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ABSTRACT: We show that coating of decellularized extrac-
ellular matrix (DC-ECM) on substrate surfaces is an efficient
way to generate a platform mimicking the native ECM environ-
ment. Moreover, the DC-ECM can be modified with a peptide
(QK) mimicking vascular endothelial growth factor without
apparently compromising its integrity. The modification was
achieved through metabolic incorporation of a “clickable”
handle to DC-ECM followed by rapid attachment of the QK
peptide with an azido tag using copper-catalyzed click reaction.
The attachment of the QK peptide on to DC-ECM in this way further enhanced the angiogenic responses (formation of
branched tubular networks) of endothelial cells.
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1. INTRODUCTION

The bottleneck in development of tissue engineering scaf-
folds often lies on the formation of vascular networks through
angiogenesis and vasculougenesis.1−3 The vascularization and
other processes for tissue regeneration are regulated through the
extracellular matrix (ECM) that dynamically presents a large
collection of cues as part of the ECM molecules, growth factors,
and physical features at macro- to nanoscales.1,4 For the
development of synthetic scaffolds, the ultimate goal is to
mimic the essentials of these molecular and physical cues in a
cost-effective way.1,4 Recent advances in this field include
nanostructured scaffolds,5,6 degradable hydrogel scaffolds,7,8

spatial and dynamic control of ligand, and/or growth factor
presentation and delivery,9−12 polymers for engineering cell
surfaces13 and covalent ligation of cells.14 Despite the great
progress,1,4 current synthetic scaffolds can present only one or a
handful of cues.15 In comparison, natural scaffolds prepared by
removal of the cellular contents (decellularization) of tissues or
organs may ideally retain the major structural integrity and
present much more molecular cues than synthetic scaffolds.16−19

Nevertheless, decellularization is inherently accompanied by
substantial loss of ECM molecules and growth factors and
altering the structures and mechanical properties.20 Few
methods are available to recapitulate the loss of functions and
to enhance other desired functions without further deteriorating
the delicate decellularized ECM (DC-ECM). Herein, we present
a versatile and mild method for rapid attachment of
biomolecules, such as the QK peptide (Scheme 1), via click

chemistry onto DC-ECM coatings on substrates to enhance the
desired functions (e.g., angiogenesis).
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Scheme 1. Preparation of DC-ECM, DC-ECM-HPG, and
DC-ECM-QK
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A wide variety of synthetic substrates with excellent shape
and physical properties have been developed.1,5−8 Coating of
DC-ECM on to the substrate is easier to perform than a typical
multistep covalent modification of the substrate. It simply
involves in vitro growth of the cells of interest in the substrates
followed by decellularization.21−23 Unlike ECM components
that are generally conserved among species, intracellular
materials contain antigens that elicit host inflammatory response
and, hence, should be removed. Decellularization of thick tissues
and organs usually requires strong chemicals (acid/base,
detergents, and enzymes), leading to substantial deformation
of the scaffold and loss of ECM molecules.20 In contrast, a
monolayer of cells on the substrate can be readily decellularized
under mild conditions. Nevertheless, this approach still cannot
avoid partial removal of ECM molecules, particularly the weakly
bound growth factors. We envisioned that some of the lost
functions might be recapitulated by attaching proper biomole-
cules to the DC-ECM platforms, which might also enhance other
desired functions, especially angiogenesis. However, covalent
modification on the complex, delicate DC-ECM without
compromising its integrity is challenging. Few methods have
been reported so far, which were mostly based on carbodiimide
chemistry and only on decellularized organs consisting of
collagens.24,25 When applied to DC-ECM with a wide variety of
functional proteins, this method will suffer from a lack of selec-
tivity and a high susceptibility to cross-link the proteins.
Our approach for functionalization of DC-ECMs is based on

efficient incorporation of a biocompatible handle (ethynyl or
azido group) to allow subsequent bioconjugation via copper-
catalyzed alkyne−azide cyclization (CuAAC, a click reac-
tion).26−29 This reaction is rapid, specific and compatible with
live cells,26 and the resulted triazole linkages hardly affect the
integrity of the DC-ECM. We demonstrate this strategy with a
peptide (QK, Scheme 1) mimicking vascular endothelial growth
factor (VEGF) to enhance angiogenesis.30

VEGF is a major growth factor specific for vascular endothelial
cells to initiate angiogenesis by binding to the transmembrane
VEGF receptors (VEGFRs).31 The 15-amino-acid QK peptide
(Scheme 1) mimics the helical structures at the binding site of
VEGF and exhibits a high binding affinity to VEGFRs, and
in vitro and in vivo angiogenic activities.30 Recently, West and
co-workers attached acetyl-protected QK onto succinimidyl ester
functionalized PEG hydrogel and showed that the immobilized
peptide also promoted angiogenesis.32

In our click chemistry based strategy, the first step is to
introduce a handle to DC-ECM rendering it “clickable”. We
chose to biosynthetically incorporate L-homopropargylglycine
(HPG, an alkynyl surrogate of methionine28,29) to the ECM
proteins of HUVECs. Since the functional ECM proteins are
generally synthesized and degraded in a high turnover rate, we
anticipate that the incorporation of HPG to ECM will be
efficient.

2. EXPERIMENTAL SECTION
2.1. Reagents. Rat collagen I (Sigma), BD growth factor-reduced

MatrigelTM basement membrane matrix (BD Bioscience, Bedford,
MA), endothelial cell growth medium EGM-2 (Lonza, Walkersiville),
trypsin/EDTA, and fetal bovine serum (HyClone, Logan, UT), rabbit
IgG against VEGF antibody, and FITC conjugated goat antirabbit
IgG antibody (Syd Laboratories, Inc., Malden, MA), and CellTiter
96 aqueous assay kit for MTS assay (Promega) were purchased and used
directly.
2.2. Synthesis of Azido-Terminated QK Peptide. The C-amide-

terminated QK peptide with an azido-hexa(ethylene glycol) tag at the

N-terminus (N3-EG6-COO-KLTWQELYQLKYKGI-CONH2, QK-
EG6-N3) was prepared on Rink Amide MBHA resin (Novabiochem,
Darmstadt, Germany) by standard Fmoc chemistry using a manual
peptide synthesizer. After the protected peptide sequence was
assembled, the Fmoc group of the last amino acid (K) was removed
and a solution of 0.3 mmol of N3-EG6-COOH (Quanta Biodesign Ltd.,
Powell, OH), 0.3 mmol of N-Hydroxybenzotriazole (HOBt) and
0.3 mmol of N,N′-diisopropylcarbodiimde (DIC) in THF was added.
The coupling reaction was allowed to proceed for 2 h at 50 °C. The
coupling step was repeated with a freshly prepared solution of HOBt and
DIC before the peptide was deprotected and cleaved from the solid
support by treatment with a mixture of trifluoacetic acid, triisopropylsi-
lane and water (95:2.5:2.5) to provide QK-EG6-N3 with 78% purity
shown by HPLC. The HPLC purified peptide was characterized with a
Voyager DE-STR MALDI-TOF mass spectrometry (Applied Bio-
systems) using sinipanic acid as matrix, operated in positive ion linear
mode with acceleration voltage at 20 kV, extraction delay time from
100 to 200 ns and grid voltage at 94%. m/z: [M + H]+ calcd for
C107H171N25O29, 2271.27; found: 2271.87 (Supporting Information
Figure S1).

2.3. Collagen I and BDMatrigel Coatings on Glass Substrates.
Clean glass slides were cut into pieces of 1 × 1 cm2, and sterilized
with 75% ethanol for 2 h. After sterilization, the slides were placed
individually into a 24-well plate and washed three times with phosphate
buffered saline (PBS). Rat tail collagen I (Sigma-Aldrich) was diluted to
50 μg/mL with 0.01 N HCl. An aliquot of 300 μL of the solution was
added to cover each glass slide. After incubation for 1 h, the glass slides
were rinsed with PBS and used immediately. Coating of BD Matrigel
basement membrane matrix growth factor on the glass slides was
preformed following the manufacturer’s instruction. Briefly, a 24-well
plate housing the glass slides were placed on ice. An aliquot of 50 μL of
Matrigel per cm2 was applied evenly onto each prechilled glass slide. The
gel was allowed to polymerize at 37 °C for 30 min. The samples were
rinsed with PBS and used immediately.

2.4. Culture Human Umbilical Vein Endothelial Cells
(HUVECs). HUVECs were grown in endothelial cell growth medium
EGM-2 with 10% fetal bovine serum (FBS) at 37 °C and 5% CO2. The
mediumwas refreshed every 2 days, and the cells were passaged at a ratio
of 1:3 with routine trypsinization every 4 days when the confluence
reached about 90%.

2.5. Culture HUVECs on glass substrates for the preparation
of DC-ECM-HPG and DC-ECM. To prepare the ECM coating by
decellularization of HUVECs, passage 5 or 6 HUVECs were seeded
directly onto the coated glass slides in a 24-well plate at a density of
2 × 104 cells/well and cultured until reaching 90% confluence. To
prepare the DC-ECM-HPG samples, HUVECs-covered glass slides
were immersed in methionine-free Dulbecco’s modified eagle medium
(DMEM) (Invitrogen, Carlsbad, CA) for 30 min to deplete the residual
methionine, and then immersed in methionine-free DMEMwith 50 μM
HPG (Invitrogen) for 1 h to biosynthetically incorporate HPG as a
surrogate of methionine into the newly synthesized proteins.29 This
group of samples was then subjected to the following decellulariza-
tion process to provide the group of samples named DC-ECM-HPG
(Table 1). On the other hand, the samples cultured in EGM-2 with 10%
FBS followed by the decellularization are named DC-ECM. All samples
were then washed with PBS before decellularization.

2.6. Decellularization. Decellularization was performed by snap
freezing and thawing as previously described.33 Briefly, the HUVECs
covered glass slides was sealed in a small vial and placed into liquid
nitrogen for 20 min, followed by thawing in a 37 °C water bath for 10
min. This freezing-thawing circle was repeated three times and the
substrates were rinsed with PBS.

2.7. Bright Field and Fluorescence Images of HUVECs, DC-
ECM, and DC-ECM-HPG. HUVECs adhered on glass substrates were
fixed with 100% isopropyl alcohol for 10 min and then treated with
10 μL of 1 μg/mL propidium iodide (PI, Calbiochem, Darmstadt,
Germany). Decellularized samples (DC-ECM and DC-ECM-HPG)
were directly stained with 10 μL of 1 μg/mL PI. The samples were
imaged with Nikon eclipse 80i fluorescence microscope in TRITC
channel.
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2.8. Attachment of Coumarin-Azide 1 on DC-ECM-HPG. To
DC-ECM and DC-ECM-HPG samples in a 24-well plate were added a
solution of coumarin-azide 1 (0.1 mM, Figure 1) and a freshly prepared
“click solution” containing 0.1 mM CuSO4, 0.2 mM of ligand 2 and
2.5 mM L-ascorbic acid sodium salt in 10% (v/v) DMEM/PBS. The
samples were incubated for 10 min at 37 °C. The solution was removed,
and the sample was washed 3 times with PBS. The samples were then
examined with a Nikon eclipse 80i fluorescence microscope at bright
field andDAPI channel using a 20× objective. A CoolSnapHQ2 camera
(Photometrics, Tuscon, AZ) and NIS Elements software (Version 3.0,
Nikon Instruments) were used for image acquisition and analysis. The
images are shown in Figure 2a and Supporting Information Figure S4.
The mean fluorescence intensities (MFI) of DC-ECM and DC-ECM-
HPG surfaces after treatment with the coumarin-azide 1 under CuAAC
reaction conditions were 1800 ± 500 and 6000 ± 1200 au, respectively.
Result was obtained by measurement on three random areas on each of
three samples.
2.9. Attachment of QK Peptide on DC-ECM-HPG. To attach QK

peptide on the ECM surfaces via CuAAC reaction, DC-ECM-HPG
samples were immersed in the above-mentioned “click solution”
containing 0.1 mM QK-EG6-N3. After incubation for 10 min at 37 °C,
the samples were washed 3 times with PBS. The resultant samples are
named DC-ECM-QK. As a control, DC-ECM substrates were subjected
to the same conditions to provide the samples namedDC-ECM-Ctrl. All
experimental and control groups prepared in this work are listed in
Table 1.

2.10. Immunofluorescence Assay to Evaluate VEGF Retained
on Surfaces. The presence of VEGF on DC-ECM and DC-ECM-QK
samples was visualized with fluorescent secondary antibody that
bounded to the primary antibody of VEGF. Specifically, the samples
were incubated overnight at 4 °C with VEGF polyclonal antibody (pAb,
1 μg/mL, PA000214-PA1080, Syd Laboratories, Malden, MA) in PBS.
The samples were rinsed 3 times with PBS to remove the excess
antibody before incubation with goat antirabbit IgG labeled with FITC
(1 μg/mL, Syd Laboratories, Malden, MA) at room temperature for
another 40min. The samples were then washed with PBS for 3 times and
observed with a fluorescence microscope at bright field and FITC
channel. Meanwhile, the DC-ECM and DC-ECM-QK samples treated
without the primary antibody (VEGF pAb) but only with FITC-labeled
goat antirabbit IgG in the same way were used as the negative controls.

2.11. Adhesion and Proliferation of HUVECs on DC-ECM
Surfaces. The cell adhesion and proliferation assays were performed
using CellTiter 96 aqueous assay kit following the protocols re-
commended by the manufacturer. Briefly, HUVECs (30 000 cells/well
for adhesion assay and 5000 cells/well for proliferation assay) were
seeded on the substrates in 24-well plates. After 3 h of incubation for
adhesion assay or 1−4 days of incubation for proliferation assay, the
medium was removed and the cells were washed 3 times with PBS.
Then, MTS solution (MTS/PMS = 20:1) with DMEM (MTS solution/
DMEM= 1:5) was added into each well (400 μL/well), and the samples
were incubated at 37 °C for 2 h. The absorbance of the culture was then
measured at 485 nm with HTS 700 Bio Assay microplate reader (Perkin
Elemer, MA).

2.12. HUVECs Tubule Formation on DC-ECM Surfaces.
HUVECs were seeded at a density of 20 000 cells/well on substrates
in a 24-well plate and incubated at 37 °C with 5% CO2 for 6 h. The tube
formation was examined using phase-contrast microscopy with 400×
magnification. The length of each tubule was calculated using ImageJ
software (http://rsbweb.nih.gov/ij/). The tubules with a length
exceeding 200 μm were selected and summed up to provide the total
length of tubules in each field of view on 5 randomly selected locations
on the sample. ANOVA with Tukey’s LSD was performed to determine
significant differences between groups, with p < 0.05 considered
statistically significant. All data in Figure 3c are presented as mean ±
standard deviation. While round cells were randomly distributed on
glass (Supporting Information Figure S6a), a small fraction of the cells
on the collagen I surfaces began to polarize and associate with each other
(Figure S6b).

2.13. Statistics. The fluorescence intensity and MTS measurement
were repeated at least three times and the results were expressed asmean
± standard deviation. Statistical significance was calculated using the
SPSS 17.0 statistical software. Statistical significance was defined as
p < 0.05.

3. RESULTS AND DISCUSSION
After HUVECs were grown to >90% confluence on the substrate,
we replaced methionine in the culture medium with HPG. After

Table 1. Summary of Sample Groups

name descriptiona

glass clean glass slides (1 × 1 cm2)
collagen I collagen I coated on glass slides
Matrigel Matrigel coated on glass slides
DC-ECM decelluarized ECM of HUVECs on glass slides
DC-ECM-HPG decelluarized ECM of HPG incorporated HUVECs on glass

slides
DC-ECM-QK DC-ECM-HPG samples (with HPG) treated with the “click

solution”b containing QK-EG6-N3

DC-ECM-Ctrl DC-ECM samples (without HPG) treated with the “click
solution”b containing QK-EG6-N3

aSee text for detailed preparation procedures. b“Click solution”: a
freshly prepared solution of reagents for the CuAAC reaction (10 min
at 37 °C), containing 0.1 mM CuSO4, 0.2 mM ligand 2 and 2.5 mM
L-ascorbic acid sodium salt in 10% (v/v) DMEM/PBS.

Figure 1. Immunofluorescence image of VEGF in DC-ECM after
treatment first with VEGF pAb followed by FITC-labeled goat anti-
rabbit IgG antibody (a) and its control only treated with FITC-labeled
goat antirabbit IgG antibody (b), and a DAPI fluorescence image of the
coumarin-triazole in DC-ECM-HPG after CuAAC reaction with the
coumarin-azide 1 (c), and its control as DC-ECM after CuAAC reaction
with the coumarin-azide 1 (d).

Figure 2. Adhesion (a) and proliferation (b) of HUVECs on different
surfaces. Cell numbers are plotted as OD485 measured by MTS assay
at 3 h (a) and during 96 h (b) post seeding. Data represent mean ± SD
(n = 4; * denotes p < 0.05 compared to the Matrigel group).
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culture for 1 h to incorporate HPG into the newly synthesized
ECM, the adhered cells were then decellularized by repeated
freezing/thawing to disrupt the cell membrane followed by
washing off the cell contents with PBS.23 The retaining of ECM
on substrate was confirmed by the N 1s region scanning by X-ray
photoelectron spectroscopy (XPS) (Supporting Information
Figure 3S). The resultant substrate is designated as DC-ECM-
HPG, while the substrate without HPG incorporation is named
DC-ECM. The decellularization process effectively removed the
nucleic acids, as shown by the absence of fluorescence from all
DC-ECMs stained with PI (Supporting Information Figure S2).
Bright field and fluorescence images of HUVECs before
decellularization are shown in Supporting Information Figure
S2a and b. Strong fluorescence was found in the nucleus of
HUVECs prior to decellularization (Supporting Information
Figure S2b), but completely absent after decellularization
(Supporting Information Figure S2d and f). Upon decellulariza-
tion the major cell bodies shrank and flattened to form thin
patches found on both DC-ECM and DC-ECM-HPG samples

(Supporting Information Figure S2c and e). These results
support that the nucleic acids and most intracellular contents
were effectively removed by the decellularization and washing
process. While the decellularization of the adhered HUVECs was
effective, the process was mild enough to retain some VEGF, as
shown by immunofluorescence images after staining with VEGF
pAb followed by FITC-labeled secondary antibody (Figures 1a).
Supporting Information Figure S5a is the FITC fluorescence
images of DC-ECM-QK sample, indicating the presence of
VEGF in the ECM. In a control experiment, no fluorescence was
detected on both samples that were not treated with the primary
antibody before treatment with the FITC-labeled secondary
antibody (Supporting Information Figures S1b and S5b). The
result indicates that the biosynthetic incorporation of HPG and
the attachment of QK peptide via click reaction did not
apparently affect the amount of VEGF on the ECM and the
binding to the VEGF antibody.
To probe the presence of HPG on DC-ECM-HPG, we treated

both DC-ECM and DC-ECM-HPG surfaces with the fluoro-
genic coumarin-azide 1 under the CuAAC reaction conditions
(Scheme 1, 0.1 mMCuSO4, 0.2 mM 2, 2.5 mM sodium ascorbate
in 10% (v/v) DMEM/PBS for 10 min 37 °C).27 The CuAAC
reaction generated the fluorescent triazole-coumarin product
(λem = 465 nm) on DC-ECM-HPG, as indicated by the fluores-
cence image in Figure 1b, while the fluorescence intensity on the
control (DC-ECM) was three times lower. The “dark spots” in
Figure 1b colocalized with the cell patches formed after
decellularization (Supporting Information Figure S4, see also
Scheme 1 for an illustration). The weaker fluorescence on the
patches suggests that these regions contain less newly
synthesized proteins than the ECM bound on the substrate.
After confirming the existence of the HPG residues on

DC-ECM-HPG, we then attached the QK peptide QK-EG6-N3
(C-amide-terminated QK peptide with an azido-hexa(ethylene
glycol) tag at the N-terminus) to the surface under the same
CuAAC reaction conditions to generate the QK-modified DC-
ECM-QK (Scheme 1). As a control, DC-ECM was subjected to
the same conditions to provide the group designated as DC-
ECM-Ctrl.
The adhesion and proliferation of HUVECs on DC-ECMs

with and without QK peptide (DC-ECM-QK, DC-ECM, and
DC-ECM-Ctrl) were compared with those on the isolated
ECMs (Collagen I and Matrigel). Collagen is a major structural
component of ECM, which facilitates cell adhesion initiated by
binding of its RGD motifs with the transmembrane integrin
receptors. However, its ability to enhance cell proliferation is
limited. In comparison, BD Matrigel contains many ECM
proteins and growth factors, and has been widely used for cell
proliferation and angiogenesis assays.34 The MTS assay shows
that all DC-ECM samples were more effective in promoting cell
adhesion (Figure 2a) and proliferation (Figure 2b) than the
Collagen I and Matrigel surfaces (p < 0.05). Thus, at 3 h post
seeding, the number of endothelial cells adhered on DC-ECMs
were about 3, 2, and 1.3 times of those on bare glass, Collagen I
and Matrigel surfaces, respectively. A similar ratio was found for
cell proliferation on the DC-ECMs compared to the other
surfaces after 4 days.
The CuAAC modification of the DC-ECM surfaces did not

affect the adhesion and proliferation of HUVECs. Nearly
identical growth curves were obtained for HUVECs on all
three DC-ECM samples (Figure 2), regardless of the presence or
absence of the immobilized QK peptide (DC-ECM-QK, DC-
ECM, and DC-ECM-Ctrl). This result indicates that the CuAAC

Figure 3.Bright field images of HUVECs onMatrigel (a) andDC-HPG-
QK (b) at 6 h post seeding, and plot of the mean total tube length in
mm/cm2 (c) on various surfaces. Only the lengths of tubules exceeding
200 μm were summed up using ImageJ software on 5 random locations
of the sample. Data represent mean ± standard deviation. * denotes
p < 0.05. For images of HUVECs on all surfaces, see Figure S6 in
Supporting Information.
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modification did not affect the function of the ECM and growth
factors for promoting endothelial cell proliferation. Furthermore,
the biosynthetic incorporation of HPG and the attachment of
QK peptide via CuAAC reaction did not apparently affect
the amounts of VEGF on the DC-ECM, as shown by the
immunofluorescence images of DC-ECM-QK (Supporting
Information Figure S5c).
Attachment of QK peptide onto the DC-ECM surfaces

significantly enhanced the angiogenic response, as indicated by
the increased formation of branched tubular networks.34 At 6 h
post seeding, tubular structures were found on Matrigel coated
surfaces (Figure 3a). However, these tubular structures appeared
to be lesser branching than those found on all DC-ECM coated
surfaces (Supporting Information Figure S6c−f), in particular on
DC-ECM-QK (Figure 3b). This result is consistent with the fact
that Matrigel reduced the amount of growth factors promoting
vasculogenesis (formation of new blood vessels) more than
angiogenesis (branching and spouting from existing blood
vessels).12,33 Not only all three DC-ECM coatings induced
more tube branching thanMatrigel, they also increased the mean
total tube length per unit area (TTL), which can be readily
quantified (Figure3c). Thus, the TTL of the DC-ECM,
DC-ECM-Ctrl, and DC-ECM-QK groups were about 1.30,
1.33, and 1.66 fold of that on Matrigel. Remarkably, DC-ECM-
QK significantly enhanced the TTL by about 25% (Figure 3c).

4. CONCLUSION

In conclusion, as compared to Matrigel, all DC-ECM coatings
promote far greater endothelial cell responses desired for
vascularization, including adhesion, proliferation, migration,
and formation of branched tubular networks. These results
indicate that DC-ECMs present a more complete collection of
molecular and physical cues for guiding vascularization. To
modify the delicate DC-ECM, we took advantage of the high
turnover rates of most ECM proteins for efficient incorporation
of HPG, followed by conjugating to azido-tagged biomolecules
via the rapid CuAAC reaction. Although the DC-ECM retained
some VEGF which is desirable for angiogenesis, attaching QK
peptide in this way to some extent supplemented the VEGF lost
during DC-ECM preparation, thus enhancing the angiogenic
responses without apparent effect on the cell adhesion and
proliferation. Therefore, we have developed a general method to
present many molecular cues on artificial scaffolds that can be
further covalently modified to enhance a desired function with
minimum deterioration of the system. To achieve specificity of
modification, the “clickable” handle can be genetically encoded
into specific ECM proteins.35
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