 
demonstrated that K1 monomers rescue leucine alignment (Fig. 1B), 
directly guiding our selection of the 1:1 ratio as the primary formu-
lation for biological studies. Third, receptor binding energy calcula-
tions (Fig. 3D) predicted that VEGFR2 affinity would be conserved 
up to 50% K1 dilution, which was confirmed with in vitro spectral 
shift binding kinetics showing that Kd values plateau between 50 and 
100% SLan (Fig. 3E). Thus, the computational framework served 
as a predictive framework that informed our hypothesis, validated 
in vitro.

Downstream VEGFR2 signaling activation
Recent works have established that the self-assembling domain alone 
can be bioactive and serve as an engineering tool for enhancing bio-
activity in multidomain SAPHs (34–36). We note that differential 
VEGFR2 activation may experience rapid turnover/dephosphoryla-
tion resulting in challenges with direct detection and interpretation 
of receptor activation, despite biophysical binding demonstrated by 
MicroScale Thermophoresis (MST) (Fig. 3E). This warranted down-
stream receptor pathway interrogation to understand the durability 
and temporal effects of the signaling cascade.

We investigated VEGFR activation and ultimately endothelial cell 
activity in vitro and in vivo in the presence of a VEGFR inhibitor, 
axitinib. We first interrogated the downstream MAPK cascade by 
stimulating serum-starved human umbilical cord endothelial cells 
(HUVECs) with SLan and K1, along with combinations of 1:1 SLan 
and K1 (figs. S10 to S13). To ensure that the constructs also lead 
to canonical activation of VEGFR2, we performed a Luminex multi-
plexed immunoassay for the MAPK pathway.

We interrogated common downstream targets of VEGFR2: phos-
phorylated MEK1, ERK1/2, and signal transducer and activator of 
transcription 1 (STAT1). We observed differential phosphorylation 
of these proteins when cultured with SLan or the canonical ligand 
VEGF-A relative to the vehicle control (Fig. 3F). This was not ob-
served to the same degree by K1. VEGF-A demonstrated ERK1/2 
phosphorylation in the MAPK pathway at this time point, whereas 
the 1:1 ratio targeted MEK and ERK1/2 phosphorylation. VEGF-A 
activates MEK/ERK faster than 1:1 ratios, but the 1:1 ratio activates 
MEK/ERK significantly more than K1 and SLan alone (Fig. 3, F to 
H). Notably, the presence the VEGFR inhibitor axitinib showed a 
significant knockdown in downstream pMEK and pSTAT1 signal-
ing (Fig. 3, G and H), indicating specificity. This supports the hy-
pothesis that the pathway is directly bridging the observed affinity 
and angiogenic effects seen in vivo. Furthermore, the downstream 
signaling results are indicative of a delayed activation of the kinase 
cascade by the peptide combinations relative to VEGF-A. Future 
studies may further interrogate the temporal dynamics of activation 
and persistent signaling (37).

In vivo endothelial cell recruitment and neovascularization
To evaluate how supramolecular composition influences neovascular 
recruitment and matrix persistence, we examined subcutaneous 
hydrogel implants under normophysiologic conditions to avoid 
unique concomitant (ischemic) disease-specific pathophysiologic 
adaptations. Previous histologic investigations of SLan/SLanc have 
revealed rapid bolus cellular infiltration (days 1 to 3) and in situ spe-
cific neovascularization at 3 to 7 days (13, 34, 38). Explanted bo-
luses at 3 and 7 days were digested and analyzed for cellular infiltrate 
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Fig. 3. Combination SLan/K1 hydrogels exhibit preserved receptor binding. MD investigations were performed on (A) 100% SLan, (B) 1:1 molar ratio of SLan and K1, 
(C) 100% K1. The 60-mer fibrils were assumed to be randomly coassembled (random distribution of SLan and K1 along the fibril). The simulations were performed in du-
plicate runs, with the binding energy of each VEGFR2 (of three receptors per run) calculated. (D) Investigations into the non–bond energy of each receptor showed in-
creasing binding energy with increasing SLan concentration (average ± SEM). (E) This trend was conserved when we investigated that the binding affinity of the peptide 
combinations against VEGFR2. K1 (orange) had ∼1 order of magnitude higher dissociation constant (Kd) compared to SLan, suggesting nonspecific binding of K1 to 
VEGFR2. The predicted dissociation constant is represented by the bars in the graph, with the calculated confidence interval represented as the bars. (F) Luminex assay 
was performed on HUVECs treated with our peptide combinations. We observed a similar degree of phosphorylation for kinase ERK1/2 and transcription factor STAT1 with 
all treatment groups. Conversely, we observed a drastic increase in MEK1 for the 1:1 combination. Scale is normalized to the PBS + DMSO control. FC, fold change. 
(G) Expanded heatmap of selected phosphoprotein biomarkers. Each row represents data from an individual treatment well, z-scored along each column. Ax, axitinib. 
(H) Fluorescence values for key signals within the canonical pathway. a.u., arbitrary units. Data are plotted as means ± SEM, and P values between groups were calculated 
using a Wilcoxon rank-sum test with a Bonferroni correction applied for multiple comparisons.
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using flow cytometry. Flow cytometry analysis revealed a marked 
increase in both total (CD31+) and mature endothelial (CD31+/
CD144+/VEGFR2+) cell infiltration in SLan relative to K1 (Fig. 4, A 
to C) (39, 40). The 1:1 SLan:K1 formulation reproduced this pro-
angiogenic phenotype, comparable levels of total and differentiated 
endothelial cells to SLan alone at day 3 (Fig. 4C). The magnitude of 
the effect size decreased by day 7, but no significant difference in en-
dothelial cell recruitment was observed (Fig. 4C). Dimensional re-
duction via t-distributed Stochastic Neighbor Embedding (tSNE) 
mapping demonstrated that SLan and 1:1 combination scaffolds 
clustered within a shared endothelial phenotype space, whereas K1 
samples localized to a distinct region characterized by diminished 

VEGFR2 expression (Fig. 4, D to G). This balance between bioactiv-
ity and mechanical persistence supports the concept that coassembly 
extends the therapeutic window of VEGF-mimetic signaling by pre-
venting premature gel dissolution while maintaining receptor acces-
sibility. These data suggest that introducing K1 does not attenuate 
SLan-driven receptor-mediated recruitment but instead stabilizes a 
mechanically robust matrix capable of sustaining the angiogenic re-
sponse corroborated by histological studies.

Hematopoietic and immune cell dynamics
To dissect the accompanying immune dynamics, we profiled hema-
topoietic subpopulations by flow cytometry (Fig. 5 and figs. S14 to 

Fig. 4. Flow cytometry analysis of endothelial lineage cell infiltrates. tSNE clustering showing the relative distribution of cell populations among three test scaffolds 
(SLan, 1:1 combo, and K1) at (A) day 3 and (B) day 7. (C) Differential % live cells expressing CD31+ cells that infiltrate the different hydrogels at days 3 and 7. One-way 
ANOVA revealed significant effect on day 3 CD31+ cell infiltration [F(2,12) = 17.91, Fcrit = 3.89, P = 0.00025, ε2 = 0.701, η2 = 0.7882, large effect]. Post hoc independent 
samples t tests with Bonferroni correction (adjusted α = 0.05/3 = 0.017) revealed significant differences between K1 and SLan (P = 0.00036, Cohen’s d = 3.07, large effect); 
other interactions were insignificant. One-way ANOVA revealed that hydrogel treatment had a significant effect on day 7 CD31+ cell infiltration [F(2,12) = 5.98, Fcrit = 3.89, 
P = 0.0158, ε2 = 0.416, η2 = 0.499, large effect]. Post hoc independent samples t tests with Bonferroni correction (adjusted α = 0.05/3 = 0.017) revealed significant differ-
ences between K1 and SLan (P = 0.00036, Cohen’s d = 2.67, large effect); other interactions were insignificant. (D) tSNE clustering of SLan, 1:1 combo, and K1 as a repre-
sentation of the different endothelial cell populations at day 3. We noted that the 1:1 combination recapitulated the differentiated endothelial cell population (orange) on 
the left side of the TSNE x axis that is largely absent in K1. (E) Percentages of the different EC populations showing the diversity of marker expression by treatment group. 
(F) tSNE clustering of SLan, 1:1 combo, and K1 as a representation of the different endothelial cell populations at day 7. (G) Differential expression of CD31+ endothelial 
cells using CD309 (VEGFR2) and CD144 (VE-Cadherin). Data are represented as means ± SEM. Significance between groups is represented by different Greek letters. All 
hydrogel treatments were sampled as n = 5.
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Fig. 5. Flow cytometry analysis of hematopoietic cell infiltrates. (A) tSNE clustering showing relative differences in cell population distribution among SLan, 1:1 
combo, and K1 scaffolds. (B) % CD45+ cells from live infiltrates and (C) myeloid (CD45+/CD11b+; dark) and nonmyeloid (CD45+/CD11b−; light) populations differ signifi-
cantly across hydrogels. At day 3, hydrogel treatment significantly affected myeloid infiltrates [Kruskal-Wallis: χ2(2) = 7.28, P = 0.026, ω2 = 0.44]; post hoc Wilcoxon tests 
(Bonferroni-corrected α = 0.017) revealed a significant difference between K1 and SLan only (P = 0.016, r = 0.76). At day 7, no significant effect on myeloid infiltrates was 
detected [one-way ANOVA: F(2,12) = 1.52, P = 0.259, η2 = 0.18]. (D) tSNE clustering of myeloid subpopulations at day 7. (E) % cell subpopulations from CD45+ infiltrates 
at day 3. Hydrogel treatment significantly affected Gr-1+/Ly6C− myeloid cells [ANOVA: F(2,12) = 25.69, P < 0.001, η2 = 0.81] and activated monocytes [CD45+/CD11b+/
Gr-1+/Ly6C+; ANOVA: F(2,12) = 86.83, P < 0.001, η2 = 0.94], with all pairwise comparisons significant (Bonferroni-corrected t tests, all P < 0.006, Cohen’s d = 1.84 to 9.40). 
Nonmyeloid infiltrates also differed significantly [Kruskal-Wallis: χ2(2) = 7.44, P = 0.024, ω2 = 0.43]; K1 versus SLan was the only significant pairwise difference (Wilcoxon, 
P = 0.016, r = 0.66). (F and G) tSNE clustering and CD45+ phenotypic proportions show no significant differences at day 7. Data are represented as means ± SEM; signifi-
cance denoted by Greek letters. (H to J) Masson’s trichrome staining shows collagen deposition and vessel formation in (H) SLan, (I) K1, and the (J) 1:1 combination by day 7. 
(K) Treatment significantly affected blood vessel density [ANOVA: F(2,10) = 7.85, P = 0.009); post hoc comparisons (Holm’s correction) showed higher density in SLan 
versus K1 (P = 0.043, d = 1.70) and 1:1 combo versus K1 (P = 0.009, d = 2.22).
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S17). The K1 group exhibited elevated infiltration of total CD45+/
CD11b+ myeloid cells compared to SLan (Fig. 5C), reflecting en-
hanced early myeloid recruitment within stiffer matrices containing 
K1. The 1:1 combination treatment group did not reveal significant 
differences in CD45+/CD11b+ cell recruitment from SLan or K1 
at days 3 and 7 (Fig. 5C). Phenotypic subdivision revealed that 1:1 
hydrogels contained a greater fraction of Gr-1+/Ly6C− myeloid cells 
and fewer activated monocytes (Ly6C+) than either parent peptide 
(Fig. 5E). Because Ly6C+ monocytes are associated with early phago-
cytic clearance whereas Gr-1+/Ly6C− myeloid cells contribute to im-
mune resolution and vascular maturation, this shift may imply that 
1:1 coassemblies accelerate the transition from inflammatory to re-
parative phases (41–43). By day 7, immune composition converged 
across groups, indicating that the initial differences primarily govern 
early microenvironmental conditioning rather than terminal in-
flammation (Fig. 5G). Notably, K1 retained a higher proportion of 
activated monocytes (Ly6C+) relative to Gr-1+/Ly6C− myeloid cells, 
suggestive of a delayed transition to a reconstructive niche (Fig. 5, E 
and G). Although our gating strategy uses Gr-1+ (Ly6C/Ly6G) stain-
ing, a limitation of our gating approach is in the explicit differentia-
tion of Ly6G+ cells, eliminating our ability to differentiate neutrophils. 
Furthermore, markers of macrophage polarization were not exam-
ined in this particular study (44, 45). Countering these limitations 
was the absence of a significant difference in the non–myeloid cell 
subpopulations at days 3 and 7 (Fig. 5 and fig. S15), allowing for fu-
ture studies for more discrete phenotype analysis for the source of 
the other myeloid infiltrates in a chronic inflammatory state (36, 46).

To complement the hematopoietic profiling, we next examined 
nonhematopoietic, stem/progenitor-enriched compartments within 
the CD45− populations to determine how supramolecular composi-
tion influences recruitment of regenerative stromal phenotypes. Flow 
cytometry quantification of aggregated stem cell markers (fig. S16) 
revealed that SLan-containing hydrogels—both SLan alone and the 
1:1 SLan:K1 formulation—displayed significantly elevated levels of 
Sca-1+ progenitor cells at both days 3 and 7, compared to the me-
chanically robust but bioinert K1 matrix. This enrichment was 
most prominent within the CD45−/CD11b−/Sca-1+/CD34− com-
partments, a phenotype consistent with tissue-resident mesenchymal 
or mesenchymal-like stromal progenitors. The enhanced recruitment 
of these cells aligns with the robust endothelial infiltration (Fig. 4, A 
to E) and with the higher vessel densities visualized histologically in 
subcutaneous implants in rats as well (Fig. 5, H to K, and fig. S14), 
reinforcing the link between VEGFR2 accessibility, progenitor mo-
bilization, and early angiogenic niche formation.

The 1:1 SLan:K1 hybrid scaffold reproducibly recapitulated the 
SLan phenotype, suggesting that coassembly preserves the ability of 
SLan to recruit reparative stromal subsets while benefiting from in-
creased mechanical retention. This observation supports a vision that 
molecular partitioning of bioactive SLan within a K1-stabilized ma-
trix allows for sustained presentation of pro-angiogenic cues, thereby 
enabling prolonged interactions with endogenous progenitor popula-
tions. In contrast, K1 alone recruited markedly fewer Sca-1+ stromal 
cells, consistent with its lack of bioactive epitope and its comparative-
ly slower engagement with proregenerative cell lineages.

To further dissect these trends, we analyzed disaggregated nonhe-
matopoietic phenotypes (fig. S17), separating Sca-1+ subsets, CD105+ 
stromal progenitors, and CD45−/CD11b+ myeloid-like transitional 
cells. SLan and 1:1 hydrogels again showed an overrepresentation of 
Sca-1+ stem/progenitor phenotypes, whereas K1 exhibited a relative 

increase in non–stem Sca-1− stromal cells. Across all hydrogels, only 
minor differences were observed in the CD45−/CD11b+ myeloid-like 
fraction, and these did not reach statistical significance, indicating that 
the major effects of supramolecular composition manifest primarily 
within the stem/progenitor compartment rather than in non–stem 
stromal subsets.

Temporal comparison demonstrated that, similar to the hemato-
poietic profiles, the most pronounced differences occurred at day 3, 
with progressive convergence by day 7. This pattern implies that 
early progenitor recruitment is highly sensitive to the biochemical 
presentation and receptor-level accessibility of the scaffold, whereas 
later phases reflect a shared progression toward tissue remodeling 
once initial niche establishment has occurred. Together, these data 
suggest that SLan-driven bioactivity governs the early recruitment 
of regenerative stromal phenotypes, whereas the addition of K1 sta-
bilizes the scaffold sufficiently to sustain these cues without dimin-
ishing their potency.

Overall, the integration of hematopoietic, endothelial, and stro-
mal progenitor analyses reveals a coherent picture in which SLan-
containing matrices rapidly generate a pro-angiogenic, proresolving 
cellular environment, whereas K1 biases toward early inflammatory 
clearance with reduced progenitor engagement. The 1:1 SLan:K1 
coassembled hydrogel uniquely harmonizes these features, coupling 
SLan-like regenerative recruitment with enhanced mechanical persis-
tence correlating with increased vessel density and lumenized struc-
tures observed histologically in rats (Fig. 5, H to K, and fig. S14) and 
mice (figs. S16 and S17) (47). These findings highlight the importance 
of supramolecular partitioning as a design principle for engineering 
synthetic scaffolds capable of orchestrating both immune resolution 
and angiogenic regeneration.

Collectively, these results indicate that coassembled scaffolds inte-
grate mechanical durability with a pro-angiogenic and proresolving 
immune niche, recapitulating the efficacy of SLan while mitigating 
its rapid degradation. Together, the in vivo data establish that mo-
lecular partitioning between K1 and SLan preserves receptor-level 
bioactivity, promotes early endothelial recruitment, and guides in-
nate immune resolution. The resulting angiogenic phenotype mirrors 
that of the pure SLan system but benefits from the enhanced reten-
tion and structural integrity conferred by K1. This synergy defines a 
tunable design principle for growth factor–free materials in which 
supramolecular composition dictates both vascular kinetics and im-
mune remodeling at the implant-tissue interface.

In summary, this study provides the foundation for engineering 
around the barriers of self-assembly presented by bulky bioactive 
domains that may sterically hinder assembly and provides a frame-
work for future research in combining multiple bioactive signals. 
The structure-function relationships, along with material tunability, 
may eventually allow for rationalized novel bioactive domain place-
ment with an understanding of the trade-off between bioactivity and 
mechanical properties.

Coassembly rather than self-sorting in the SLan:K1 system is sup-
ported by three converging lines of evidence. First, solid-state 13C 
CP/MAS NMR spectra (Fig. 2B) are uniform across all SLan:K1 ra-
tios and closely mirror pure K1. MD simulations of randomly coas-
sembled fibrils (Figs. 1B and 3, A to C) confirmed stable mixed–β 
sheet structures over microsecond timescales, and rheological prop-
erties scale continuously with SLan:K1 ratio (Fig. 1Q and fig. S5, O to 
R), inconsistent with the biphasic mechanical profile expected from 
two self-sorted fibril populations. This behavior is further supported 
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by recent works demonstrating that PAs sharing β sheet propen-
sity and supramolecular chirality preferentially coassemble, consis-
tent with both SLan and K1 sharing an identical (SL)₆ backbone (48). 
Although fluorescence resonance energy transfer (FRET) would pro-
vide additional direct evidence, fluorophore conjugation (400 to 
600 Da) substantially reduces solubility of PAs and introduces steric 
hindrance in supramolecular assemblies (∼1500 to 3000 Da); more-
over, the observed degeneracy of the β sheet by NMR—indicative of 
register shifts across β sheet leaflets—raises reliability concerns for 
FRET-based measurements in this system.

Overall, by creating a stiffer matrix that preserves the bioactivity 
of the original molecule, we can both extend the localized effect of 
the peptide and provide a therapeutic niche that recruits and stimu-
lates cells with the targeted receptors of our tunable design platform. 
Ideally, bioactivity and mechanical stiffness would be independent 
properties, but this investigation affords a previously unknown un-
derstanding of the nonintuitive trade-offs inherent with this system, 
wherein doping with nonfunctional components can preserve/
enhance (on a per molar basis) signaling.

MATERIALS AND METHODS
Peptide synthesis and formulation
Peptides were manufactured in house using a CEM LibertyBlue au-
tomated peptide synthesizer (CEM, NC), using standard 9-fluorenyl 
methoxycarbonyl (Fmoc) solid-phase peptide synthesis chemistry 
with Rink Amide resin, N,N′-dimethylformamide (DMF) solvent, 
N-terminal acetylation using 10 vol % acetic anhydride in DMF, and 
trifluoracetic acid cleavage. Purity (>90%) was determined using 
high-performance liquid chromatography/electrospray ionization 
mass spectrometry (Agilent LC/QQQ); peptides were identically 
synthesized and purified by contract purchase from an API manu-
facturer (GenScript Inc., NJ). Lyophilized peptides were measured 
by weight and formulated in 1x phosphate-buffered saline (PBS) by 
sequentially solvating with 90% solvent volume Milli-Q H2O and 
addition of 10% solvent volume of 10X PBS.

Bulk secondary structure determination
The secondary structure of the fibrils was determined using CD us-
ing an Olis RSM 1000 (OLIS Inc., Bangalore, India) spectrophotometer. 
Formulations were diluted 100X to 65.9 μM (equivalent to 0.01 wt % 
K1) in sequential 1:10 dilutions in Milli-Q water. A 350-μl diluted 
peptide hydrogel was added to a 0.1-cm light path/350-μl quartz cu-
vette (Alpha Nanotech, Vancouver, CA) (30, 32). Runs from 190 to 
240 nm were performed with a step size of 0.5 nm and an integra-
tion time of 1 s per step. The four runs were averaged for the raw 
spectra and smoothed using the smoothing filter algorithm on 
the Olis SpectralWorks software with a smoothing value of 17 arbi-
trary units.

Rheometric analysis
Shear rheology tests were performed using an HR-2 Discovery Hybrid 
Rheometer (TA Instruments, DE), equipped with a 40-mm-diameter 
parallel plate geometry. Approximately 300 μl of the peptide hydro-
gel at 6.59 mM (prepared as described in the section “Peptide syn-
thesis and formulation”) was placed on the sample stage (13). The 
upper plate was then lowered until the peptide hydrogel spread to 
fully cover the plate surface, yielding a gap distance of ∼200 μm. 
Oscillatory strain sweeps were first conducted by applying shear 

strains from 0.01 to 100% at a constant frequency of 1 Hz; mean-
while, both the storage modulus and loss modulus were recorded. 
Frequency sweeps were then performed over a range of 0.01 to 100 Hz 
at a fixed strain amplitude of 1%, with the storage modulus and loss 
modulus measured at each frequency. All experiments were per-
formed at room temperature (20°C). To minimize hydrogel drying, 
a TA Instruments DHR Solvent Trap was used throughout testing. 
On each peptide hydrogel, three repeated tests were conducted (20).

NMR analysis
NMR measurements were recorded on a 500-MHz Bruker spectrom-
eter, with a 3.2-mm HCN MAS probe along with a 3.2-mm Bruker 
Low-E 1H/13C/15N NMR probe. To calibrate, we measured the NMR 
signal of adamantane (49). We verified the 13C chemical shift of ada-
mantane relative to tetramethylsilane (TMS), which occurs at 38.38 
and 29.45 ppm (49). One-dimensional (1D) 13C CP/MAS experi-
ments (22) were recorded at a MAS rate of 10 kHz. Subsequently 
recorded signals were averaged over a period of 15 hours.

Representation of fibrils
A TCL script was written to generate random assemblies of two-
sheet SLan-K1 60-mers at different ratios, with an in-sheet distance 
of 9 Å and an intersheet distance of 5 Å, positioned to put the 
monomers as close as possible and to minimize steric overlaps. 
Fiber formation was then examined under three conditions. Mono-
mer representations of SLan and K1 were generated by using Py-
MOL’s fab command with secondary structures specified for the β 
sheet self-assembling domain and α-helical bioactive domain. The 
fibrils were assembled using either a PyMOL Python script (Supple-
mentary Methods 2) or a VMD Perl script (Supplementary Methods 
2) with a 5-Å lateral spacing between monomers and a 10-Å vertical 
spacing between monomers. To represent the random colocation of 
SLan and K1 monomers in the composite fibrils, we used an Excel 
random number generator for 60 positions, selecting the highest 
value numbers for the SLan position (14).

MD simulations of fibrils alone
In the first setup, preassembled 60-mers with varying ratios were 
equilibrated for 1 μs. In the second setup, 60 individual monomers 
at different ratios were equilibrated for 2 μs to monitor the self-
assembly process over time. In the third setup, 60 individual monomers 
were introduced into a 1-μs-equilibrated assembly of 60-mers and fur-
ther equilibrated for 500 ns to investigate the fiber growth process.

MD simulations
Atomistic MD simulations were performed using NAMD 3.0 
(http://ks.uiuc.edu/Research/namd/) with the CHARMM36 pro-
tein force field and TIP3 water representation (50–52). All simu-
lations were performed in a physiological solution with 0.15 M 
NaCl, using parameters described previously and in Supplemental 
Methods 2 (14).

Atomic force microscopy
AFM analysis was performed on 0.01 wt % formulations. The pep-
tides were spin coated on freshly cleaved mica discs and then rinsed 
twice with Milli-Q water. Coated mica was allowed to dry for at min-
imum 30 min. Images were taken on a Bruker Dimension Icon AFM 
(Bruker, MA) using ScanAsyst mode in air using 512 samples per 
line with a 1-μm scan increment (30, 32, 53).
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Transmission electron microscopy
Formulations were diluted to a final working concentration of 
0.0659 mM in ultrapure water. Carbon/formvar 400 mesh, Cu Holey 
grids (Electron Microscopy Sciences, PA) were glow discharged 
and rendered hydrophilic on a Pelco Easiglow (Ted Pella, CA) at 
15 mA for 1 min (0.39 mbar). Next, a 150-mm petri dish was cov-
ered with parafilm where 30 μl of the peptide was spotted on the 
plate. Grids were placed on the specimen and allowed to adsorb 
to the grid surface using the Drop-to-Drop method for 5 min. The 
excess peptide was wicked away with filter paper and transferred to 
a water spot for 10 s, followed by negative staining with a 1% (w/v) 
uranyl acetate solution for 2 min; excess water and stain were 
similarly wicked away with filter paper. Grids were transferred to 
a covered petri dish and allowed to dry overnight at room temp 
before imaging on a Tecnai-12 transmission electron microscope 
operating at 80 kV. Images were collected using a Gatan OneView 
CMOS camera.

Cryo–electron microscopy
Formulations were diluted to a concentration of 0.33 mM in PBS. 
The peptides were then mixed by combining equal volumes of each 
to make the 1:1 combination. The peptide solutions were then vor-
texed as described above. Three microliters of each sample was ad-
ministered on glow-discharged holey copper-carbon or holey gold 
grids (Quantifoil Micro Tools GmbH) using a blot force of 3 on a 
VitroBot Mark IV System (Thermo Fisher Scientific). The gold grids 
were glow discharged for 1 min, and a 30-s wait time and 7-s blot 
time were used for the blotting procedure. For the carbon grids, a 
glow discharge time of 30 s, a wait time of 28 s, and a blot time of 
5 s was prescribed. All grids were then rapidly submerged in liquid 
ethane for vitrification. Data were collected on a Tundra Cryo-TEM 
(Thermo Fisher Scientific) with an excitation voltage of 100 keV. All 
images collected had an approximate pixel scale of 0.0745 nm/pixel. 
Data were captured automatically in .mrc format. Images were up-
loaded to ImageJ, with raw images denoised using the “despeckle” 
filter and contrast enhancement functions. Scaling was performed 
on ImageJ using .xml file metadata for each captured image. Fibril 
lengths were measured with the median of 15 used to provide semi-
quantitative analysis of comparative fibril lengths, noting that fibers 
may span the length of the image; fibers may pass through the plane 
of the image; and curvilinear nature may not be fully accounted for 
with 2D EM images.

Binding kinetics measurement
Recombinant His-tagged domains 1 to 7 of human VEGFR2 
(ACROBiosystems, DE; catalog no. VE2-H5255) and human VEGF165 
(VEGF-A isotype, catalog no. VE5-H5248; ACROBiosystems) were 
used. All coincubation and solvation steps were performed in Hepes-
T buffer, consisting of 10 mM Hepes, 150 mM NaCl, and 0.05% 
Tween 20. We used a NanoTemper His-Tag labeling kit (Catalog no. 
MO-L018; NanoTemper Technologies, CA) and first assessed the 
disassociation constant between the target protein and the labeling 
dye. The protein was coincubated with a 100 mM dye at a concen-
tration 20x the calculated disassociation constant of the dye and 
the protein. Serial dilutions (1:2) of the peptide in buffer were pre-
pared, and the dyed protein solution was introduced at a 50:50 ratio 
(21, 54). Spectral shift measurements were taken using a NanoTem-
per Monolith X (55).

Cell culture and protein lysate collection
Passage 4 to 5 HUVECs were seeded (5 × 104 per well) into flat-
bottom 6-well tissue culture plates (Falcon, catalog no. 353046), 
supplemented with 2.5 ml of EGM-2 Endothelial Cell Growth Me-
dium-2 BulletKit (Lonza, catalog no. CC-3162), and left to incubate 
for 72 hours before reaching 85 to 90% confluency. Each well was 
washed with 1 ml of 1X PBS before initiating a 2-hour serum starva-
tion using supplement-free EGM-2 medium (i.e., BulletKit supple-
ments were not added to basal medium). For groups administered 
axitinib in a conditioned medium, the inhibitor was added to respec-
tive groups during serum starvation at 10 μM. Next, the conditioned 
medium was formulated using supplement-free EGM-2 medium 
where the dimethyl sulfoxide (DMSO) (Fisher, catalog no. BP231-100), 
axitinib, and VEGF-A (ACROBiosystems, catalog no. VE5-H5248) 
groups were prepared at 10 μM, 1 μM, and 100 nM, respectively. 
Formulations were diluted to a final working concentration of 10 μM 
for each group’s respective treatment condition. In addition, these 
groups were supplemented with 1 μM DMSO to account for any ef-
fects conferred by DMSO in the initial reconstitution of VEGF-A/
axitinib. After the 2-hour serum starvation, each well was washed with 
1X PBS before applying each respective treatment condition into their 
respective 6-well plate.

Following an incubation time of 10 min, the conditioned medium 
was aspirated, and wells were washed with ice-cold 1X PBS. Next, 100 μl 
of cell lysis buffer [radioimmunoprecipitation assay (RIPA) buffer: 
Pierce, catalog no. 89900; Phosphatase Inhibitor Cocktail (100X): 
Halt, catalog no. 78420; and Protease Inhibitor Cocktail: Sigma-
Aldrich, catalog no. P8340] was prepared for each 6-well plate and 
added to the first well of each plate on ice and a cell scraper (VWR, 
catalog no. 10062-906) was used to spread lysis solution across the 
well before sequentially pipetting the lysate into the subsequent well 
where scraping and collection were repeated. Lysates were then soni-
cated for 1 min before centrifuging samples at 20,000g for 20 min at 
4°C; the supernatant was transferred to a new tube for protein quan-
tification using a BSA standard (Novagen, catalog no. 71285-3).

Secondary signaling measurements
To measure phosphoproteins in the MAPK pathway, a Multiplexed 
Luminex Immunoassay (Millipore, 48-660MAG) was used. The 
MAPK panel detected pATF2 (Thr71), pErk (Thr185/Tyr187), pHSP27 
(Ser78), pJNK (Thr183/Tyr185), p-c-Jun (Ser73), pMEK1 (Ser222), pMSK1 
(Ser212), p38 (Thr180/Tyr182), p53 (Ser15), and pSTAT1 (Tyr701). Before 
analysis, lysates were thawed on ice and centrifuged at 4°C for 10 min 
at 13,000 rpm. Protein concentrations were normalized to 1 μg protein 
per sample per 6.25 μl using additional RIPA buffer as a diluent. The 
assay was read on an Intelliflex Instrument (Luminex) (56).

Animals implants
All the animal studies were performed in compliance and with approv-
al from the University of Houston (protocol no. PROTO202500035) 
and the NJIT-Rutgers (protocol no. PROTO201900023) Institution-
al Animal Care and Use Committee (IACUC) guidelines. C57BL/6 
mice (6 to 8 weeks old) or Wistar rats (9 to 10 weeks old) were pur-
chased from Charles River Laboratories. Animals were allowed a 
minimum 1-week acclimatization period in a 12-hour light cycle 
with food and water provided ad libitum before the start of the 
study. Sterile prepared 6.59 mM hydrogels were mixed, centrifuged, 
and then aspirated into a 1-ml syringe. Animals were anesthetized 

D
ow

nloaded from
 https://w

w
w

.science.org on Septem
ber 01, 2026



Dodd-o et al., Sci. Adv. 12, eaef5064 (2026)     31 July 2026

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

12 of 14

using isoflurane (3% for induction and 1% for maintenance) and 
shaved, and the administration site was sterile prepped using three 
alternating applications of isopropanol and povidone iodine so-
lution. A 100-μl peptide hydrogel was injected into the subcuta-
neous space by pinching and lifting the administration site and 
injecting the peptide at a 45° angle with a 27-gauge needle for 
mice for fluorescence-activated cell sorting (FACS) and 200 μl in 
rats for subcutaneous evaluation. At the designated time points, 
the animals were euthanized by carbon dioxide asphyxiation. The 
bolus regions were immediately harvested, trimmed, and placed 
under ice-cold PBS.

Flow cytometry analysis
Harvested hydrogel boluses were trimmed and mechanically minced 
using surgical scissors and disposable scalpels, followed by chemical 
digestion with Liberase (0.2 Wünsch Units/ml) for 15 min at 37°C. Cell 
suspensions with 500,000 to 250,000 cells were counted using a he-
mocytometer and added to each tube and diluted 1:1 with FACS buf-
fer [2% (v/v) heat-inactivated fetal bovine serum (FBS) in 1X PBS]. 
Samples were incubated for 5 min with 2 μl of anti-CD16/CD32 Fc 
block antibody (Mouse BD Fc Block, BD Biosciences) at 4°C. Samples 
were costained for 30 min on ice with standard panels of immuno-
phenotyping antibodies. Then, cells were washed with 1 ml of FACS 
buffer, centrifuged at 260g for 6 min, and washed again with 1X PBS. 
Cells were resuspended in 500 μl of 1X PBS and stained with Blue live/
dead fixable dead cell stain (Invitrogen) for 30 min on ice. Cells were 
washed one more time with 1X PBS, pelleted by centrifugation, and 
resuspended in 200 μl of 1X PBS. The cell suspension was filtered 
through a 35-μm strainer and fixed with 200 μl of 1% paraformalde-
hyde in 1X PBS [adapted from (57)]. For exploration of transitory/
nontransitory endothelial cell subpopulations, FACS was performed 
with CD31 (PECAM-1), CD144 (VE-Cadherin), and CD309 (VEGFR2) 
and analyzed on a BD FACS Fortessa X-20 I (BD Biosciences). All 
secondary antibodies used for the flow cytometry was performed with 
CD31 (PECAM-1), CD144 (VE-Cadherin), and CD309 (VEGFR2) 
and analyzed on a BD FACS Fortessa X-20 I (BD Biosciences). All 
antibodies used for the flow cytometry analysis are described in 
tables S1 to S3. Gating logic is outlined in figs. S18 and S19. Data 
were analyzed using BD FACSDIVA v9 (De Novo, CA) and FlowJo 
v10.10.0 (Ashland, OR). For analysis, a cell-only unstained control 
and single-parameter compensation (UltraComp eBeads PLUS; 
Invitrogen, 01-333-42) were used to guide manual gating. For tSNE 
spatial analysis, nearly 5000 cells from the CD45+ populations were 
downsampled and concatenated into a single .fcs file. Clustering was 
performed using the tSNE tool in FlowJo with the standard myeloid 
panel (fig. S19) under 1000 iterations, perplexity of 30, and 200 
learning rate parameters.

Histological analysis
Untrimmed samples with surrounding subcutaneous tissue were 
fixed in 10% buffered formalin. The fixed samples were embedded in 
paraffin and sectioned to a width of 5 μm using a Leica RM2255 
Motorized Microtome (Leica Biosystems). The sections were ap-
plied to glass slides, and hematoxylin and eosin or Masson’s tri-
chrome stains was applied to the slides thereafter (30). The sections 
were imaged on an inverted microscope (Echo Revolve). The 
slides were processed and scaled and bolus outlined using QuPath 
0.5.1. The blood vessel’s density was manually quantified in the 
region outlined.

Statistical analysis
Significance was determined using a one-way analysis of variance 
(ANOVA), calculated with the software as stated in the captions of 
the corresponding figures, unless otherwise noted in the caption of 
the corresponding figure. All data were checked for normality and 
variance consistency before proceeding to run the parametric test. 
The Tukey’s pairwise comparisons were performed with P value cor-
rections calculated using Prism 4.5.1. For flow cytometry, a Shapiro-
Wilk test for normality and Levene’s test for homogeneity of variance 
were used. For parametric tests, a regular one-way ANOVA was 
performed with post hoc Tukey’s pairwise comparisons. When 
conditions of normality were violated, a Kruskal-Wallis test with post 
hoc two-sample Wilcoxon tests were used. For η2 and ε2 effect size 
values, ≥0.01 = small effect, ≥0.06 = moderate effect, and ≥0.14 = 
large effect. For Cohen’s d, ≥0.2 = small effect, ≥0.5 = moderate 
effect, and ≥0.8 =  large effect. For Cliff ’s δ, ≥0.147 = small effect, 
≥0.33 = moderate effect, and ≥0.474 = large effect. Analyses were 
performed in RStudio version 4.3.1.

Supplementary Materials
This PDF file includes:
Figs. S1 to S19
Tables S1 to S4
Supplementary Methods 1 and 2
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