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weakened by disease, or compromised by 
congenital defects. Yet, thus far, successful 
tissue engineering has been limited to 
thin constructs, such as skin and carti-
lage. [ 1–3 ]  Unlike thin tissues which can 
support growth by diffusion of nutrients, 
engineering thick complex organs (e.g., 
hearts and kidneys) requires functional 
vasculatures that can provide oxygen and 
nutrients to sustain cell viability. [ 4,5 ]  As a 
result, there is a great importance placed 
on the microvascularization of tissue engi-
neering constructs. 

 The blood vessels are created by two 
major endothelial cell transformations. 
Vasculogenesis entails the morphogen-
esis of endothelial cells (ECs) into new 
blood vessels, whereas angiogenesis is the 
sprouting of new capillaries from existing 
blood vessels. [ 6,7 ]  Both of these processes 
are regulated by dynamic interactions 
between ECs, their surrounding matrix, 
and growth factors. [ 8,9 ]  One of the most 
extensively studied growth factors involved 
in vascular morphogenesis is the vascular 
endothelial growth factor (VEGF). 

 In humans, VEGF is found in three major isoforms, dis-
tinguished from one another by their propensity to bind to 
the extracellular matrix (ECM) (e.g., heparin). [ 10 ]  The VEGF 121  
isoform exists exclusively as a soluble factor, while isoforms 
VEGF 165  and VEGF 189  are able to associate with the ECM via 
heparin binding domains. These heparin-binding domains are 
derived from basic residues encoded by exons 6 and 7 of the 
VEGF gene. [ 11 ]  VEGF 189  features additional basic residues that 
have strong affi nity to heparin sulfate, rendering VEGF 189  the 
isoform with the highest matrix affi nity. Variation in binding 
affi nity affects VEGF's diffusion characteristics through the 
ECM, and it can also elicit difference in cell-signaling responses. 
For example, endocytosis of growth factors and degradation of 
internalized ligand-receptor complexes, the nature of which are 
strong determinants of signaling pathways and the resulting 
angiogenic behavior of ECs, are believed to be quite different 
between matrix-bound factors and soluble factors. [ 12–14 ]  For 
instance, matrix-bound factors may remain outside the cell 
and can repeatedly induce phosphorylation of tyrosine kinase. 
Although not completely understood, the VEGF isoforms seem 
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  1.     Introduction 

 Tissue engineering is one of the most promising approaches to 
help patients regenerate tissues and organs damaged by injury, 
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to provide the basis for generating VEGF distribution and gra-
dients in the ECM that can direct optimal angiogenesis during 
complex tissue development. 

 Therapeutic approaches for treating patients with reduced 
vascular perfusion and improving viability of tissue transplants 
often focus on delivery of angiogenic growth factors such as 
VEGF. [ 15–18 ]  However, the use of protein growth factors for ther-
apeutic purposes comes with challenges. Soluble growth factors 
are quickly degraded by enzymes in the body or undergo other 
physical and chemical transformations that shorten their bio-
logical half-life. [ 19 ]  Studies using intravenously injected VEGF 
showed that the protein has a half-life of less than one hour, [ 20 ]  
and clinical trials of recombinant VEGF administered through 
bolus injection did not signifi cantly enhance angiogenesis for 
patients with ischemic condition. [ 21 ]  

 Several research groups have used conjugation methods 
such as carbodiimide chemistry [ 22,23 ]  or crosslinkers and 
binding tags [ 24,25 ]  to link VEGF to a scaffold to prolong its bio-
availability. However, the crosslinking reaction itself mitigates 
the bioactivity of VEGF due to non-specifi c conjugation at crit-
ical bioactive regions within the protein. Furthermore, reaction 
conditions such as pH, temperature, and presence of organic 
solvents may denature the protein and compromise its cell-
signaling capability. [ 19 ]  Therefore, it appears advantageous to 
use short peptides that mimic the growth factor in place of the 
entire natural protein. [ 26 ]  

 A promising VEGF mimetic peptide (15 amino acid peptide) 
was recently developed by Pedone and coworkers, which repro-
duces the VEGF-VEGF receptor binding interface domain of 
the ≈42 kDa dimeric VEGF protein. [ 27 ]  This mimetic peptide, 
referred to as QK, is based on the native VEGF sequence from 
Phe-17 to Tyr-25, and was modifi ed to stabilize the alpha helical 
conformation of the binding domain critical for cell signaling. 
Pedone and coworkers demonstrated that the soluble QK com-
petitively binds to VEGF receptors and induces angiogenic activa-
tion of ECs. Because of its simple structure, QK can be incorpo-
rated into various peptide delivery vehicles more readily than the 
entire VEGF protein. Researchers have adopted the QK peptide 
for immobilization onto inorganic substrates [ 28 ]  and for incorpo-
ration into peptide amphiphiles that assemble into fi bers [ 29 ]  as 
well as for photocrosslinking into synthetic hydrogel scaffolds. [ 26 ]  
Furthermore, our lab has used the QK sequence in concert with 
collagen mimetic peptide (CMP) domains to develop a bifunc-
tional QK-CMP peptide that binds to collagen scaffolds and at 
the same time activates early signs of angiogenic response in 
human umbilical vein endothelial cells (HUVECs). [ 30 ]  

 CMPs are short, synthetic peptides that mimic collagen’s 
characteristic triple helical structure, made possible by the X-Y-
glycine repeat sequence with high proline and hydroxyproline 
contents. [ 31–33 ]  The self-assembly (homo-trimerization) of CMP 
strands is thermally reversible, with well defi ned  T  m . When con-
jugated to multi-arm polymers, the CMP can induce triple helix 
mediated physical crosslinks that lead to the formation of stable 
hydrogels. [ 34,35 ]  Furthermore, CMPs covalently conjugated to 
hydrogels can hybridize with CMP derivatives with bioactive 
domains, allowing inert synthetic scaffolds to be modifi ed with 
cellular cues. [ 36 ]  

 Aside from biochemical signals, cells require structural sup-
port from the viscoelastic ECM for growth and differentiation. 

This is often recapitulated by the use of viscoelastic hydrogels 
composed of synthetic polymers. [ 37 ]  Among many polymers 
used for cell substrates, poly(ethylene glycol) (PEG) is inter-
esting in that it is a hydrophilic polymer inert to cell interac-
tion. Therefore, PEG-based hydrogels can be used as a blank 
slate that accentuates cellular responses to the scaffold-incor-
porated bioactive factors. In particular, photocrosslinked PEG 
diacrylate (PEGDA) hydrogels have seen wide use in various 
tissue engineering applications because gel formation can be 
triggered simply by exposure to UV light. [ 38–40 ]  The PEGDA-
based scaffolds have been used to incorporate VEGF pro-
teins [ 26,41,42 ]  and furthermore, the light mediated crosslinking 
enabled photopatterning of cell signals onto PEGDA scaffolds 
to control local cell behaviors. [ 43,44 ]  Our previously developed 
PEGDA-CMP platform demonstrated that CMPs conjugated to 
the PEGDA gel could hybridize with cell-adhesive CMP deriva-
tives by triple helical association which led to spatial control of 
cell adhesion. [ 36 ]  

 In this work, we present a new type of bifunctional CMP-QK 
peptide that can bind to PEGDA-CMP scaffolds and exert its 
angiogenic activity to ECs (see Table of Contents fi gure or Sup-
porting Scheme in Supporting Information). In addition, we 
demonstrate fabrication of micrometer scale photopatterned 
substrates that, when modifi ed with CMP-QK, can guide ECs 
to form long and thin aggregates that resemble early angio-
genic response. We also show that the CMP-QK, when applied 
topically in combination with biodegradable dextran/PEGDA 
hydrogels, can enhance neovascularization of burn wounds in 
mice, which is, to our knowledge, the fi rst in vivo therapeutic 
use of scaffold-bound collagen mimetic peptides.  

  2.     Results and Discussion 

  2.1.     Design and Characterization of CMP-QK 

 In our approach to combine the CMP-mediated VEGF signal 
delivery [ 30 ]  with our previously developed PEGDA-CMP plat-
form, [ 36 ]  we developed a new type of bifunctional peptide with 
sequence (POG) 8 -G 3 -KLTWQELYQLKYKGI (CMP-QK). The 
peptide was designed to bind to synthetic PEGDA-CMP scaf-
folds via triple helical assembly and act as a matrix-bound 
angiogenic factor. The CMP-QK peptide is comprised of i) a 
CMP domain consisting of eight Pro-Hyp-Gly, tri-amino acid 
repeats that can fold into triple helix at physiological tempera-
ture, ii) the VEGF-mimetic QK domain, and iii) a fl exible three-
glycine spacer that separates the CMP and VEGF-mimetic 
QK sequences enabling each domain to concurrently assume 
their secondary protein structure. Unlike the QK-CMP peptide 
reported previously by our group, the peptide was designed with 
QK at the C-terminus such that after the triple helical hybridi-
zation with PEGDA-CMP hydrogel, the bioactive QK domain is 
positioned away from the polymer backbone for facile interac-
tion with VEGF receptors on ECs. 

 Circular dichroism (CD) studies of CMP-QK showed hybrid 
CD signals that indicated co-existence of CMP triple helix 
and QK alpha helix conformations ( Figure    1  ). An ellipticity 
maximum at 225 nm which is characteristic of triple helix [ 45 ]  
was not observed in the hybrid CD trace as the ellipticity trace 
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displayed continuous decrease from 260 nm to the character-
istic alpha helix minimum at 222 nm (Figure  1 A). [ 27 ]  How-
ever, unlike the QK peptide with double minima (Figure  1 B), 
the CMP-QK showed a single ellipticity minimum at 204 nm 
similar to that of the triple helical CMPs. The CD melting trace 
acquired at 225 nm (Figure  1 C) showed a slow rise in ellipticity 
preceding the melting transition at 50 °C, which was also seen 

for QK-CMP in our prior work. [ 30 ]  The initial increase in CD 
signal is due to the temperature dependency of QK’s alpha 
helical signal, which gets stronger with rising temperature. 
When the sequence of QK domain was scrambled, the pep-
tide appeared to lose its alpha helical structure, and the rise in 
ellipticity at 225 nm prior to the melting transition disappeared 
(Supporting Information, Figure S1). The derivative (d θ /d T ) 
of CMP-QK’s CD melting curve (Figure  1 D) showed a clearly 
defi ned minimum at 50 °C, corresponding to the melting tem-
perature of the peptide's triple helical structure. The results 
indicate that the CMP domain of CMP-QK forms a stable triple 
helix at physiological temperature, and that the triple helical 
folding propensity of CMP-QK will allow it to hybridize with 
other CMP derivatives including those conjugated to PEGDA 
hydrogels.   

  2.2.     Development of PEGDA/CMP/RGD Photocrosslinked 
Scaffolds 

 Since the PEDGA-based hydrogel is generally inert to cell attach-
ment, we fi rst sought to create and test bioactive PEGDA-based 
hydrogel scaffolds that can support early angiogenic activity of 
ECs, one that is highly adhesive to cells and can present matrix-
bound VEGF-mimetic signals. We wanted to explore this before 
synthesizing an entirely new degradable scaffold that can sup-
port formation of mature microvasculature. We created PEGDA 
hydrogels displaying cell adhesive RGD peptide [ 38 ]  and CMP by 
copolymerizing PEGDA with two types of photocrosslinkable 
PEG conjugates, acrylate (Acrl)-PEG-RGD and Acrl-PEG-CMP 
(Supporting Information, Figure S2). Together, these compo-
nents make up a cell-adhesive scaffold (PEGDA/CMP/RGD) 
that could be readily modifi ed with other bioactive CMP spe-
cies for diverse cell culture applications. Prior to UV photopo-
lymerization of the hydrogel, the precursor solution was heated 
to 80 °C to melt the CMP triple helices into single strands to 
maximize the number of single strands in the hydrogel. [ 36 ]   

  2.3.     Binding and Release Study of CMP-QK 

 To assess CMP-QK’s capacity to hybridize to PEGDA/CMP/
RGD scaffolds, we synthesized a fl uorescently labeled version 
of the peptide CF-CMP-QK by adding a three-glycine spacer 
to the N-terminus of the peptide, followed by conjugation of 
carboxyfl uorescein (CF). CF-CMP-QK solution was heated 
to 80 °C to melt the peptides into single strands, and the hot 
solution was added directly to a preformed PEGDA/CMP/
RGD hydrogel. After incubating the sample overnight at 37 °C 
to allow for triple helical association, unbound peptides were 
removed by washing with blank buffer before measuring the 
fl uorescence of the hydrogel. 

 The initial binding and cumulative release profi les of CF-
CMP-QK from the PEGDA/CMP/RGD gels are shown in 
 Figure    2  , as well as those associated with two control gels- 
PEGDA/RGD gel (which lacks Acrl-PEG-CMP) and PEGDA-
only gel (which lacks Acrl-PEG-CMP and Acrl-PEG-RGD). With 
an initial CF-CMP-QK binding of 5.4 ± 0.8 nmoles, the PEGDA/
CMP/RGD gel supported signifi cantly more peptide binding 
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 Figure 1.    A) CD spectrum of CMP-QK. B) CD signals of QK peptide at dif-
ferent temperatures. C) CD melting curve of CMP-QK acquired at 225 nm. 
D) First derivative of the CD melting curve used to determine the  T  m  
(50 °C) of CMP-QK. CD ellipticity is presented as mean residue ellipticity 
(degree cm 2  dmol −1 ).
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compared to the control gels (Student’s  t  test,  p  < 0.01). Further-
more, release profi les indicated slower release of CF-CMP-QK 
from the PEGDA/CMP/RGD gel compared to control gels, with 
64% of initially bound peptides remaining on the scaffold after 
7 days versus 44% and 31% for PEGDA/RGD and PEGDA gels, 
respectively. Without the photocrosslinked Acrl-PEG-CMP, the 
gel lacks a binding partner for the CF-CMP-QK, and low ini-
tial binding and fast release are observed. The binding study 
also showed that PEGDA/RGD gels exhibit slightly stronger 
CF-CMP-QK binding compared to PEGDA gels. This is pos-
sibly due to weak charge-charge interactions between the QK 
domain and the RGDS groups. Nevertheless, the results clearly 
indicate that CMP-QK binding to the hydrogel is mediated pri-
marily by association with CMPs of the hydrogel. [ 36 ]   

 The binding study indicated that the CMP domain of 
CMP-QK can hybridize with CMPs in the hydrogel with a den-
sity of 3.5 nmol cm −2 . This density level is orders of magnitude 
higher than those achieved by conjugating VEGF protein to 2D 
surfaces, which is in the fmol cm −2  to pmol cm −2  range. [ 25,46–48 ]  
The CMP-QK density demonstrated in this work falls in line 
with similar work by others such as immobilization of QK to 
PEGDA (2.6 nmol cm −2 ) [ 26 ]  and collagen (5.5 nmol cm −2 ) [ 30 ]  
substrates. Therefore, we expected that adequate triple helix 
assembly between CMP-QK and PEGDA/CMP/RGD scaffold 
would create angiogenic QK signal with suffi cient density to 
induce morphological changes in ECs. 

 When compared to covalent conjugation of QK, the triple 
helix mediated non-covalent binding of CMP-QK offers many 
advantages. For example, in CMP-QK approach, the QK signal 
is orthogonal to the photocrosslinked RGD peptide so that the 
two signaling molecules can be tuned independently. The bio-
active CMP triple helix assembly strategy also has potential for 
displaying numerous types of bioactive signals in a combinato-
rial manner to investigate cell-scaffold interactions.  

  2.4.     Morphogenic Activation of Endothelial Cells 

 We tested CMP-QK’s ability to mimic the angiogenic activity 
of matrix-bound VEGF isoforms, in particular, the ability to 
induce capillary network formation of ECs. PEGDA/CMP/RGD 
scaffolds were prepared by the same methods as those used in 
the CMP-QK binding studies. Hot CMP-QK solution (80 °C) 
was added to the preformed hydrogel and incubated overnight, 
allowing the CMP domain to form triple helical hybridizations 
with CMPs in the hydrogel. After washing off unbound pep-
tides from the gel, 750 µL of HUVECs (110 000 cells mL −1 ) in 
EBM-2 media were seeded onto the scaffolds. The EBM-2 media 
devoid of soluble VEGF was used so that any VEGF-mediated 
signal could be attributed solely to CMP-QK activity. As a nega-
tive control, cells were also seeded on PEGDA/CMP/RGD scaf-
folds treated with blank hot PBS solution. As seen in  Figure    3  , 
HUVECs seeded on CMP-QK modifi ed PEGDA/CMP/RGD 
scaffolds displayed migratory behavior that led to the formation 
of capillary network-like morphology. In comparison, HUVECs 
seeded on scaffolds without CMP-QK modifi cation exhibited 
mostly cobblestone morphology.  

 The HUVEC morphology was further analyzed using quanti-
tative image analysis tools. [ 49,50 ]  We used CellProfi ler to convert 
phalloidin and DAPI stained cell images ( Figure    4  A) into quan-
titative cell morphology data. Specifi cally, we compared eccen-
tricity and compactness of the cell shape between CMP-QK 
modifi ed and PBS modifi ed samples. Figure  4 B shows that 
the HUVECs seeded on CMP-QK modifi ed scaffolds assumed 
a signifi cantly more elongated morphology compared to those 
on PBS modifi ed scaffolds, as deemed by higher compactness 
and eccentricity values (Student’s  t  test,  p  < 0.001). To validate 
that this cell shape analysis can be applied to assess angio-
genic behavior, we also conducted image analysis on positive 
and negative controls by seeding ECs on Geltrex basement 
membrane matrix and on tissue culture polystyrene (TCPS), 
respectively. Geltrex consists of diverse ECM components such 
as laminin, collagen IV, and heparin sulfate proteoglycans, as 
well as growth factors that cooperatively induce angiogenic dif-
ferentiation of ECs. As expected, HUVECs seeded on Geltrex 
scaffolds exhibited higher compactness and eccentricity values 
than cells seeded on TCPS. While Geltrex substrates seemed to 
elicit more branching and formation of denser networks than 
CMP-QK modifi ed PEGDA/CMP/RGD, both gels displayed 
similar values of cell compactness and eccentricity. These fi nd-
ings suggest that CMP-QK treated PEGDA/CMP/RGD scaf-
folds induce elongated EC morphology indicative of angiogenic 
activation.  

 Matrix-bound VEGF signaling is known to cause EC polari-
zation, formation of fi lopodial extensions containing thin pro-
cesses of actin stress fi bers, and enhanced migration. [ 13 ]  In 
particular, this type of EC morphogenesis appears especially 
pronounced in genetically altered animal models that only 
produce the heparin-binding isoforms of VEGF. These ani-
mals are reported to feature ECs that fi rst extend multidirec-
tional fi lopodia and later develop into unusually thin capillary 
networks with high branching, consistent with a migratory EC 
phenotype. [ 51,52 ]  In drastic contrast, animal models that only 
express soluble VEGF isoforms produce thick capillaries with 
less branching. Although more thorough mechanistic study of 
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 Figure 2.    Initial binding (day 0) and release profi les (at 37 °C) of CF-
CMP-QK from PEGDA/CMP/RGD scaffolds and control gels lacking CMP 
binding partners. Hot CF-CMP-QK (80 °C) solution was added to the gels 
and incubated at 37 °C overnight to allow for complete CMP triple helix 
hybridization. The gels were washed to remove unbound peptides, and 
incubated in PBS at 37 °C. The coverage solution was replaced with fresh 
deionized water immediately prior to each fl uorescence measurement. 
Data reported as mean ± SD.
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the angiogenic pathway is needed, the fi lopodial extensions and 
migratory phenotype of HUVECs seeded on CMP-QK modi-
fi ed scaffolds seem to suggest that the hydrogel triggers matrix-
bound VEGF-like signals to ECs. 

 In order to confi rm that CMP-QK induced HUVEC mor-
phogenesis occurred through a VEGF-like signaling pathway 
and not by non-specifi c alteration of cell-scaffold interac-
tions, we conducted cell culture experiments on control scaf-
folds treated with CMP conjugated to scrambled QK sequence 
(CMP-RandomQK). RandomQK peptide had no alpha helical 
CD signature, but the CMP-RandomQK peptide was able to 
fold into triple helix with a  T  m  of 50 °C, similar to that of the 
CMP-QK, as evidenced by CD melting experiment (Supporting 

Information S1). HUVECs seeded onto scaffolds treated with 
CMP-RandomQK assumed cobblestone morphology with no 
indication of capillary network formation. Computerized image 
analysis showed high level of capillary-like tube coverage on 
scaffolds modifi ed with CMP-QK; however, CMP-RandomQK 
treated scaffolds showed large node areas due to confl uent 
cells ( Figure    5  ). The lack of angiogenic response from CMP-
RandomQK modifi ed scaffolds strongly supports the notion 
that the HUVEC morphogenesis on CMP-QK treated PEGDA/
CMP/RGD scaffolds is mediated by the QK signals. When 
human dermal neonatal fi broblasts were seeded, there were no 
distinct morphological differences between cells seeded onto 
CMP-QK or PBS treated scaffolds (Supporting Information, 
Figure S3). These fi ndings further suggest that the CMP-QK 
mediated HUVEC stimulation arises from EC specifi c sign-
aling pathway and not from alteration of cell-scaffold interac-
tions through changes in scaffold stiffness or hydrophobicity.  

 To confi rm that the network-like morphology of HUVECs 
seeded on CMP-QK modifi ed scaffolds was induced by VEGF 
mediated signaling pathways, we investigated ERK1/2 phos-
phorylation levels of ECs. [ 27,53,54 ]  We examined ECs seeded on 
PEGDA/CMP/RGD scaffolds treated with either the CMP-QK, 
or blank PBS, as well as those cultured on the same scaffolds 
with media containing soluble VEGF. The p-ERK1/2 to ERK1/2 
expression ratio in cells seeded on CMP-QK modifi ed scaffolds 
was similar to that on VEGF-supplemented samples, but higher 
than control scaffolds treated with blank PBS ( Figure    6  ). These 
fi ndings suggest that scaffold-bound CMP-QK induces cell 
signaling pathways similar to that of VEGF.   

  2.5.     CMP-QK Signaling with Photopatterned PEGDA Hydrogel 

 The photopolymerized PEGDA hydrogel system featuring CMP 
is a unique platform to combine spatial cell confi nement with 
growth factor immobilization. In the past, geometric control 
over cell adhesion has been used to induce EC differentiation. 
For example, glass slides micropatterned with collagen can spa-
tially confi ne EC adhesion to narrow lanes and induce ECs to 
exhibit elongated morphology with cytoskeleton alignment as 
well as alter the composition of ECM deposited by the cells. [ 55,56 ]  
Microcontact printing of fi bronectin strips resulted in guid-
ance of cell adhesion and alignment of ECs, ultimately leading 
to lumen formation upon transfer to a fi brin gel. [ 50 ]  Collagen-
fi lled 3D microchannels were also used to spatially confi ne 
EC to induce tubulogenesis. [ 57 ]  We were able to create narrow 
cell adhesive lanes by photopolymerizing a patterned layer of 
CMP/RGD on top of preformed PEGDA hydrogel. A precursor 
solution containing Acrl-PEG-CMP, Acrl-PEG-RGD, and pho-
toinitiator was applied to the surface of a preformed PEGDA 
gel and exposed to UV light through a transparency mask with 
100 or 200 µm lines. This process yielded scaffolds featuring 
micropatterned lanes containing both cell-adhesive RGD and 
CMP. The patterned scaffolds could be subsequently modifi ed 
using 80 °C CF-labeled CMP solution with high spatial fi delity 
as evidenced by fl uorescence microscopy ( Figure    7  A). HUVECs 
seeded on CMP-QK modifi ed patterned scaffolds showed very 
narrow cell organization while exhibiting elongated cell shape 
and cytoskeleton alignment (Figure  7 B,C); in contrast, cells on 
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 Figure 3.    A) Comparative phase contrast micrographs of HUVECs 
seeded onto PEGDA/CMP/RGD gels treated with CMP-QK or PBS (con-
trol) at 8 h and 24 h after seeding. Cells on CMP-QK modifi ed scaffolds 
(left panels) extended fi lopodial projections and assumed migratory 
phenotype whereas cells on control scaffolds were mostly cobblestone 
in morphology (right panels). B) Capillary network-like organization of 
cells on CMP-QK modifi ed scaffolds. Examples of fi lopodial extensions 
are marked by arrowheads.
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PBS treated scaffolds exhibited cobblestone morphology and 
a more proliferative phenotype. The morphology of ECs on 
CMP-QK modifi ed scaffolds more closely resembled the migra-
tory phenotype of ECs seen in animal models expressing only 
matrix-bound VEGF 188  murine isoforms. [ 11 ]   

 We then tested if CMP-QK modifi cation of synthetic scaf-
folds via triple helix hybridization could be used to locally con-
trol EC morphogenesis within a micropatterned lane of cells. 
After the RGD and CMP photopatterning, the hydrogels were 
partially dipped into a hot solution of CMP-QK (1 m M ), allowing 
the peptide to diffuse into part of the gel and hybridize with the 
CMP. These gels were then transferred to a 24-well plate, rinsed 
with PBS to remove unbound CMP-QK, and subsequently 
seeded with HUVECs.  Figure    8   shows that cells adhering to 

the micropatterned regions further modifi ed by submersion in 
CMP-QK (with high CMP-QK signal) exhibited one to two cell 
layers within the pattern, with elongated and aligned cellular 
morphology, whereas those in the unsubmerged regions of the 
micropattern (no CMP-QK signal) appeared cobblestone and 
undifferentiated. The transition in cell morphology seemed to 
have occurred gradually along the photopatterned lane, possibly 
due to the spatial gradient of bioactive CMPs created through 
the gel. [ 36 ]  These results demonstrate the novelty of our system, 
incorporation of both the cell adhesive cues to confi ne cell 
attachment and the spatial control of scaffold-bound QK signals 
to elicit local angiogenic activation of EC. This capability high-
lights the potential of using CMP hybridization to display VEGF-
like signals in patterned scaffolds for directed angiogenesis. 
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 Figure 4.    A) Fluorescence micrographs of HUVECs cultured on PEGDA/CMP/RGD scaffolds modifi ed with CMP-QK or PBS, as well as those cultured 
on Geltrex and TCPS substrate as positive and negative controls, respectively. Cells were stained with DAPI (stains nucleus in blue) and phalloidin 
(stains actin in green). B) Results of quantitative image analysis of cell morphology showing the cell compactness and eccentricity values for different 
scaffold conditions (Student's  t  test: *  p  < 0.001). Data reported as mean ± SEM.
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We are currently developing MMP-cleavable PEGDA scaffolds 
functionalized with CMP-QK, which could be used to study the 
tubulogenesis of ECs encapsulated in 3D scaffolds.   

  2.6.     Neovascularization of Burn Wounds Promoted by CMP-QK 
Containing Degradable Scaffolds 

 Vascular function in defective tissues can be improved by pro-
moting ingrowth of vasculatures from autologous blood ves-
sels. [ 58 ]  In deep burn wounds, vascular ingrowth is particularly 
critical for transporting of nutrients, oxygen, and immune cells 
to repair damaged tissues. [ 59,60 ]  Therefore, researchers have 

been working on developing biodegradable hydrogels that can 
promote tissue ingrowth and neovascularization. [ 61–63 ]  

 Gerecht and coworkers recently developed a dextran (Dex-
AE) and PEGDA copolymer system that crosslinks upon UV 
exposure. [ 61 ]  Dextran’s reactive hydroxyl groups were fi rst modi-
fi ed with allyl isocyanate to incorporate photoreactive vinyl 
groups, and with ethylamine to enhance hydrogel integration 
with host tissue. In third-degree burn wound mouse models, 
the implanted Dex-AE/PEGDA hydrogels allowed effi cient infi l-
tration of infl ammatory cells that facilitated scaffold biodegra-
dation. [ 63 ]  This, in turn, promoted high levels of vascular cell 
infi ltration and neovascularization at the burn site. 

 We thought that combining Dex-AE/PEGDA hydrogels with 
CMP-QK would further enhance the vascularization of burn 
wounds, which could be achieved by conjugating CMP-QK to 
the Dex-AE/PEGDA hydrogel using our hybridization strategy. 
Our approach was to fi rst copolymerize Acrl-PEG-CMP with 
Dex-AE/PEGDA monomers, followed by hybridization with 
CMP-QK. We prepared three monomer mixture solutions 
consisting of 8 wt% Dex-AE and 2 wt% PEGDA, and 0, 0.5, or 
1 wt% Acrl-PEG-CMP. This mixture solution was heated to 80 °C 
to ensure melting of the CMPs and photopolymerized by 
UV exposure (6.0 J cm −2 ). The resulting gels were implanted 
on third-degree burn wounds of mice 48 h after injury fol-
lowing current clinical practice. Histology of the tissue sections 
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 Figure 5.    Computer-assisted image analysis (MetaMorph) of tube-like 
organization of endothelial cells that were seeded on PEGDA/CMP/
RGD scaffolds modifi ed with CMP-QK or CMP-RandomQK. Cells on 
CMP-QK modifi ed scaffolds show greater tube coverage whereas CMP-
RandomQK samples show confl uent cells mostly characterized as nodes. 
The sequence of CMP-RandomQK is (POG) 8 -G 3 - KLTLEYQLKWYQKGI. 
Data reported as mean ± SD.

 Figure 6.    Expression and phosphorylation of ERK1/2 in HUVECs, in 
response to CMP-QK activation in PEGDA/CMP/RGD hydrogel. ERK1/2 
Western Blot showed an increased phosphorylation to expression ratio 
when cells were exposed to scaffold bound CMP-QK or soluble VEGF as 
compared to the same scaffold treated with PBS.
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harvested at 7 and 21 days after treatment suggested that CMP-
containing gels did not cause any evident necrosis or tissue tox-
icity, and the tissue exhibited abundant granulation tissues with 
macrophage and neutrophil activity levels similar to those of 
control gels. By 21 days, the gels in all samples were degraded 
and entirely replaced by regenerated dermal tissue featuring 
epidermal layer and growth of new hair follicles (Supporting 
Information, Figure S4). 

 Encouraged by the biocompatibility of the Dex-AE/PEGDA/
Acrl-PEG-CMP system, we conducted preliminary in vivo test 
incorporating the QK signal into this hydrogel through three 
different approaches: 1) triple helix immobilization between 

CMP-QK and CMP of the hydrogel, 2) direct covalent conjuga-
tion into the hydrogel via photocrosslinking of Acrl-PEG-QK, 
and 3) encapsulation of QK as a soluble factor. For the fi rst con-
dition, we created Dex-AE/PEGDA gel precursor solution con-
taining 0.5 wt% Acrl-PEG-CMP and 333 µ M  CMP-QK. This pre-
cursor solution was heated to 80 °C to melt the CMP-QK and 
Acrl-PEG-CMP into single strands and then photocrosslinked 
into a gel at room temperature, concurrently allowing CMP-QK 
to hybridize with crosslinked Acrl-PEG-CMP. The second test 
construct consisted of gels featuring covalently conjugated QK 
signal that were created by copolymerizing a precursor solu-
tion containing Dex-AE/PEGDA and 333 µ M  Acrl-PEG-QK. 
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 Figure 8.    Fluorescence micrographs of HUVECs seeded on PEGDA scaffolds micropatterned with CMP/RGD and further modifi ed with CMP-QK solu-
tion by partial submersion. The spatial variation in the level of angiogenic QK signal induced spatially distinct cell morphology; elongated morphology at 
submerged regions (high CMP-QK signal) undifferentiated cobblestone morphology at unsubmerged regions (low CMP-QK signal). Cells were stained 
with DAPI (blue), phalloidin (green), and CD31 (red).

 Figure 7.    Fluorescence micrographs of A) PEGDA scaffolds micropatterned with CMP/RGD via surface photopolymerization and further treated with 
CF-CMP, and B) HUVECs seeded on the micropatterned hydrogels further treated with CMP-QK or blank PBS. Width of the line patterns are 200 µm in 
fi gure A and 100 µm in B. Cells on CMP-QK modifi ed scaffolds displayed a polarized morphology aligned in the direction of long axis of the micropat-
terns, while cells on PBS scaffolds exhibited cobblestone morphology. Cells were stained with DAPI (stains nucleus in blue), phalloidin (stains actin in 
green), and CD31 (stains EC intercellular junctions in red).
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For the third condition, soluble QK (333 µ M ) was simply added 
into the Dex-AE/PEGDA precursor solution and encapsulated 
within the photocrosslinked gel. We also tested a blank con-
trol Dex-AE/PEGDA gel that did not contain any QK. After 
implanting these gels on burn wounds of mice, the tissues 
were harvested after 7 days and analyzed for ingrowth of vas-
cular networks. Vascular networks stabilized by smooth muscle 
cells were identifi ed by staining for alpha smooth muscle actin 
(α-SMA). 

  Figure    9   shows the histology of tissue sections and quan-
tifi cation of blood vessels for the different gel types tested. 

Although the results are from small sample size (two mice 
per each gel type), the gels clearly exhibited difference in the 
extent of neovascularization despite having equivalent molar 
amounts of QK signal. CMP-QK moieties bound to the scaf-
fold via triple helical association with Acrl-PEG-CMP promoted 
the highest amount of neovascularization, nearly twice that of 
blank Dex-AE/PEGDA. When QK is photocrosslinked into the 
hydrogel via the copolymerization of Acrl-PEG-QK, there was 
only marginal enhancement in vascular development, whereas 
addition of soluble QK had no improvement when compared 
to the blank Dex-AE/PEGDA hydrogel. This could be due to 
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 Figure 9.    Dex-AE/PEGDA gels with different angiogenic QK moieties were implanted on burn wounds of mice, and the healing tissues were harvested 
after 7 days. A) H&E-stained histological sections were stained for alpha smooth muscle actin to identify vascular networks (vessel examples marked by 
arrows; W, wound area; G, hydrogel scaffold). B) Quantifi cation of blood vessel density at wound sites treated with gels featuring different QK moieties 
showed that QK immobilization into the gel by CMP hybridization enhances neovascularization. Data reported as mean ± SD.
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the soluble QK quickly diffusing away from the wound site or 
fast proteolytic degradation. [ 19 ]  In accordance with previously 
reported hydrogel matrices that contain covalently conjugated 
VEGF or QK, [ 26,41,64 ]  our fi ndings indicate that the immobilized 
QK provide signals that direct endothelial cell migration and 
vascular ingrowth. Interestingly, our results suggest that pre-
senting angiogenic signals as a combination of matrix-bound 
and slowly-releasing forms as in the case of CMP-QK, is ideal 
for neovascularization, similar to the way VEGFs are presented 
in the ECM in natural tissues. We are currently conducting 
thorough investigations into the rates of matrix degradation, 
QK release, and neovascularization, in order to gain deeper 
insights into the benefi ts of QK-presenting gels in vivo. 

     3.     Conclusions 

 While the use of soluble angiogenic growth factors in tissue 
engineering studies has demonstrated promising results, 
recapitulating the matrix-bound growth factors found in vivo 
requires the development of new angiogenic factors that can 
bind to cell scaffolds. We designed a bifunctional CMP-QK pep-
tide engineered to mediate VEGF-like signaling through its QK 
domain and at the same time hybridize with CMP-presenting 
scaffolds  via  triple helical assembly. ECs seeded on PEGDA/
CMP/RGD scaffolds treated with this immobilized CMP-QK 
exhibited angiogenic behaviors including a migratory phe-
notype and the extension of multiple fi lopodial protrusions 
that led to the formation of a capillary network-like organiza-
tion. Furthermore, the PEGDA-based system can be photopat-
terned with bioactive factors to spatially confi ne EC adhesion. 
On micropatterned lanes of 100–200 µm widths, ECs formed 
thin aggregates that are aligned in the direction of the long 
axis of the micropattern, suggesting the CMP-QK hybridization 
system may have potential for spatially directed angiogenesis. 
The CMP-QK peptide's angiogenic functionality also applies to 
in vivo settings as seen by its ability to promote neovasculariza-
tion of burn wounds in a mouse model. To our knowledge, this 
is the fi rst in vivo study that investigates the therapeutic ben-
efi ts of scaffold-immobilized bioactive CMPs.  

  4.     Experimental Section 
  Materials : Peptide synthesis reagents including Fmoc-amino 

acids, 2-(1H- benzo-triazole-1-yl)-1,1,3,3-tetra-methyluronium 
hexafl uoro-phosphate (HBTU), N,N-diisopropylethylamine (DIPEA), 
N-methylpyrrolidone (NMP), and trifl uoroacetic acid (TFA) were 
obtained from Advanced ChemTech (Louisville, KY). Rink-type Tentagel 
R RAM peptide synthesis resin was obtained from Peptides International 
(Louisville, KY). Other peptide synthesis reagents including piperidine, 
carboxyfl uorescein (CF), acrylic acid, triisopropylsilane (TIS), and 
2-hydroxy-4′-(2-hydroxyethoxy)-2-methylpropiophenone (Irgacure 2959) 
were purchased from Sigma-Aldrich (St Louis, MO). PyBOP and PyAOP 
were obtained from EMD Chemicals (Philadelphia, PA). N-Fmoc-amido-
dPEG4-acid (dPEG) and poly(ethylene glycol) diacrylate (PEGDA, 3400 
Da) were obtained from Advanced ChemTech and Glycosan BioSystems 
(Salt Lake City, UT), respectively. Succinimidyl valerate (SVA) activated 
PEG acrylate (acrylate-PEG 3400 -SVA) was purchased from Laysan Bio 
(Arab, Alabama). Dialysis membrane cassettes (3.5 kDa, MWCO) were 
obtained from Thermo Fischer Scientifi c (Rockford, IL). Round glass 

cover slips (15 mm diameter) were purchased from Electron Microscopy 
Sciences (Hatfi eld, PA), and 3-(trimethoxysilyl)propyl methacrylate was 
purchased from Sigma-Aldrich. HUVECs and EGM-2 endothelial cell 
media were purchased from Lonza (Walkersville, MD), and fi broblasts 
(human dermal, neonatal) were obtained from American Type Culture 
Collection (Manassas, VA). DMEM/F12 + GlutaMAX media and Geltrex 
basement membrane matrix were obtained from Life Technologies 
(Carlsbad, CA). For cell fi xing and staining, 10% neutral buffered 
formalin was purchased from Sigma-Aldrich, tris-buffered saline (TBS) 
was obtained from Bio-Rad Laboratories (Hercules, CA), and Alexa-Fluor 
488 phalloidin and 4,6-diamidino-2-phenylindole (DAPI) were obtained 
from Life Technologies and Roche Applied Science (Indianapolis, IN), 
respectively. Anti-human CD31 primary antibody (JC70A) was purchased 
from Dako (Glostrup, Denmark), and Alexa-Fluor 594 conjugated 
goat anti-mouse secondary antibody was obtained from Jackson 
ImmunoResearch Laboratories (West Grove, PA). 

  Peptide Synthesis : Peptides were manually synthesized on Tentagel 
resin using conventional Fmoc mediated chemistry. Coupling reactions 
were achieved using 4.5-fold molar excess of amino acids activated by 
HBTU in the presence of DIPEA. Fmoc protection groups were removed 
by treatment with piperidine. Acrl-PEG-CMP peptides were synthesized 
as described previously. [ 36 ]  Briefl y, the CMP was reacted on resin with the 
Fmoc-dPEG spacer (4-fold molar excess) activated by PyBOP, followed 
by deprotection and reaction of the dPEG’s terminal amine with acrylic 
acid (5-fold molar excess) activated by PyBOP. Fluorescently labeled 
CMPs were synthesized by reacting peptide on resin with CF (6-fold 
molar excess) activated by PyAOP. Peptide conjugates were cleaved 
from the resin by treatment with a cleavage cocktail (95% TFA, 2.5% 
TIS, 2.5% deionized water) for at least 3 h. The cleaved peptide solution 
was fi ltered and added dropwise to cold ethyl ether, and kept at −20 °C 
overnight to precipitate the crude peptides. The precipitates were then 
pelleted by centrifugation and dried under vacuum. 

 Crude peptides were purifi ed using reverse-phase high performance 
liquid chromatography (HPLC) on a Varian Polaris 210 series liquid 
chromatograph (Agilent Technologies, Santa Clara, CA) equipped with a 
semiprep Vydac reverse-phase C18 column. The mobile phase consisted 
of gradient mixtures of deionized water and acetonitrile with 0.1% TFA, 
which was pumped through the column at a fl ow rate of 4 mL min −1 . 
Peptides were detected by UV absorption at 220 nm for Acrl-PEG-CMP 
and RGDS or at 275 nm for CMP-QK peptides. The elutions containing 
target peptides were collected and lyophilized. The purity of peptides 
was determined by matrix-assisted laser desorption/ionization time-
of-fl ight (MALDI-ToF) mass spectrometry (Voyager DE-STR, Applied 
Biosystems, Foster City, CA) (Supporting Information, Figure S5). 

  Synthesis of Acrylate-PEG-RGD : Acrylate (Acrl)-PEG-RGD was 
synthesized by conjugating RGDS to acrylate-PEG 3400 -SVA. Acrylate-
PEG 3400 -SVA and 3-fold molar excess RGDS were each dissolved 
separately in 300 µL of 50 m M  NaHCO 3  buffer. RGDS solution was 
immediately added dropwise to the acrylate-PEG 3400 -SVA solution. The 
reaction mixture was stirred for 24 h at room temperature and dialyzed 
in the dark for 2 days using a 3.5 kDa MWCO membrane to remove 
excess RGDS peptide from the target Acrl-PEG-RGD product. HPLC 
chromatograms and MALDI mass spectra confi rmed that the major 
product of this reaction was Acrl-PEG-RGD with negligible unreacted 
acrylate-PEG 3400 -SVA (Supporting Information, Figure S6). 

  Circular Dichroism Study : Prior to circular dichroism (CD) 
measurements, CMP-QK, QK, and CMP-RandomQK (100 µ M ) solutions 
were incubated at 4 °C overnight to ensure full conformational folding. 
The CD spectrum was measured using a JASCO 710 spectrometer with 
JASCO PTC-348 WI temperature controller (Easton, MD). CD thermal 
melting curves were generated by heating the sample from 5 °C to 85 °C 
at a rate of 1 °C min −1  while tracking the CD ellipticity at 225 nm. The 
melting temperature of the peptide ( T  m ) was designated as the minimum 
of the fi rst derivative of ellipticity versus temperature curve. 

  PEGDA/CMP/RGD Hydrogel Synthesis : Hydrogel precursor solutions 
were prepared by combining 45 µL of 20 wt% PEGDA and 0.1 wt% 
Irgacure photoinitiator in PBS, 11.25 µL of 20 m M  Acrl-PEG-CMP in PBS, 
and 33.75 µL of 10  M  Acrl-PEG-RGD in PBS to create a fi nal composition of 
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10 wt% PEGDA, 0.05 wt% Irgacure, 2.5 mM Acrl-PEG-CMP, and 3.75 m M  
Acrl-PEG-RGD. This PEGDA/CMP/RGD gel precursor was heated to 
80 °C for 30 min and then 85 µL was deposited onto a glass cover slip 
that was previously functionalized with methacrylate groups, which 
was achieved by swirling NaOH-etched cover slips in 2% solution of 
3-(trimethoxysilyl)propyl methacrylate diluted in toluene for 30 min, 
followed by curing the cover slips in a 70 °C oven for 1 h. [ 65 ]  An untreated 
cover slip was placed on top of the precursor solution to form a glass-
solution-glass sandwich. The samples were then exposed for 7 min to 
a 365 nm UV light at ≈10 mW cm −2  intensity (Omnicure S1000, Lumen 
Dynamics, Mississauga, Canada). After gel formation, the top cover slip 
was peeled away, and the gel bound to the methacrylated cover slip was 
transferred to a 24-well plate for further experiments. 

  CMP-QK Binding and Release Study : PEGDA/CMP/RGD gel and 
control samples PEGDA/RGD gel and PEGDA-only gel were prepared 
as described above. These gels were stored at 37 °C in a 24-well plate 
and covered with 500 µL deionized water. Next, 750 µ M  CF-CMP-QK 
solution was heated to 80 °C for 30 min to melt triple helices into 
single strands. After removing the coverage solution from the gels, 
500 µL of hot CF-CMP-QK solution was added to the gels, which were 
then incubated at 37 °C overnight to allow for peptide-scaffold triple 
helical hybridization. On the following day, gels were washed with room 
temperature water (1 mL × 10) to remove unbound CF-CMP-QK. The 
fl uorescence of the CF-labeled peptides bound to the gels was measured 
(excitation 489 nm, emission 533 nm) using a Spectramax plate reader 
(Molecular Devices, Sunnyvale, CA). The gels were incubated at 37 °C 
during subsequent days, and the coverage solution was replaced with 
fresh water immediately prior to each successive fl uorescence reading. 
The fl uorescence readings were converted into moles of peptide using 
a standard curve generated from fl uorescence values of a series of 
solutions with known peptide concentration. 

  Cell Seeding on CMP-QK Modifi ed PEGDA/CMP/RGD Scaffolds : Gels 
were photocrosslinked as described above inside a cell culture hood 
under sterile condition, and transferred to a 24-well plate. Subsequently, 
500 µL of CMP-QK in PBS (750 µ M ), (or either blank PBS or CMP-
RandomQK as a control) preheated to 80 °C was added to the well 
and incubated at 37 °C overnight. The CMP-QK solution was removed 
from the gel by pipetting, and unbound peptides were removed by 
washing with blank PBS (1 mL × 10). HUVECs (passages 3 to 6) were 
seeded on the gels at a concentration of 110 000 cells mL −1  in 750 µL 
of EBM-2 medium containing 2% fetal bovine serum (FBS). Twenty 
four hours after seeding, HUVECs were fi xed with neutral buffered 10% 
formalin solution for 30 min and blocked with TBS supplemented with 
0.25% Triton X-100 and 5% donkey serum. Cells were stained using 
PBS solution containing DAPI (1 µg mL −1 ) and phalloidin (0.165 µ M ). 
Fluorescent cell images were captured using a Nikon Eclipse TE2000-E 
(Nikon Instruments, Melville, NY). CellProfi ler software was used to 
obtain quantitative cell morphology data to evaluate cell compactness 
and eccentricity. [ 66 ]  Compactness was defi ned as the variance of the 
radial distance of the cell’s pixels from the centroid divided by the cell 
area. The eccentricity is the ratio of the distance between the foci of the 
ellipse and its major axis length. Eccentricity of a cell was determined 
from a corresponding ellipse that has the same second-moments as the 
cell. Only cells above a minimum cell area equal to twice the size of 
the average cell nucleus were included in the calculation. This threshold 
excludes cells found at the nexus of capillary networks whose rounded 
morphology can skew the cell shape measurements for CMP-QK 
modifi ed scaffolds and Geltrex samples. To quantify the QK domain’s 
infl uence on capillary network formation, the angiogenesis assay from 
MetaMorph software was used to analyze at least 5 different image 
fi elds from independent experiments ( n  ≥ 3) for scaffolds modifi ed with 
CMP-QK or CMP-RandomQK. 

  ERK1/2 Western Blot Assay : To prepare cells for the ERK1/2 assay, 
HUVECs were starved for 4 h in reduced serum (0.25% FBS) EBM-2 
media. Cells were trypsinized and seeded onto PEGDA/CMP/RGD gels 
modifi ed with CMP-QK (or with blank PBS for control) as described 
above. Each gel was seeded with 750 µL of cell suspension with 
150 000 cells mL −1  in EBM-2 containing 2% FBS. For positive control, 

select gels were seeded with cells using media supplemented with 
soluble VEGF (100 ng mL −1 ). After 2 h of incubation at 37 °C, the cells 
on the scaffolds were lysed with lysis buffer (25 m M  Tris-HCL, 0.5% 
Triton X-100, 200 m M  NaCl, 2 m M  EDTA, phosphatase and protease 
inhibitors; Roche Applied Science). Cell lysates from multiple gels were 
combined for each condition and centrifuged at 14 000  g  for 15 min at 
4 °C. The total protein concentration in the supernatant was measured 
using a Pierce BCA protein assay kit. The lysate was loaded into a 
NuPAGE 10% Bis-Tris gel (Life Technologies), and the proteins were 
separated by electrophoresis in MOPS buffer (200 V for 50 min). The 
proteins on the gel were transferred to a nitrocellulose membrane using 
the iBlot Dry Blotting System (Life Technologies). The membranes were 
blocked for 1 h at room temperature with 5% milk or 5% BSA and then 
stained overnight at 4 °C with specifi c antibodies for total ERK1/2 or 
Phospho-ERK1/2, respectively. The membranes were stained with anti-
rabbit horseradish peroxidase conjugated secondary antibody for 100 
min at room temperature. Amersham ECL detection reagent was used 
to reveal the protein bands on fi lms, and these bands were quantifi ed 
using ImageQuant TL (GE Healthcare Life Sciences, Buckinghamshire, 
UK). 

  Photopatterning of PEGDA Gel Surfaces : Gel precursor solution 
(85 µL) consisting of 10 wt% PEGDA and 0.1% Irgacure in PBS were 
photopolymerized by exposing a glass-PEGDA-glass sandwich construct 
to 365 nm UV light at ≈10 mW cm −2  intensity for 2 min. After removing 
the top glass coverslip, an 80 °C PBS solution (40 µL) consisting of 
5 m M  Acrl-PEG-CMP, 5 m M  Acrl-PEG-RGD, and 0.5 wt% Irgacure was 
applied to cover the surface of PEGDA gel. The gel was covered with a 
transparency mask with linear gaps of 100 or 200 µm in width that were 
1 mm apart, and the sample was exposed to UV light for 7 min. The gels 
were then transferred to 24-well plate and rinsed with PBS three times to 
remove uncrosslinked compounds. For CMP modifi cation, the gel was 
treated with 500 µL of CMP-QK in PBS (750 µ M , 80 °C). After overnight 
incubation at 37 °C, the gels were washed with PBS (1 mL × 10), 
followed by seeding with HUVECs (85 000 cells mL −1 ) in 750 µL of 
EGM-2 media devoid of VEGF. 

 For spatially-controlled CMP-QK modifi cation, photopatterned gels 
were partially dipped into 80 °C CMP-QK solution (1 m M  in PBS) with 
photopatterned lines perpendicular to the surface of the solution. The 
gels were incubated at 37 °C for 2 h while partially submerged in the 
solution. Gels were transferred to a 24-well plate, washed to remove 
unbound peptides, and seeded with cells as described above. 

  Mouse Surgery Procedure : We followed the animal experimental 
procedures previously reported by Sun and coworkers, which were 
approved by The Johns Hopkins University Animal Care and Use 
Committee. [ 63 ]  Mice were anesthetized with isofl urane before shaving 
and applying a depilatory (Nair, Chruch & Dweight Co, Inc). A 220 gauge 
aluminum rod was heated in a 100 °C water bath and applied to the 
posterior-dorsum of each mouse for 4 s to generate a burn wound. 
Following existing clinical procedure, we performed burn wound excision 
48 h after the burn injury. We excised full-thickness skin (8 mm diameter) 
from the burn site and applied the Dex-AE/PEGDA gels onto the wound 
before covering the site with DuoDerm dressing. 

  Preparation of (Dex-AE)/PEGDA Hydrogels Featuring CMP and QK 
Analogs : A dextran-allyl isocyanate-ethylamine (Dex-AE)/PEGDA gel 
containing CMP was created by photocrosslinking a gel precursor 
solution consisting of Dex-AE/PEGDA (10 wt% in 80/20 ratio), Acrl-
PEG-CMP (0, 0.5, or 1 wt%), and Irgacure 2959 photoinitiator (0.1 wt%). 
For neovascularization studies, the Dex-AE/PEGDA precursor solution 
was supplemented with either QK (333 µ M ), Acrl-PEG-QK (333 µ M ), or 
0.5 wt% Acrl-PEG-CMP with 333 µ M  CMP-QK. Gel precursor solutions 
were then heated to 80 °C and pipetted into a sterile mold (70 µL 
volume per well) before photopolymerization by 10 min of UV exposure 
(6.0 J cm −2 ). The resulting hydrogel disks (8 mm in diameter, ≈2 mm in 
thickness) were removed from the molds and immersed in sterile PBS 
before application to the burn wounds within 24 h. 

  Histology : Gel constructs were explanted 7 or 21 days after 
implantation and fi xed with formalin-free fi xative (Accustain, Sigma-
Aldrich) following manufacturer's guidelines. Samples were then 
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dehydrated in ethanol, embedded in paraffi n, and serially sectioned 
before staining with hematoxylin and eosin (H&E). Mature vascular 
networks were identifi ed by staining for alpha smooth muscle actin 
antibody (Abcam plc). Vessels were counted from samples harvested 
from two mice yielding between two to four tissue sections for each 
gel condition. The area in mm 2  of each tissue section was traced using 
ImageJ (National Institutes of Health, Bethesda) which was used to 
calculate the density of vessels at the wound site.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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