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

Evolutionarily conserved sequence motif analysis 
guides development of chemically defined hydrogels 
for therapeutic vascularization
Jia Jia1,2*, Eun Je Jeon3,4*, Mei Li1,5, Dylan J. Richards1,2†, Soojin Lee6,7, Youngmee Jung7,8,  
Ryan W. Barrs1,2, Robert Coyle1,2, Xiaoyang Li9,10, James C. Chou9, Michael J. Yost11, 
Sharon Gerecht12, Seung-Woo Cho3,13,14‡, Ying Mei1,2‡

Biologically active ligands (e.g., RGDS from fibronectin) play critical roles in the development of chemically de-
fined biomaterials. However, recent decades have shown only limited progress in discovering novel extracellular 
matrix–protein–derived ligands for translational applications. Through motif analysis of evolutionarily conserved 
RGD-containing regions in laminin (LM) and peptide-functionalized hydrogel microarray screening, we identified 
a peptide (a1) that showed superior supports for endothelial cell (EC) functions. Mechanistic studies attributed 
the results to the capacity of a1 engaging both LM- and Fn-binding integrins. RNA sequencing of ECs in a1-
functionalized hydrogels showed ~60% similarities with Matrigel in “vasculature development” gene ontology 
terms. Vasculogenesis assays revealed the capacity of a1-formulated hydrogels to improve EC network formation. 
Injectable alginates functionalized with a1 and MMPQK (a vascular endothelial growth factor–mimetic peptide 
with a matrix metalloproteinase–degradable linker) increased blood perfusion and functional recovery over 
decellularized extracellular matrix and (RGDS + MMPQK)–functionalized hydrogels in an ischemic hindlimb model, 
illustrating the power of this approach.

INTRODUCTION
While notable progress has been made to derive natural biomate-
rials [e.g., decellularized extracellular matrix (dECM)] to treat ischemic 
diseases and repair wounds during the past decade, their undefined 
nature limits mechanistic insights into their therapeutic effectiveness 
and the potential for further improvement (1, 2). On the other hand, 
chemically defined biomaterials provide a synthetic strategy to devel-
op biomaterials with targeted function (3–5). Engrafting the essential 
active components (ligands) of ECM proteins [e.g., RGDS from 
fibronectin (Fn-RGD)] onto chemically defined biomaterials has been 
a widely used strategy to engage endothelial cell (EC) integrins (e.g., 

iib3 and v3) to promote EC vascular network formation (the es-
sential step for therapeutic vascularization) (6–8). However, limited 
capacities of RGDS to engage EC integrins have greatly restricted the 
development of chemically defined biomaterials with comparable 
vascularization capacities of natural biomaterials (3, 4). This clearly 
states an unmet need to identify novel potent ligands for therapeutic 
vascularization and biomaterials research as a whole.

Significant efforts have been devoted to screening for novel cell-
adhesive peptide ligands. However, the low throughput, along with 
a lack of strategies to identify a suitable pool of candidates, has lim-
ited discovery and applications of the new ligands in therapeutic 
vascularization and biomaterials research. Laminin (LM) is known 
to play a critical role in supporting EC functions for vascularization 
(9, 10). LM-enriched natural biomaterials (i.e., Matrigel) also show 
excellent properties for EC vascular network formation, leading to 
its use as a gold standard substrate for EC functional assays (11). 
Although extensive screening efforts in LM has led to a variety of 
cell-adhesive peptides (12–14), these peptides have rarely been used 
in biomaterials research and therapeutic vascularization, suggesting 
their limited improvement over the widely used RGDS. Here, by 
leveraging motif analysis of evolutionarily conserved RGD-containing 
regions in LM with functional screening, we discovered an LM-derived 
peptide (1) that showed strong support for EC fundamental func-
tions over commonly used RGDS. The mechanistic studies showed 
that 1 can target both Fn- and LM-targeting integrins and generate 
a similar profile of “vasculature development” gene ontology (GO) 
term with Matrigel. Vasculogenesis assay revealed the capacity of 
1-modified substrates to significantly improve EC “clustering” for 
vasculogenic network formation, when compared to RGDS and two 
sequentially similar peptides (i.e., A99 and PA26) identified by pre-
vious screening studies. Injectable alginate functionalized with 1 and 
MMPQK [a vascular endothelial growth factor (VEGF)–mimetic 
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peptide with a matrix metalloproteinase (MMP)–degradable linkage] 
showed enhanced properties to restore blood flow in a mouse hind-
limb ischemia model when compared to dECM as well as the algi-
nates functionalized with RGDS + MMPQK.

RESULTS
Identification of 1 through bioinformatic analysis 
on evolutionarily conserved sequences in LM
RGD motifs were expressed in eight regions among total 12 different 
LM-, , and  subunits, including laminin coiled-coil (LCC) domains 
(regions for triplet formation) (15), epidermal growth factor–like 
(LEa/LEb/LEc) domains (potentially involved in mitogenic function 
and regulating the development of certain cell lineages) (16), IV (L4a/
L4b) domain (unknown functions), and globular (LG1-5) domains 
(Fig. 1A). To identify the evolutionarily conserved LM-RGD se-
quences, we first aligned RGD-containing regions of LM subunits 
from Euarchontoglires species (the superorder of Primates and Glires, 

specific species, and their taxonomy are shown in Fig. 1B; proteins 
are shown in table S1) (17). The evolutionary conservation proba-
bility was calculated and visualized for each position in the sequences 
using bitmap-based motif analysis (Fig. 1C and fig. S1, A to D) (18). 
Using 80% value of max bit value as the filtering criteria, we deter-
mined the highly conserved regions around “RGD” site followed by 
selecting the amino acid with highest occurring frequency for each 
of conserved positions (Fig. 1C). With this method, we identified 
six highly conserved RGD-containing sequences from LM. Uniquely, 
the motif from LM-1 contains two derivations at the RGD position 
(RGD version: GTFALRGDNP and RAD version: GTFALRADNP). 
As RAD is a known cell-adhesive variant of RGD (19, 20), both of 
them were included for functional screening. Combined with two 
Fn-RGDs, Vn-RGD, and two nonconserved LM-RGDs (fig. S1, E 
and F), a library of 12 RGD-containing peptide sequences was con-
structed (Fig. 1D).

To evaluate the functions of these new peptides, we used a newly 
established peptide-functionalized hydrogel microarray to screen 

Fig. 1. Evolutionary conservation and motif analysis enable identification of LM-derived RGD peptides for microarray construction. (A) LM structural diagram 
with location of all RGD-containing domains. (B) Schematic diagram showing the species of Euarchontoglires used for bioinformatic alignment screening (*) in context of 
their phylogenetic relationship. Different colors indicate each subfamily from Mammalia. (C) Bitmap plots of motif analysis of the highly conserved sequences among 
species in Euarchontoglires. Dashed-line boxes from bitmap plots determine the highly conserved positions around/at RGD (80% of max bit score set as the filter criteria). 
The most repeated amino acid (signified by size of letter) from each conserved peptide position was used as the representative amino acid for synthesis. (D) The list of 
identified consensus LM-RGD sequences from motif analysis and their correspondent origin domains (Fn-RGD and Vn-RGD included as the positive controls) for LM-RGD 
microarray screening. Glycine in red as the linker for the peptides from LM-1 was optimized by following experiments.
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human umbilical vein EC (HUVEC) adhesion (Fig. 2A and fig. S2A) 
(21). Sigmoidal relationships between the numbers of attached 
HUVECs versus peptide concentrations were established (fig. S2B), 
and the saturated attached cell number of each peptide was used to 
examine binding activities of the LM-RGD peptides (Fig. 2B). While 
the two nonconserved LM-RGDs showed minimal HUVEC-adhesive 
properties, six of the seven conserved peptides showed significant 
HUVEC attachment. Among them, four conserved LM-RGD pep-
tides showed similar adhesive properties with RGDS. There are also 
two novel evolutionarily conserved LM-RGD peptides (4 and 1-1) 
showing significantly higher cell attachment than RGDS. Among all 
six peptides, 1-1 (G5TFALRGDNP) showed the highest activities 
for HUVEC attachment.

The linker between the ligands and materials plays a critical role 
for cell surface receptors to engage ligands. The linker used here is 
the previously optimized 4-glycine linker (21). However, the identi-

fied evolutionarily conserved sequence, 1-1 (G5TFALRGDNP), starts 
with additional glycine. To elaborate the linker for the most concise 
sequence with fully exhibited activities, a library of the identified 
sequence with a different length of glycine linker (3-glycine, 4-glycine, 
5-glycine, and 6-glycine) has been designed for EC adhesion screen-
ing (Fig. 2C). Only 3-glycine–linker sequence has shown insufficient 
capacities to fully exhibit the activities of our identified sequence, 
while 4-glycine–linker, 5-glycine–linker and 6-glycine–linker sequences 
all showed similar activities compared with 1-1 (the identified se-
quence) (Fig. 2, D and E). In summary, no significant difference was 
found between the 4-glycine–linker and 5-glycine–linker sequences, 
indicating that G4TFALRGDNP (1) is the most concise sequence. 
Therefore, G4TFALRGDNP (1) was used for later experiments.

To further evaluate the use of evolutionary conservation as a pep-
tide selection rationale for functional screening, we compared the 
HUVEC attachment on 1 to the corresponding sequences found 

Fig. 2. Hydrogel microarrays facilitate discovery of LM-derived peptide 1 for improved EC attachment. (A and B) Heat map of HUVEC attachment and quantifica-
tion of saturated attachment (from sigmoidal plots of peptide concentration versus attached cell number) on the LM-RGD–derived hydrogel microarray; n ≥ 10. * indicates 
significantly more HUVEC attachment than on RDG, 1#-, 3#-, and 5-1–modified hydrogels; P < 0.05. ** indicates significantly more HUVEC attachment than remaining 
groups; P < 0.05. *** indicates significantly more HUVEC attachment than on 4-modified hydrogels; P < 0.05. (C) Library of glycine-linker optimization for the peptides 
from LM-1. (D and E) Heat map of HUVEC attachment and quantification of saturated attachment on the hydrogel microarray for glycine-linker optimization; n ≥ 10. 
* indicates significant differences between groups. n.s. indicates no significant difference. (F) Library of reported 1-similar sequences or 1-correspondent sequences 
from the species out of Euarchontoglires. (G and H) Heat map of HUVEC attachment and quantification of the saturated attachment on the 1-based hydrogel microarray; 
n ≥ 10. * indicates significantly more HUVEC attachment than on hydrogels modified with the correspondent motifs from Aves and Sus scrofa; P < 0.05. ** indicates signifi-
cantly more HUVEC attachment on 1-modified poly(ethylene glycol) (PEG) hydrogels than on PA26- (22) and A99-modified (22) hydrogels; P < 0.05. All plots represent 
means ± SD.
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in Aves (biological class of birds) and Sus scrofa (porcine, a common 
translational model organism) (Fig. 2, F to H). Those sequences from 
Aves and S. scrofa presented minimal or no effects to HUVECs, 
consistent with the facts that these species are taxonomically further 
than rodents/primates to human (shown in Fig. 1B) (17). Notably, 
the 1 (TFALRGDNP) showed significantly higher cell-adhesive ca-
pacities than the sequentially similar LM-derived RGD peptides 
from previous reports, A99 (QAGTFALRGDNPQG) (22) and PA26 
(FALRGDNP) (22) (Fig. 2, F to H). All these results showed the 
highest activity of 1 among all the peptides for EC adhesion and 
supported the rationale of evolutionary conservation motif analysis 
for potential ligand selections.

1-modified hydrogels promote EC fundamental  
functions in vitro
We validated the microarray-based findings through the two-
dimensional (2D) HUVEC culture assays on hydrogel substrates 
inside 96-well plates (fig. S3, A and D). Poly(ethylene glycol) (PEG) 
hydrogel and alginate hydrogel were used here to represent the hy-
drogels formed through two distinct cross-linking mechanisms 
[ultraviolet (UV)–initiated and Ca2+-coordinated cross-linking, re-
spectively]. Alginate here was functionalized with peptides through 
established copper-assisted azide-alkyne cycloaddition (CuAAC) 
“click” chemistry, which is highly efficient and cytocompatible (fig. S4, 
A to F). Consistent with the microarray results, 1-functionalized 
PEG and alginate hydrogels showed significantly higher cell attach-
ment than RGDS (fig. S3, B and E). HUVECs on 1-modified PEG 
substrates also had a significantly larger spreading area (fig. S3C). 
Since the soluble form of the peptides can inhibit cell attachment on 
immobilized form via competitive binding to integrins (22), the in-
hibitory effects of soluble 1 and RGDS peptides on HUVEC attach-
ment to 1-functionalized alginate substrates were also examined. 
The soluble 1 showed a significant stronger capacity to inhibit 
HUVEC attachment compared to RGDS (fig. S5A). Furthermore, the 
enhanced EC function was further supported by the faster HUVEC 
migration on the 1-functionalized alginate substrates (fig. S5, B to E). 
In addition, the mechanical properties of the peptide-functionalized 
hydrogels were examined and showed no significant difference among 
each hydrogel group, suggesting that the difference in EC attachment 
and function comes mainly from the ligands, instead of mechanical 
properties (fig. S5F).

Mechanistic investigations of 1-functionalized hydrogels
To explore the fundamental mechanisms underlying the improved 
capacities of 1-functionalized substrates for EC functions, we per-
formed blocking experiments of integrins reported to be involved 
in LM- and Fn-mediated adhesion: 1, 2, 3, and 6 (LM-binding); 
v and 3 (Fn-binding); and 1 (both LM- and Fn-binding) (22). 
EDTA and nonantibody blocking was used as a positive and nega-
tive control, respectively. The blocking experiments also included 
RGDS-functionalized substrates and 4 (the second-best peptide 
from screening)–functionalized substrates. Blocking Fn-binding in-
tegrins (v and 3) led to significantly reduced EC attachment on all 
RGDS and 1- and 4-functionalized substrates (Fig. 3A). While 
blocking LM-binding integrins, 3 and 6 did not affect HUVEC attach-
ment on RGDS-modified substrates; it did affect HUVEC attachment 
on LM-RGD (1 and 4)–modified substrates. When compared to 4-
modified substrates, 1-modified substrates showed much wider spec-
trum of the sensitivities to almost all the LM-binding integrins (1, 2, 

3, 6, and 1) used in the experiment, which could potentially explain 
the activity difference between these two peptides for EC adhesion. This 
result indicated an important role of LM-binding integrin for HUVEC 
attachment onto LM-RGD–modified substrates and demonstrated 
that 1 can interact with both Fn- and LM-binding integrins (Fig. 3A).

We then hypothesized that the ability of 1 to engage both Fn- and 
LM-binding integrins synergistically improves EC adhesion and leads 
to its superior property to support EC functions. To test this hypoth-
esis, we conducted a combinatorial microarray screening to evaluate 
synergistic effects between Fn-binding integrin and LM-binding inte-
grins by using RGDS and LM-integrin–targeting non-RGD peptides 
(14, 23–26) (Fig. 3B). While the LM-integrin–targeting non-RGD 
peptides alone showed very low attachment of HUVECs, the com-
bination of the non-RGD peptides with a low concentration of RGDS 
(3 mM) led to significantly increased attachment of HUVECs (Fig. 3, 
C and D), showing the synergy between Fn- and LM-integrin–
targeting peptides to improve EC adhesion. This was further sup-
ported by the high expression of both Fn- and LM-binding integrins 
in ECs (27), along with the well-known important roles of Fn- and 
LM-binding integrins (e.g., v3 and 6, respectively) in vasculariza-
tion (28, 29). Notably, fixing the total peptide(s) concentration at 6 mM 
(i.e., 3 mM non-RGD + 3 mM RGDS), 1 still showed the superior 
activities for HUVEC adhesion than most combination groups, sup-
porting its suitability to support HUVEC functions (Fig. 3E).

RNA sequencing analyses of ECs in  
1-functionalized hydrogels
To gain a holistic view and comparison of genetic changes of ECs 
cultured in 1- and RGDS-functionalized alginate hydrogels, RNA 
sequencing (RNA-seq) was performed. HUVECs cultured in 1 hy-
drogel showed 2500 differentially expressed (DE) genes (adjusted 
P < 0.05 and fold change > 1.5 or < −1.5) compared to those in RGDS 
hydrogels (fig. S6A and table S2).

DE genes were analyzed using GO terms that provide a context 
of cellular component (CC), molecular function (MF), and biological 
process (BP). Then, all significant terms were used and visualized in 
semantic similarity–based scatterplots using REduce and VIsualize 
Gene Ontology (REViGO), where selected GO terms and GO term 
groupings were highlighted to indicate overall similarities and spa-
tial organization. GO-CC REViGO analysis with all 159 significant 
terms (P < 0.05) revealed that the 1 genetic profile showed signifi-
cantly higher activity than RGDS relating mainly to the extracellu-
lar space and cell membrane, e.g., receptor complex (P = 2.2 × 10−5), 
integrin complex (P = 1.3 × 10−2), and extracellular region (P = 6.40 × 
10−14) (Fig. 4A). GO-MF terms with all 224 significant terms (P < 
0.05) showed significantly higher activity relating to protein bind-
ing, enzyme, and receptor activity, e.g., integrin binding (P = 2.3 × 
10−4), peptidase regulator (P = 7.8 × 10−3), and receptor binding 
(P = 2.8 × 10−10), in 1 compared to RGDS (Fig. 4B). GO-CC and 
GO-MF classification supported the improved properties of 1 over 
RGDS for ECs reflected by their differences in integrin binding and 
increased cell-matrix interactions. For GO-BP, the analysis resulted in a 
total of 1913 significant terms (P < 0.05). REViGO visualization with 
the top 350 terms showed significant grouping relating to cell-matrix 
and cell-cell interactions, such as “cell migration” (P = 5.2 × 10−15) and 
“cell adhesion” (P = 3.3 × 10−9), revealing enhanced vascular biological 
functions, such as vasculature development (P = 3.7 × 10−14) (Fig. 4C). 
Notably, these results from GO-BP analyses are consistent with the 
outcomes of in vitro assays discussed above (see figs. S2, S3, and S5).
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A detailed examination of all the DE genes in the vasculature 
development GO-BP term (GO:0001944) showed a unique, specific 
1-based transcriptomic signature (Fig. 4F). In the signature, several 
groups of gene expression were increased in 1 over RGDS, includ-
ing genes related to ECM remolding (e.g., SPARC, COL1A2, and 
COL4A1), integrin and its downstream proteins (e.g., ITGA1, ITGAV, 
and PIK3R3), and growth factors/receptors (e.g., EGF, FGF2, and 
FLT1). Notably, in comparison to previous work using 3D culture 
of HUVECs in Matrigel versus RGDS-modified PEG hydrogel, 
transcriptomic comparison revealed a ~60% overlap of DE genes 
from 1-modified hydrogel and Matrigel when they were compared 
to RGDS-modified hydrogels, supporting a similar provascular 

potential of 1-modified hydrogels (LM-derived) and Matrigel 
(containing ~60% LM) (Fig. 4, D and E, and fig. S7). Other vascu-
larization highly related GO-BP terms, such as “angiogenesis” 
(GO:0001525), “vasculogenesis” (GO:0001570), and “positive regu-
lation of vasculature development” (GO:1904018) were also com-
pared, showing ~60, ~60, and ~65% similarities with Matrigel (fig. S6, 
B to G).

1-formulated hydrogels promote EC vascular  
network formation
While in vitro analysis above showed enhanced EC attachment, spread-
ing, and migration in 1-modified hydrogels, we next developed 

Fig. 3. 1-modified hydrogel binds to both Fn- and LM-binding integrins of ECs. (A) Quantifications of normalized attached HUVEC (with/without integrin blocking) 
number on 1-/RGDS-/4-modified alginate hydrogels; n = 6. * indicates significant difference compared to no integrin blocking; P < 0.05. (B) The library of selected non-
RGD, LM-binding-integrin targeted peptides for hydrogel microarray screening. (C) Heat map of HUVEC attachment on the hydrogel microarray of the non-RGD, LM-binding-
integrin targeted peptides with/without additional 3 mM RGDS. 1-modified PEG hydrogel set as the positive control. (D) Quantification of the saturated attached HUVEC 
number based on the sigmoidal plots of peptide concentration versus attached cell number from the microarray of LM-binding-integrin targeted peptides with/without 
additional 3 mM RGDS; n ≥ 10. * indicates significant difference compared to “without 3 mM RGDS”; P < 0.05. (E) Quantification of the average attached HUVEC number at 
3 mM LM-binding-integrin targeted, non-RGD peptides with additional 3 mM RGDS; n ≥ 10. 1-modified PEG hydrogel set (6 mM) acts as the positive control as the total 
peptide concentration is fixed at 6 mM. * indicates significant difference compared to rest of groups; P < 0.05. All plots represent means ± SD/SEM.
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1-formulated hydrogel to test its vasculogenic properties. Consid-
ering the importance of cosignaling between integrin ligands and 
growth factors to improve vascularization (1), we compared vascular 
morphogenesis in 3D hydrogels modified with MMPQK [a VEGF-
mimetic peptide (QK) with an MMP-degradable linker] (30) only, 
1 only, and 1 + MMPQK (fig. S8, A to D). The formulation of 
1 + MMPQK promoted the highest HUVEC vascular network forma-
tion among all the groups, which is evidenced by the quantification 
of total HUVEC network length, number of branches, and number 

of branch points. Therefore, the formulation of 1 + MMPQK was 
used for the later experiments to promote vascularization.

To compare the results from our screening strategy with the pre-
vious ones, we also prepared A99 + MMPQK and PA26 + MMPQK 
and included them as controls (table S5). As shown in Fig. 5, A to D, 
HUVECs exhibited elongated morphology in all six different hydro-
gels after 4 days’ culture. Among them, HUVECs showed the least 
number of branches, branch points, and shortest total network length 
in RGDS-formulated hydrogels. A99-, PA26-, and 4-formulated 

Fig. 4. RNA-seq analyses to characterize vasculogenic material-cell interaction in 1-modified hydrogel. (A to C) Visualization of all (max 350 terms) significant 
(P < 0.05) GO terms of DE genes (fold change > 1.5 or < −1.5, adjusted P < 0.05) from HUVECs in 1- versus RGDS-functionalized hydrogels. GO terms of CC, MF, and BP are 
organized in semantic similarity–based scatterplots using REViGO that combines redundant terms into a single, representative term based on a simple clustering algo-
rithm relying on semantic similarity measures. (D and E) The Venn diagram of up-regulated (D) and down-regulated (E) genes from transcriptomic assay of 1/RGDS and 
Matrigel/RGDS in the vasculature development GO-BP term. (F) Heat map of DE genes assembled from the GO-BP vasculature development term (GO:0001944) gene list 
showing the gene expression profile of 1-modified hydrogels over RGDS-modified hydrogels.
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hydrogel supported HUVEC network with a moderate number of 
branches, branch points, and fair total network length. In contrast, 
1-formulated hydrogel exhibited the highest support for HUVECs 
network formation, demonstrated by the highest number of branches, 
branch points, and maximum total network length in hydrogel. No-
tably, when compared to the HUVEC network formed in Matrigel 
(31), 1-formulated hydrogel still showed more branches and branch 
points as well as the similar total network length. There were lots of 
sprouting HUVEC “clusters” found in 1-formulated hydrogel and 
Matrigel. When zooming into these sprouting HUVEC clusters, 
largely elongated HUVECs were found to connect with other distant 
HUVECs to form EC networks (fig. S8, E to H). All these phenomena 
are the essential indication for active vasculogenesis, consistent with 
the previous report (32). In summary, 1-formulated hydrogel 

showed superior properties to promote EC vasculogenic network 
formation, indicating the substantial vasculogenic potential for the 
translational application.

1-formulated hydrogel improved functional recovery 
of ischemic injury
A murine hindlimb ischemia model was used to evaluate the thera-
peutic vasculogenic potential of 1-formulated injectable hydrogels 
(33). A preliminary experiment was performed between a media in-
jection group and a blank alginate (nonpeptide conjugated)–injected 
group, showing no difference (fig. S9A). While injection of 1 and 
1 + MMPQK hydrogels after ischemic injury showed a substantial 
increase in blood restoration compared to media injection, the 1 + 
MMPQK group showed higher recovery than the 1-only group by 

Fig. 5. The vasculogenesis assay on RGDS-, A99-, PA26-, 4-, and 1-modified hydrogels revealed the capacity of 1-modified hydrogel to promote vasculogenic 
network formation. (A) Representative images of HUVEC vascular network in RGDS-, A99-, PA26-, 4-, and 1-modified hydrogels and Matrigel (scale bar, 100 m). 
Green, CD31; blue, 4′,6-diamidino-2-phenylindole (DAPI). Sprouting HUVEC clusters were found with elongated HUVECs in 4- and 1-modified hydrogels and Matrigel. 
(B to D) Quantification of total network length, branches, and branch points of EC network in 3D hydrogel culture (RGDS-, A99-, PA26-, 4-, and 1-modified hydrogels 
and Matrigel); n ≥ 11 for each group. * indicates significant difference; P < 0.05. All plots represent means ± SD.
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day 28. In addition, the formulation of 1 + MMPQK showed con-
sistently significant recovery for the blood flow compared to medium-
treated groups at days 14, 21, and 28 (Fig. 6, A and B). Therefore, 
the formulation of 1 + MMPQK was used for the remaining exper-
iments. A further investigation of the therapeutic effects of 1-
formulated hydrogels was performed with a range of hydrogel 
formulations examined in the same model (the second batch in fig. 
S9B). RGDS + MMPQK–modified alginates were used to represent 
the widely used RGDS-based hydrogels for vascularization (6, 7, 34). 
While Matrigel was not included because of its mouse tumor origin, 
dECM from mouse skeletal muscle (MEM) was included to represent 
natural source-derived materials (35). Double-dosed 1 + MMPQK 
[i.e., 2×(1 + MMPQK)] was also incorporated to examine the dose 
effect of peptides on hydrogels. All the results are shown in Fig. 6, C 
and D. While the medium-injected group (medium) plateaued at 
~30% blood flow recovery through days 21 and 28, MEM and RGDS + 
MMPQK both showed modest improvement of ~38% blood flow 
recovery at day 21 and ~43% recovery at day 28. 1 + MMPQK 
treatment displayed significantly improved blood flow recovery 
(~43%) at day 21 with further increase (~52%) by day 28. In addi-

tion, increasing the peptide dose with 2×(1 + MMPQK) exhibited 
blood flow recovery ~43% at day 21 and even higher blood flow re-
covery (~60%) by day 28. Furthermore, 1-formulated hydrogel 
and MEM treatments showed improved functional recovery of 
ischemic limb as measured by gait analysis (Fig. 7A). Histological 
analysis of the harvested limb muscle tissues showed a significant 
decrease in muscle degeneration and fibrotic area (Fig. 7, B and E, and 
fig. S9C) and significant increase in artery and capillary blood vessel 
development (Fig. 7, C to E, and fig. S9, D and E) in 1-formulated 
hydrogels than medium, RGDS + MMPQK, and MEM. Overall, these 
data support the therapeutic vascularization effects of 1-formulated 
hydrogels to improve functional and structural recovery after ische
mic injury.

DISCUSSION
Using biologically derived ligands to represent the long and com-
plex proteins in ECM is a widely used biomimetic approach in gen-
eral biomedical research (3–5). The strategy to select peptide segments 
from large ECM proteins as biological ligands is critical because 

Fig. 6. Enhanced recovery of blood perfusion after ischemic hindlimb injury using 1-formulated hydrogel. (A) Representative images of laser Doppler perfusion 
imaging on the ischemic hindlimb after injecting the different formulations (medium, 1 only, and 1 + MMPQK) of alginate hydrogels for serial analysis (left leg, normal; 
right leg, ischemic). (B) Quantification of blood flow recovery percentage of ischemic limb to normal limb (n = 4 to 5). * indicates significance difference; P < 0.05. N.S. in-
dicates no significant difference between the groups; P > 0.05. # indicates improved blood flow of the 1 hydrogel–treated group compared to medium-treated group at 
day 28; P = 0.053. ## indicates the improved blood flow of 1 + MMPQK hydrogel–treated group compared to 1-treated group at day 28; P = 0.054. (C) Representative 
images of laser Doppler perfusion imaging on the ischemic hindlimb after injecting the formulations of the second batch (groups shown in fig. S9B) alginate hydrogels 
for serial analysis (left leg, normal; right leg, ischemic). (D) Quantification of blood flow recovery percentage of ischemic limb to normal limb (n = 4 to 5). * indicates signif-
icance difference; P < 0.05. # indicates the improved blood flow of 1 + MMPQK hydrogel–treated ischemic legs compared to RGDS + MMPQK hydrogel ischemic legs at 
day 14; P = 0.052.
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literature has shown the amino acids surrounding receptor-binding 
core (e.g., RGD) significantly alter the activities and/or targeted re-
ceptors of the ligands (36). In addition, the use of mathematic per-
mutation to identify suitable ligands from LM can lead to millions 
of leads and make it impractical. This highlighted that the current 
lack of rational ligand candidates’ selection strategy, coupled with the 
low throughput of screening cell-materials interactions, has limited 
the identification of novel potent ligands for biomedical applications 
(12, 13, 37). With the progress of bioinformatics and proteomics, 
we leveraged motif analysis to screen a vascularization-related ECM 
protein, LM, from different species of mammals to identify the evo-
lutionarily conserved RGD-containing motifs for therapeutic vascu-
larization. The RGD-containing motifs were selected because of its 
EC-adhesive capacity and its synergistic potential with VEGF receptor 
activation (1, 38). By focusing on the species from Euarchontoglires, 
we identified seven conserved peptides, six of which showed signif-
icant HUVEC-adhesive capacities (successful rate, ~86%), compar-
ing to the nonconserved LM-RGDs with minimal HUVEC-adhesive 
properties. Four of the six peptides showed similar HUVEC-adhesive 
properties with RGDS, while two (4 and 1) of them exhibited fold 
improvement compared to RGDS. These results highlighted biolog-
ical significance of evolutionarily conserved motifs and supported 
the effectiveness of the approach using evolutionarily conserved 
motifs for peptide ligand development. This is further supported by 

the similar cell attachment profile of human adipose-derived stem 
cells (hADSCs), a cell type widely used in regenerative medicine 
applications, on the LM-RGD peptide–functionalized hydrogel 
microarray (fig. S10).

As the further validation of the screening strategy, we compared 
the highest EC-adhesive peptide, 1, with the corresponding sequences 
from Aves and S. scrofa as well as previously reported, sequentially 
similar sequences (A99 and PA26). Low HUVEC attachment on Aves- 
and S. scrofa sequences–modified surfaces indicated the necessity of 
ligand selection from taxonomic similar species (i.e., Euarchontoglires) 
for maximal human cell function. This is notable regards to the use 
of commonly available porcine dECM for potential translational 
human applications (39). The significantly improved performance of 
1-modified hydrogel compared to A99- and PA26-modified hydro-
gels confirmed through microarray screen, as well as 3D vasculogenic 
assay, indicated that evolutionarily conserved 1 (TFALRGDNP) is 
the essential active part of the RGD-containing loop from LEb of 
LM 1 and is a functionally distinct peptide. The addition (A99: 
QAGTFALRGDNPQG) or elimination (PA26: FALRGDNP) of amino 
acid(s) on the highly conserved 1 sequence reduced its capacities to 
support HUVECs for vascularization. Collectively, these results demon-
strated the power of combining evolutionarily conserved motif analy-
sis with functional screening to rapidly identify essential core sequences 
from these LM-RGD–containing domains.

Fig. 7. Improved functional and morphological recovery from ischemic hindlimb injury using 1-formulated hydrogel. (A) Gait analysis of the stride length on 
ischemic hindlimb (n = 4 to 5). # indicates improved stride length of 2×(1 + MMPQK) hydrogel–treated ischemic legs compared to medium groups (significant function-
al improvement) at day 14; P = 0.053. (B to D) Quantification of fibrotic areas (%) from Masson’s trichrome (MT) analysis (B), anti–smooth muscle actin–positive (-SMA+) 
arteries (C), and vWF-positive (vWF+) capillaries (D) from treated ischemic muscle tissue sections and controls at 4 weeks after surgery, n ≥ 20 for the quantification. 
* indicates significance difference; P < 0.05. ** indicates significantly more -SMA+ arteries and vWF+ capillaries of 2×(1 + MMPQK)–treated ischemic legs compared to 
remaining groups at day 28; P < 0.05. The significant analyses of all these histological assays are shown in fig. S9 (C to E). (E) Representative images of hematoxylin 
and eosin (H&E), MT, and immunohistochemical staining (-SMA and vWF) of treated ischemic muscle tissue sections and controls at 4 weeks after surgery (scale bars, 
100 m). All plots represent means ± SD/SEM.
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The results of integrin blocking experiments and combinatorial 
LM- and Fn-integrin–targeted microarray provided fundamental 
insights toward 1 to engage both LM- and Fn-targeted integrins to 
improve EC vasculogenic potential. This is further supported by the 
similar vasculature development GO terms of 1-functionalized 
hydrogel to Matrigel, an LM-enriched and Fn-containing matrix, 
and gold standard material for in vitro EC functional assays. Com-
bining this with the superior ability of 1-formulated hydrogel to 
enhance functional recovery of mouse ischemic hindlimb over the 
MEM, our results demonstrated the remarkable potential of the 
unique 1 for therapeutic vascularization. In addition to the ische
mic hindlimb disease model, which is a model relevant to peripheral 
vascular disease (40), we expect that the 1 peptide will have a wide 
range of applications on treating wounds and ischemic diseases (e.g., 
cerebral ischemia and myocardial infarction). As the rheological re-
quirements of injectable hydrogels are similar to those of extrudable 
hydrogels (e.g., shear thinning) for bioprinting, the injectable 1 + 
MMPQK hydrogels can be further engineered and applied as a vas-
culogenic bioink to fabricate vascularized tissue engineering con-
structs. In addition, since previous studies mostly focused on the 
angiogenic effects of the biomimetic peptides from ECM (41), our 
work would also potentially bring a new perspective for the field to 
reconsider the different effects of the identified ECM-derived pep-
tides for vessel regeneration through vasculogenesis, which is also 
an important wound healing and regeneration mechanism.

SUMMARY AND OUTLOOK
To identify novel ECM-derived ligands for biomaterials development, 
here, we performed a virtual screening of 199 different LM subunits 
from around 28 taxonomic human-similar species from Euarchontoglires 
to identify evolutionarily conserved RGD-containing ECM motifs and 
tested their EC adhesion capabilities using our peptide-functionalized 
hydrogel microarray platform. Among the six active LM-RGD pep-
tides, 1 displayed superior properties to support HUVEC functions 
for vascularization over commonly used RGDS. The mechanistic 
investigations attributed this to the ability of 1 for targeting both 
Fn- and LM-targeting integrins. RNA-seq showed that 1-modified 
hydrogel exhibited high potential in transcriptomic profile of vascula-
ture development and 60% similarities to Matrigel. The vasculogenesis 
assay revealed the capacity of 1-formulated hydrogel to promote vascu-
logenic “cluster” extensions and connections for EC vascular network 
formation. Injectable alginate functionalized with 1 + MMPQK more 
effectively improved blood flow restoration in a mouse hindlimb ischemia 
model over dECM as well as the alginates functionalized with RGDS + 
MMPQK. These results demonstrated the translational potential of 
1 in treating ischemic diseases and repairing wounds. It also illustrated 
the power of our platform to rapidly identify novel peptide ligands with 
great potency for therapeutic vasculogenesis. We expect that the com-
bined use of evolutionary conserved motif analysis, peptide function-
alized hydrogel microarrays, and transcriptomic analysis offers a fast, 
effective, and comprehensive manner to explore, identify, and study 
novel chemically defined biomaterials for therapeutic applications.

MATERIALS AND METHODS
Materials and instrument
All chemicals used for this study were purchased from Sigma-Aldrich 
(St. Louis, MO) unless otherwise stated. Microarray spotting pins 

(946MP9B) were purchased from Arrayit Corporation (Sunnyvale, 
CA). A custom-designed microarrayer was assembled and produced 
by BioDot (Irvine, CA). The liquid chromatography–mass spectrom-
etry (LC-MS) system used is Thermo Fisher LCQ Fleettm Ion Trap 
Mass Spectrometer. Proton nuclear magnetic resonance (1H-NMR) was 
recorded on BRUKER AV500-III spectrometers. Primary and secondary 
antibodies were purchased from Abcam (Cambridge, UK). The primers 
for reverse transcription polymerase chain reaction were purchased from 
Thermo Fisher Scientific Inc. (Waltham, MA). Sodium alginate (LF20/40) 
was purchased from FMC BioPolymer (Philadelphia, PA).

Cell culture
HUVECs (Lonza, Basel, Switzerland) were cultured in EGM-2 BulletKit 
Medium (Lonza, Basel, Switzerland). The medium supplements con-
tained 2% bovine serum albumin (BSA), hFBF-B, VEGF, R3–insulin-
like growth factor-1, ascorbic acid, heparin, fetal bovine serum, hEGF, 
and GA-1000. hADSCs were cultured in ADSC Growth Medium 
(Lonza, Basel, Switzerland). For the rest of the assays (unless otherwise 
stated), Dulbecco’s modified Eagle’s medium (DMEM) (11054020, 
Thermo Fisher Scientific Inc., USA) with 10% fetal bovine serum 
(26140079; Thermo Fisher Scientific Inc., USA) was used to exclude 
the influence from growth factors. Growth medium was changed 
every other day, and cells were passaged every 6 days. All experiments 
were conducted using both passage 4 (P4) HUVECs and hADSCs.

Bioinformatics-assisted ECM protein screening for highly 
conserved sequences and motif analysis
Bioinformatics-assisted ECM protein screening for highly conserved 
sequences was performed using the following database: UniProt 
database, supported by European Bioinformatics Institute (EMBL-
EBI), the SIB Swiss Institute of Bioinformatics, and the Protein Infor-
mation Resource. The specific sequence for each ECM protein/ECM 
protein subunit was collected from mammalian species (e.g., human, 
mouse, rat, and chimpanzee) and further categorized into two groups 
based on two major mammalian superorders: the proteins from 
Euarchonotoglires superoder (e.g., human and mouse) and the pro-
teins from Laurasiatheria superorder (e.g., pig). The sequences in 
these two groups were aligned through the tool of Clustal Omega 
from EMBL-EBI (42). The algorithm was described by Sӧding (43). 
The conserved sequences were selected using two different algorithms 
based on their residing domains (fig. S1A). Specifically, the sequences 
from EGF-like domains were chopped out from the first cysteine to 
the neighboring cysteine, which form a ring structure with the previ-
ous cysteine; while the sequences from non-EGF–like domains were 
chopped out from the first highly conserved amino acids to the last 
highly conserved amino acids, for demonstration, two (or more) un-
conserved amino acids are included for motif analysis (fig. S1B). The 
algorithm for judgment of amino acid conservation is described by 
Sӧding (43). In particular, the selected conserved sequences from the 
species of Euarchonotoglires superoder were further categorized into 
two categories, primates and rodents for the calculation of sequence 
conservation. The sequence conservation at a particular position in 
the alignment, Rsequence, was calculated using the equation in fig. S1 
(C and D) with small sample corrections (n ≤ 50) (44), and the 
alignment results were visualized through WebLogo (45). The anal-
ysis results were generated through WebLogo, and 80% value of 
max bit value was applied as the filtering criteria to generate the high-
ly conserved sequences. The most repeated amino acid (signified by 
size of letter) from each conserved peptide position was used as the 
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representative amino acid for synthesis. The sequences were then in-
cluded into the library for screening. The highly conserved sequences 
from other species (i.e., birds) were also created with same algorithm 
for screening.

Synthesis and characterization of N-terminal unmodified 
peptides and methacrylated peptides
Peptides used in this work were synthesized by solid-phase peptide 
synthesis (SPPS). The SPPS was conducted using the standard proce-
dure described in Novabiochem peptide synthesis manual. N-terminal 
unmodified peptides were cleaved from resin right after the depro-
tection once reaching the designed sequences. The preparation of 
methyacrylated peptides was demonstrated through our previous pub-
lication (21). Briefly, 2-isocyanatoethyl methacrylate [3 equivalent 
(eq) dissolved in N,N′-dimethylformamide (DMF)] was used to re-
act with the terminal amine group of the peptide chain (1 eq) before 
they were cleaved from the resin. All the peptides were purified by a 
flash column and characterized by LC-MS.

Single peptide–based microarray fabrication and screening
Methacrylated peptides were dissolved in DMF at predesignated 
ratios (1, 3, 6, 9, 12, 15, and 20 mM) and mixed with poly(ethylene 
glycol) diacrylate (PEGDA) [containing 1% dimyristoylphosphatidic 
acid (DMPA) as initiator] [DMF solution of methacrylated peptide: 
PEGDA, 1:1 (v/v)] and then transferred into a 384-well plate for microarray 
fabrication. The microarrays were printed in a humid Ar atmosphere 
on epoxy monolayer-coated glass slides (Xenopore XENOSLIDE E, 
Hawthorne, NJ), which were first dip-coated in 4% (v/v) poly(hydroxyethyl 
methacrylate) [poly(HEMA)] using a customized microarrayer 
(Biodot). Spots were polymerized via 10-s exposure to long-wave 
UV (365 nm), dried at <50 mtorr for at least 7 days. Before use, 
the chips were sterilized by UV for 30 min for each side and then 
washed with phosphate-buffered saline (PBS) twice for 15 min to 
remove residual monomer or solvent. HUVECs (Lonza, Basel, 
Switzerland) and hADSCs (Lonza, Basel, Switzerland) were seeded 
onto each array at the density of 13,000 cells/cm2 and cultured for 
12 hours, respectively. They were then fixed and stained with 
4′,6-diamidino-2-phenylindole (DAPI) (R37605, Thermo Fisher 
Scientific Inc.) for cell number counting and phalloidin (1:50 di-
lution; A12379, Thermo Fisher Scientific Inc.) for F-actin for the 
lead peptide identification.

Combinatorial microarray fabrication and screening
Methacrylated peptides and combinations were dissolved in DMF 
at predesignated ratios and mixed with PEGDA (containing 1% 
DMPA as initiator) [DMF solution of methacrylated peptide: PEGDA, 
1:1 (v/v)] and then transferred into a 384-well plate for microarray 
fabrication. The rest of the fabrication processes were the same as sin-
gle peptide–based microarray fabrication described above.

Preparation of peptide-functionalized PEG hydrogel 
substrates in 96-well plates
Methacrylated peptides (MA-G4RGDS and MA-G4TFALRGDNP) 
were dissolved in DMF to prepare 15 mM peptide solutions and 
mixed with PEGDA (containing 1% DMPA as initiator) [DMF 
solution of methacrylated peptide: PEGDA, 1:1 (v/v)]. The mixed 
solution was transferred into 96-well plates (50 l in each well). The 
96-well plates were exposed under long-wave UV (365 nm) in a hu-
mid Ar atmosphere for 5 min to prepare peptide-modified PEG hy-

drogel substrates and dried at <50 mtorr for at least 7 days. Before 
use, the hydrogel substrates were swelled with PBS buffer. HUVECs 
were seeded at the density of 25,000 cells/cm2 onto the hydrogel 
substrates and cultured for 12 hours. They were then fixed and 
stained with DAPI for cell number counting and phalloidin for 
F-actin to estimate cell spreading.

Alginate synthesis, oxidation, and peptide conjugation 
on alginate
Sodium alginate was prepared using the method established by 
Bouhadir et al. (46). The final oxidation of the alginate was 5%. The 
peptides were conjugated onto the oxidized alginate by the CuAAC 
click chemistry (47). The peptide-functionalized alginates were pu-
rified through repeated precipitations in ethanol (three times) (46). 
The completion of the conjugation reactions was verified by com-
paring the LC-MS of a copper-peptide-ligands complex before the 
reaction and the LC-MS of the liquid residual after the alginate pre-
cipitation. The conjugation efficacy was examined through 1H-NMR 
of peptide-conjugated alginate by comparing the characteristic peak 
of the proton on alginate backbone and the proton on the triazole. 
0.125 mmol/g (peptide/alginate powder) was used as the peptide function-
alization ratio for the rest of experiments unless otherwise stated. Peptide 
was also functionalized through 1-ethyl-3-(3-dimethylaminopropyl) 
carbodiimide (EDC) chemistry as the control using the established 
method in the reference (48).

Preparation of alginate substrates in 96-well plates
The Ca2+-containing gelatin substrates for alginate cross-linking 
were prepared in 96-well plates according to the literature (49). Fifty 
microliters of peptide-functionalized (RGDS and 1, respectively) 
1% (w/v) alginate solution was transferred into the Ca2+-containing 
gelatin-coated 96-well plates and gelled for 40 min. Then, the well 
plates were transferred into an incubator for 10 min to melt the 
Ca2+-containing gelatin substrates. After Ca2+-containing substrates 
were removed, HUVECs were seeded onto the hydrogel substrates 
at the density of 25,000 cells/cm2 and cultured for 12 hours. Then, 
they were fixed and stained with DAPI for cell number counting 
and phalloidin for F-actin.

EC viability and proliferation on peptide-functionalized 
alginate hydrogels
The Ca2+-containing gelatin substrates for alginate cross-linking 
were prepared in 96-well plates according to the literature (49). Fifty 
microliters of 1-functionalized (through EDC or click chemistry, 
respectively) 1% (w/v) alginate solution was transferred into the 
Ca2+-containing gelatin-coated 96-well plates and gelled for 40 min. 
Then, the ECs (25,000 cells/cm2) were seeded on the surface and left 
for 1 hour. The well plates were transferred into the incubator for 
10 min to melt the Ca2+-containing gelatin substrates. After Ca2+-
containing substrates were removed, EGM-2 BulletKit Medium were 
added and the ECs were cultured for 4 days. The cell numbers were 
counted at days 0, 2, and 4, and the viability was examined through the 
LIVE/DEAD Cell Imaging Kit (R37601, Thermo Fisher Scientific Inc.), 
according to the manufacturer’s instructions.

Antibody blocking experiments on alginate substrates
The antibody blocking experiments were conducted according to 
the protocol from a previously published study (22). Specifically, the 
integrin antibodies and their combinations [no antibody, anti-integrin 
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1 (FB12, MAB1973, EMD Millipore, USA), 2 (P1E6, MAB1950Z, 
EMD Millipore, USA), 3 (P1B5, CP11L, EMD Millipore, USA), 6 
(GoH3, 14-0495-82, Thermo Fisher Scientific Inc.), v (P3G8, MAB1953, 
EMD Millipore, USA), 1 (6S6, MAB2253, EMD Millipore, USA), 
3 (25E11, MAB1957, EMD Millipore, USA), EDTA, and anti-integrin 
6 + anti-integrin v] were aliquoted into predesigned ratios (final 
ratios in the mixture: 1:20 for anti-integrin 6, 1:33 for the rest of the 
anti-integrin antibodies, 5 mM EDTA) with PBS. The HUVECs were 
incubated with these antibodies for 15 min, sedimented by low-
speed centrifugation, suspended in 100 l of serum-free DMEM and 
0.02% BSA, and then seeded onto the 1% (w/v) peptide-functionalized 
alginates at the density of 25,000 cells/cm2. The wells were trans-
ferred into the incubator for 2 hours. After that, unattached cells 
were rinsed away, and the attached cells were then fixed and stained 
with DAPI for cell number counting and phalloidin for F-actin.

Soluble-peptide blocking experiments on  
alginate substrates
The soluble-peptide blocking experiments were conducted according 
to the protocol from a previously published study (22). Specifically, 
soluble peptides (GGGGRGDS, GGGGTFALRGDNP, synthesized 
through SPPS) were aliquoted at the concentration of 0.5 mg/ml with 
PBS. The HUVECs were incubated in their respective peptide solu-
tion for 20 min, sedimented by low-speed centrifugation, suspended 
in 100 l of serum-free DMEM and 0.02% BSA, and then seeded onto the 
1% (w/v) 1-functionalized alginates at the density of 25,000 cells/cm2. 
No peptide-blocked group was used as the control. The wells were 
incubated for 2 hours. After that, unattached cells were rinsed away, 
and the attached cells were then fixed and stained with DAPI for cell 
number counting and phalloidin for F-actin.

EC migration assay
Oxidized (5%), peptide-functionalized alginate was mixed with 1% 
oxidized blank alginate in the ratio 1:1 (w/w) to prepare 1% (w/v) 
alginate aqueous solution. The solution was placed on agarose 
substrate containing 100 mM Ca2+ to form alginate gel. HUVECs 
(500,000 cells/cm2) were seeded onto the surfaces of the cross-linked 
alginates. The HUVECs on the alginates were incubated for 12 hours. 
The media were then removed, and the alginates were rinsed with 
PBS three times and then supplemented with the fresh media. A 10-ul 
pipette tip was used to create a noncell-attached area by scratching 
the surfaces of alginates. The cell migration was monitored at the 
scratched areas on different time points and plotted to calculate the 
cell migration speed. HUVECs were cultured with EGM supple-
mented with mitomycin C (5 g/ml).

Vasculogenesis assay
The Ca2+-containing gelatin substrates for alginate cross-linking 
was prepared as the previous literature mentioned (49). In the first-
batch experiments, alginate modified with the peptide combinations 
(MMPQK only, 1 only, and 1 + MMPQK) was dissolved into 
HUVEC media to prepare 2% (w/v) peptide-functionalized alginate 
solution. No peptide functionalized alginate hydrogel was used as 
the control. For the second batch, alginate modified with the pep-
tide combinations (RGDS + MMPQK, A99 + MMPQK, PA26 + 
MMPQK, 4 + MMPQK, and 1 + MMPQK) was dissolved into 
HUVEC media to prepare 2% (w/v) peptide-functionalized alginate 
solution. For both batches, the solution was mixed with HUVECs 
(2 million cells/ml) and hADSCs (1 million cells/ml). One hundred 

microliters of mixture of the alginate and HUVECs was transferred 
into the Ca2+-containing gelatin-coated 96-well plates and gelled 
for 40 min. Then, the well plates were transferred into incubator for 
10 min to melt the Ca2+-containing gelatin substrates. After Ca2+-
containing substrates were removed, media was added into each 
well and cultured for 4 days. Media were changed every day. The 
cells were then fixed and stained with DAPI and anti-CD31 (1:200 
dilution; 550389, BD Biosciences). The fluorescent pictures were 
taken by a Leica TCS SP5 confocal microscope system. The quanti-
fication of number of branches, number of branch points, number 
of lumens, total lumen covered areas, and total network length of 
EC network are through ImageJ with the plug “Angiogenesis Ana-
lyzer.” The 3D reconstruction was accomplished by Imaris (Oxford 
Instruments, UK.).

The test of mechanical properties of the hydrogel
Rheological measurements were performed using an AR-G2 rheo
meter (TA Instruments). For characterization of peptide-functionalized 
hydrogels, an 8-mm standard steel parallel plate geometry with a 
measurement gap of 1 mm was used. A dynamic oscillatory frequency 
sweep from 0.5 to 100 rad/s at 1% strain was used to compare storage 
and loss modulus between hydrogel groups. A solvent trap was used 
to keep gels hydrated during testing. For characterization of peptide-
functionalized alginate hydrogel, a 25-mm standard steel parallel 
plate geometry with a measurement gap of 1 mm was used. A shear 
stress ramp was swept from 0.01 to 100 Pa, sampling every 3 s for a 
4-min duration. A shear rate ramp was swept from 0.01 to 100 (1/s), 
sampling every 3 s for a 4-min duration. A dynamic oscillatory fre-
quency sweep from 0.01 to 10 Hz at 1% strain was used to measure 
storage modulus, loss modulus, and complex viscosity. A 2-min equil-
ibration step was performed for all measurements, and the tempera-
ture was 25°C throughout the measurement period for all procedures.

Hindlimb ischemia surgery and biomaterials injection
The hindlimb ischemia surgery was introduced as previous litera-
ture demonstrated (50). All experiments using this model were 
reviewed and approved by the Institutional Animal Care and 
Use Committee of Yonsei University (approval number: IACUC- 
A-201612-518-01). Briefly, mice (C57BL/6, 11-week-old male; Orient-
Bio, Seongnam, Korea) were anesthetized with ketamine (100 mg/kg; 
Yuhan, Seoul, Korea) and xylazine (20 mg/kg; Bayer Korea, Ansan, 
Korea). After that, the femoral artery and its branches were ligated 
with 6-0 prolene sutures (Ethicon, Somerville, NJ, USA). The 
arteries were then excised from the femoral artery’s proximal origin 
to the distal point of bifurcation of the saphenous and popliteal ar-
teries (33). Mice were randomly distributed into multiple groups 
(as shown in fig. S9B, n = 4 to 5 for each group) and injected with 50 ul 
of a mixture (1:1 ratio) of the 4% (w/w) alginate gel and calcium 
gluconate solution (112 mg/ml) (or media as control). dECM hy-
drogel from mouse skeletal muscle (MEM) was prepared as previ-
ously reported (51) and also served as a control group. The mice 
were examined by serial scanning of the hindlimb surface blood flow 
with the laser Doppler perfusion imager (Moor Instruments, Devon, 
UK) on days 0, 14, 21, and 28 after treatments. Digital color-coded 
images were analyzed to quantify blood flow from the knee joint to 
the toe region, and perfusion rate was calculated by the ratio of the 
ischemic limb to the normal limb. The functional recovery of ische
mic limb was examined by a gait analysis as previously reported (52). 
The limbs of each mouse were painted with colors using nontoxic 
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inks and encouraged to walk on a paper. The interval between 
ischemic injured hindlimb footprints was measured on day 14 after 
hydrogel treatments. The ischemic muscles were harvested 28 days 
after the biomaterials injection, fixed with 4% paraformaldehyde 
(Sigma-Aldrich) overnight, and embedded in paraffin and sectioned 
(4 m). The sectioned samples were stained using hematoxylin and 
eosin to quantify the muscle degeneration as well as tissue inflam-
mation (53) and Masson’s trichrome to examine fibrotic area in the 
ischemic regions (53). Immunohistochemistry was performed on the 
capillaries and arterioles using anti–von Willebrand factor (vWF) 
(1:200 dilution, AB7356, Millipore) and anti–smooth muscle -actin 
(SMA) (1:200 dilution; MAB1522, Millipore) following standard 
histological procedures. The density of the capillaries and arterioles 
was quantified by counting vWF-positive microvessels and SMA-
positive microvessels, respectively. The sections were counterstained 
with hematoxylin (Sigma-Aldrich) and imaged with an inverted mi-
croscope (IX71, Olympus, Tokyo, Japan).

RNA sequencing
Total RNA was isolated from cell-containing (HUVEC seeding den-
sity, 2 million cells/ml) peptide-modified alginate [at alginate con-
centration 1% (w/v)] hydrogels after 24 hours of culture according 
to the kit and protocol of an Omega Bio-tek E.Z.N.A. including the 
use of the Homogenizer Columns during the homogenization step 
(Omega Bio-tek, Norcross, GA). For each group (n = 3), 50-l hy-
drogels were made using 2 million cells/ml. To prepare RNA-seq 
libraries, the TruSeq RNA Sample Prep Kit (Illumina, San Diego, 
CA, USA) was used; 100 to 200 ng of total input RNA was used in 
accordance with the manufacturer’s protocol. High-throughput se-
quencing (HTS) was performed using an Illumina HiSeq 2000 with 
each mRNA library sequenced to a minimum depth of ~50 million 
reads. A single-end 50-cycle sequencing strategy was used. Data were 
subjected to Illumina quality control procedures (>80% of the data 
yielded a Phred score of 30). RNA-seq data have been submitted to 
the National Center for Biotechnology Information Gene Expres-
sion Omnibus under accession number GSE126717.

Secondary analyses were carried out on an OnRamp Bioinformat-
ics Genomics Research Platform as previously described (OnRamp 
Bioinformatics, San Diego, CA, USA) (54). OnRamp’s Advanced Ge-
nomics Analysis Engine uses an automated RNA-seq workflow to 
process data, including (i) FastQC to perform data validation and 
quality control; (ii) CutAdapt (55) to trim and filter adapter sequences, 
primers, poly-A tails, and other unwanted sequences; (iii) TopHat2 
(56) to align mRNA sequencing reads to hg19 genome using the 
ultrahigh-throughput splice-aware short-read aligner Bowtie2 (57); 
(iv) HTSeq (58) to establish counts that represent the number of 
reads for each transcript; and (v) DESeq2 (59) to perform DE anal-
ysis, which enabled the inference of differential signals with robust 
statistical power. Transcript count data from DESeq2 analysis of the 
samples were sorted according to their adjusted P value (or q value), 
which is the smallest false discovery rate (FDR) at which a transcript 
is called significant. FDR is the expected fraction of false-positive 
tests among significant tests and was calculated using the Benjamini-
Hochberg multiple testing adjustment procedure. Advaita Bio’s 
iPathwayGuide was used to perform further characterization, in-
cluding a summary of DE genes (1 compared to RGDS groups), 
GO, and pathway analysis for genes with at least 1.5-fold change in 
a positive or negative direction and a q value of <0.05. The DE gene 
list of our study can be found in table S2.

GO terms with P < 0.05 from the Advaita Bio’s iPathwayGuide 
output (table S3) were then visualized in semantic similarity–based 
scatterplots using REViGO that combines redundant terms into a 
single, representative term based on a simple clustering algorithm 
relying on semantic similarity measures (60). For each GO category, 
all significant GO terms or the maximum number (i.e., 350) were 
used, and P value was notated by size and color of circle. Selected 
GO terms were labeled to indicate overall spatial organization, and 
spatially similar terms were subjectively grouped into larger catego-
ries (i.e., colored grouping). Vasculature development genes were 
defined according to the GO BP vasculature development term 
(GO:0001944). Heat maps were made using the pheatmap package 
in R using regularized-logarithm transformed counts (rlog function 
within DESeq2 after correcting for sequencing depth). When comparing 
the genes between our study and the publically available Matrigel study 
(GSE93511), RSEM (RNA-Seq by Expectation-Maximization)–expected 
counts of 3D hydrogel HUVEC samples, PEG-RGDS (GEO sample 
IDs: 7_In_PEG_HUVEC, 17_In_PEG_HUVEC) and Matrigel (GEO 
sample IDs: 19_In_MG_HUVEC, 9_In_MG_HUVEC), from GSE93511 
were rounded to whole numbers, filtered for shared genes, corrected 
for sequencing depth, and rlog-transformed before all up-regulated/
down-regulated vasculature development genes (i.e., part of GO BP 
vasculature development term, GO:0001944) were included in a 
supplementary heat map and ordered by fold change from our 
experiment. The Venn diagram comparison of up-regulated/
down-regulated vasculature development genes included all vasculature 
development genes from each dataset (significant and nonsignificant) 
generated. The lists of vasculature development genes from each 
study can be found in the table S4.

Statistical analysis
The results were shown in the means ± SD/SEM and analyzed using 
Sigmaplot, GraphPad, and Excel statistical software. All the analysis 
separately used unpaired Student’s t tests. A confidence interval of 
95% was used.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/28/eaaz5894/DC1

View/request a protocol for this paper from Bio-protocol.
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