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ABSTRACT: Hydrogels with encapsulated cells have widespread biomedical
applications, both as tissue-mimetic 3D cultures in vitro and as tissue-
engineered therapies in vivo. Within these hydrogels, the presentation of cell-
instructive extracellular matrix (ECM)-derived ligands and matrix stiffness are
critical factors known to influence numerous cell behaviors. While individual
ECM biopolymers can be blended together to alter the presentation of cell-
instructive ligands, this typically results in hydrogels with a range of
mechanical properties. Synthetic systems that allow for the facile
incorporation and modulation of multiple ligands without modification of
matrix mechanics are highly desirable. In the present work, we leverage
protein engineering to design a family of xeno-free hydrogels (i.e., devoid of animal-derived components) consisting of recombinant
hyaluronan and recombinant elastin-like proteins (ELPs), cross-linked together with dynamic covalent bonds. The ELP components
incorporate cell-instructive peptide ligands derived from ECM proteins, including fibronectin (RGD), laminin (IKVAV and YIGSR),
collagen (DGEA), and tenascin-C (PLAEIDGIELTY and VFDNFVL). By carefully designing the protein primary sequence, we form
3D hydrogels with defined and tunable concentrations of cell-instructive ligands that have similar matrix mechanics. Utilizing this
system, we demonstrate that neurite outgrowth from encapsulated embryonic dorsal root ganglion (DRG) cultures is significantly
modified by cell-instructive ligand content. Thus, this library of protein-engineered hydrogels is a cell-compatible system to
systematically study cell responses to matrix-derived ligands.

■ INTRODUCTION
Control over neurite outgrowth is desired both in regenerative
medicine applications, where efficient and timely innervation is
paramount to successful regeneration following traumatic
injury, and for in vitro systems of neurodevelopment. Neurite
extension in vitro and in vivo is known to be heavily influenced
by the presence of cell-instructive ligands1,2 and matrix
mechanical properties.3−6 Studies by our group and others
have shown the importance of controlling both of these
variables and their independent effects on neurite outgrowth
within a given hydrogel system.6−10 These studies highlight the
importance of systems that allow for explicit control of both
parameters in gaining more insight into cell−matrix
interactions. To address this need for complexity, systems
have been developed to study arrays of matrix components and
their effects on seeded cells, but these systems are largely based
on 2D protein coatings.11−13 While they have the benefits of
being high-throughput, they lose the dimensionality of the
native 3D environment, which has been shown to influence cell
responses,14−16 including neurite outgrowth.17 To mimic the
3D environment of the native ECM, we present a protein
engineering strategy for the development of hydrogels with
systematic tuning of multiple cell-instructive ligands while

maintaining similar matrix mechanical properties such as
stiffness and stress relaxation rate.
3D hydrogels made from both naturally derived materials

and synthetic materials have been used to study neurite
outgrowth in vitro.18 From a design standpoint, natural
materials come with the benefit of native bioactivity but
typically lack tunability and are subject to batch-to-batch
variability, which limits their potential for optimization.16,19−21

Conversely, synthetic materials have a strong degree of
tunability, making them amenable to systematic optimization,
but they often lack native bioactivity without further chemical
modification.22−24 Recombinant protein engineering offers a
toolset that can merge the benefits of synthetic and natural
materials. Leveraging recombinant DNA techniques, we can
precisely define protein amino acid sequences to include cell-
instructive ligands that are found in the native ECM.
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Using this recombinant strategy, we engineer an elastin-like
protein (ELP) in which tuning the amino acid sequence
confers molecular-level control over the material properties.
These proteins are modular materials that have two primary
subunits: (1) a bioactive region and (2) an elastin-like region.
The bioactive region contains amino acid sequences that
encode peptide ligands derived from ECM proteins known to
engage with cell surface receptors. The elastin-like region is a
pentamer repeat unit that is derived from the human elastin
(VPGXG)5 repeat, where the “X” amino acid in the central
repeat is replaced with a chemically active amino acid, here
lysine or tyrosine. Importantly, the cross-linking of ELPs is
orthogonal to the bioactivity, meaning that the resulting
hydrogel’s mechanical and bioactive properties can be tuned
independently.8,25,26 Here, we employ a two-component
hyaluronan and elastin-like protein (HELP) hydrogel (Figure
1A). A cross-linked hydrogel network forms spontaneously at
room temperature following the mixing of a benzaldehyde-
functionalized hyaluronan (HA) and a hydrazine-function-
alized ELP, which results in the formation of hydrazone
dynamic covalent bonds (Figure 1B). In addition to providing
structural stability, HA is a major component of both the
central and peripheral nervous system and has been suggested
to provide both structural and biochemical cues vital to
neuronal cell proliferation, migration, and function.27−29

We have previously used ELPs to systematically enhance
neurite outgrowth in vitro from encapsulated chick dorsal root
ganglion (DRG) by modulating the RGD ligand concentration
and matrix stiffness.7 Most recently, based on these in vitro
results, we have shown that ELPs can significantly improve
functional recovery when used as a luminal filler in a peripheral
nerve graft compared to empty silicone conduits.30 Taken
together, this suggests the translatability of this system to take
chemical compositions derived from in vitro screens and
translate those results to in vivo therapeutic studies. However,
these studies relied solely on the use of the fibronectin-derived
RGD ligand. In the present paper, we expand upon the
versatility of our platform by fabricating ELPs that contain
additional cell-instructive ligands that have been implicated in
neurite outgrowth and regeneration.

The field of matrix-mimetic peptides has identified several
additional peptide sequences of cell-instructive ligands over the
past few decades. These integrin recognition sequences can be
leveraged to probe integrin functions in a variety of biological
systems. Crucially, these peptide sequences must be immobi-
lized onto a surface or matrix in order to activate integrin
receptors and transduce downstream signaling.31,32 When
presented in solution, these peptides instead act as antagonists
and prevent attachment that would otherwise occur.31,33 We
selected several additional peptide ligands to incorporate into
our ELP backbone: IKVAV (α-laminin),34−36 YIGSR (β-
laminin),37−41 DGEA (collagen-I),42,43 PLAEIDGIELTY (te-
nascin-C),44−46 and VFDNFVL (tenascin-C).47 Through 2D
immobilization studies, IKVAV was identified as the active site
for cell adhesion and neurite outgrowth derived from the A
chain of laminin, whereas YIGSR is derived from the B1 chain
of laminin.34 DGEA was discovered as a collagen-mimetic
sequence based on its ability to inhibit cell adhesion on
collagen substrates when presented in solution.48 Similarly, the
tenascin-C ligand PLAEIDGIELTY was identified as a soluble
peptide that could bind to tenascin-C integrins and inhibit
their function.45 Lastly, a derivative of the tenascin-C ligand,
VFDNFVL, was found to promote neurite outgrowth when
immobilized onto a 2D surface.49

In this study, we clone and express new ELPs that contain
these peptide ligands and show that by leveraging the
hydrazone chemistry in our HELP system, we can form 3D
matrices that can be independently tuned for ligand type and
ligand concentration without significantly impacting matrix
stiffness. These hydrogels support the culture of embryonic
DRGs, enabling the study of which ligand combinations best
promote neurite outgrowth. Taken together, the work enclosed
suggests a powerful toolset for formulating 3D gels where a
variety of cell-instructive ligand properties can be independ-
ently tuned without confounding changes in matrix mechanics,
offering a modular material platform for the systematic study of
the cell response to matrix cues.

■ MATERIALS AND METHODS
Elastin-like Protein Plasmid Construction and Validation.

Plasmids encoding full-length elastin-like protein sequences were

Figure 1. Hyaluronan and elastin-like protein (HELP) hydrogels. (A) Schematic representation of our hydrazine-modified modular elastin-like
protein (ELP) and benzaldehyde-modified hyaluronan (HA). (B) Hyaluronan and elastin-like protein (HELP) hydrogels are made by mixing a
hydrazine-functionalized ELP with a benzaldehyde-functionalized HA. Cross-linking occurs at room temperature through the reaction of the
benzaldehyde and hydrazine groups to spontaneously form hydrazone linkages, which are dynamic covalent bonds.
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generated from successive ligations of an oligomer corresponding to a
single ELP repeat into the backbone of an expression vector. In brief,
pUC15 cloning vectors containing a DNA sequence encoding for a
bioactive region and three elastin-like domains (Bio-[Elastin]3)-
pUC15 were purchased from Thermo Fisher (Carlsbad, CA) for each
ELP variant. Importantly, our sequences were additionally designed to
have flanking SalI and XhoI restriction sites at the 3′ and 5′ ends,
respectively, to allow isolation and purification of Bio-[Elastin]3
repeats following digestion with the appropriate enzymes. Addition-
ally, as the host vector, we designed a custom pET15b host plasmid
(Tag-pET15b) containing: (1) the tag region (T7 tag
[MASMTGGQQMG] and Histadine-6 Tag [HHHHHH]), (2) the
XhoI restriction enzyme site for ligation, and (3) three successive stop
codons. Our final target host plasmid was prepared and purchased
from Thermo Fisher (Carlsbad, CA).
To isolate a single ELP repeat, we first digested our oligo-

containing pUC15 cloning vectors with a double digest using SalI
(NEB, R0138L) and XhoI (NEB, R0146L) restriction enzymes.
Then, we concentrated our DNA using a standard isopropyl alcohol/
ethanol DNA precipitation technique and separated the resuspended
pUC15 backbone from the ELP replicate DNA on an agarose gel (5%
(w/v) agarose (Bio-Rad, 1613100) in 1× TAE buffer (0.1 M Tris
base, 0.05 M glacial acetic acid, 2.5 mM EDTA)) using electro-
phoresis. Using a gel purification kit (Thermo, K0691) we isolated the
ELP repeat DNA, measured the concentration using UV−vis
spectroscopy, and stored it at a working concentration of 20 ng
μL−1. We then prepared 20 μg of our host vector using a similar
protocol where the Tag-pET15 vector was first opened using a
restriction enzyme digest with XhoI, dephosphorylated with Antarctic
phosphatase (NEB, M0289L), and stored at a working concentration
of ∼50 ng μL−1. After isolating DNA for both the ELP repeat and the
Tag-pET15 host vector, we ligated a single ELP repeat into the host
plasmid using the compatible XhoI/SalI and XhoI/XhoI overhangs to
generate Tag-(Bio-[Elastin]3)-pET15b. Verification of successful
ligation was performed by directly observing a mass change via
agarose DNA gel separation and forward/reverse sequencing
(Quintara Bio) with a T7 forward and custom reverse primer
(AGCAAAAAACCCCTCAAGACCCGTTTA; Integrated DNA
Technologies). This process was repeated successively to produce a
full-length ELP for each variant.
Expression of Elastin-like Protein. Our ELPs are all expressed

in BL21 Star (DE3) pLysS Escherichia coli under the control of the T7
promoter, as previously described.50 ELP-specific protocol steps are
called out where appropriate. First, from a frozen bacterial stock, E.
coli is streaked across an ampicillin and chloramphenicol-infused agar
plate (25 g mL−1 Luria Broth (LB; Millipore, 110285) and 15 g mL−1

agar (Millipore, 12177) in H2O; autoclaved) and incubated overnight
at 37 °C. The following morning, a single colony is selected and used
to inoculate a starter culture with 250 mL of autoclaved growth
medium (47.6 g L−1 Terrific Broth (TB; Thermo, BP9728−5) and
0.4% glycerol (Thermo, BP229−4) in H2O) with ampicillin and
grown overnight at 37 °C under constant agitation in a large orbital
shaker. The following morning, 20 mL of starter culture is
subsequently dispersed into 12 1L baffled flasks of growth medium,
and cells are grown under constant rotation at 37 °C in a shaker to an
optical density (λ = 600 nm) of 0.8. Expression is then induced by the
addition of 1 mM isopropyl β-d-1-thiogalactopyranoside (IPTG;
Thermo, BP1755−100). After the addition of IPTG, the shakers are
cooled and left to express. ELP-containing E. coli cells are collected by
centrifugation, resuspended in TEN buffer (0.1 M Tris base, 0.01 M
EDTA, 1 M NaCl, pH 8.0), and frozen at −80 °C overnight.
The cell membrane is disrupted via repeated (three) freeze−thaw

cycles. 1 mM phenylmethylsulfonyl fluoride (PMSF; Thermo, 36978)
and ∼30 mg of deoxyribonuclease I (Sigma, DN25) are added
exogenously to prevent protease activity and to degrade DNA,
respectively. Expressed proteins are further purified from the cell
lysate by successive thermal cycling steps (three), which leverage the
lower critical solution temperature (LCST) behavior inherent to ELP
and are further assisted in precipitation by the addition of exogenous
salts. After thermal cycling, the resulting solution is dialyzed against 4

L of deionized (DI) water in 3.5 kDa molecular weight cutoff
(MWCO) dialysis tubing (Spectrum Laboratories, 132592) at 4 °C.
The 4 L of dialysis water is routinely refreshed every 12 h over the
course of 3 days. The dialyzed product is then sterilized using a 0.22-
μm syringe filter, frozen, and lyophilized. The final lyophilized
product is stored in a sterile 50 mL tube at −20 °C in the presence of
desiccant.
Analytical DNA Gel Preparation and Imaging. To prepare a

DNA gel, agar (Bio-Rad, 1613101) was mixed into TAE buffer (40
mM Tris base, 20 mM acetic acid, 1 mM EDTA) at a final
concentration of 50 mg mL−1, boiled, and then used to cast our
running gel. A total of 100 ng of DNA and purple loading dye (NEB,
B7024S) were then carefully loaded and separated using 70 V for 2.5
h. After separation, the gels were submerged in DI water with
ethidium bromide (EtBr; Thermo, 15585011) for 15 min, destained
with three fresh washes of H2O, and then imaged using a Bio-Rad Gel
Imaging system.
Amino Acid Analysis. Amino acid analysis (AAA) was performed

on a Hitachi L-8800 amino acid analyzer. Protein was dissolved in 5/
50 solution (5% formic acid and 50% acetonitrile) and then dried by
lyophilization. The dried samples were subsequently dissolved in 6 N
HCl with 1% phenol at 110 °C for 24 h and then dried via
lyophilization. Finally, the sample was redissolved in NorLeu dilution
buffer, vortexed, and spun down. 50 μL of the resulting solution was
used for analysis.
Coomassie and Western Blotting of Elastin-like Proteins.

The presented Coomassie and Western blots were prepared as
previously described.15 Briefly, lyophilized ELP was dissolved in 1×
phosphate-buffered saline (PBS) overnight at 4 °C. ELP samples were
mixed with 5× sample buffer (50% glycerol, 300 mM Tris/HCl (pH
6.8), 10% SDS, 0.05% bromophenol blue, 6.25% β-mercaptoethanol)
and boiled for 10 min to induce denaturation. 20 μg of protein was
loaded into each lane of a 12% PAGE gel and separated. For
Coomassie staining, the PAGE gels were directly immersed in
Coomassie brilliant blue stain (5 g L−1 Coomassie brilliant blue
(Millipore, B0770-5G), 10% (v/v) acetic acid, 40% (w/v) methanol,
50% (v/v) DI water) for 3 h, followed by overnight immersion in
destaining solution (20% (v/v) methanol, 10% (v/v) glacial acetic
acid, 70% (v/v) DI water) with gentle rocking. Gels were imaged by
using a Bio-Rad Gel Imaging System.
For Western blotting, following separation, the PAGE gel was

transferred to a methanol-activated poly(vinylidene fluoride) (PVDF)
membrane. Membranes were blocked with 5% (w/v) nonfat dry milk
in TBST buffer (95% (v/v) DI water, 5% 20× Tris-buffered saline
(Thermo, 28358), 0.25% Tween-20 (Thermo, BP337)). After
blocking, the PVDF membrane was covered with 5% (w/v) milk in
TBST containing anti-T7 primary antibody (Cell Signaling, 13246S;
1:2000) and incubated overnight at 4 °C. The following morning, the
PVDF membrane was washed in TBST buffer at RT. The PVDF
membrane was incubated with fresh TBST containing horseradish
peroxidase (HRP; 1:10,000)-conjugated secondary antibody (Cell
Signaling, 7074) for 1 h. After incubation, the PVDF membrane was
washed with the TBST Buffer. The HRP was developed by using a 1:1
ratio of SuperSignal West Pico Luminol/Enhancer Solution (Thermo,
RE232969/34095) and Stable Peroxide Solution (Thermo, 34062).
Proteins were imaged by using a Bio-Rad Gel Imaging System.
Measuring ELP Transition Temperature. The transition

temperatures (Tt) of our individual proteins were measured by
taking optical density measurements (λ = 300 nm) of dilute solutions
with a circular dichroism (CD) spectrometer (J-1000, JASCO),
following commonly reported protocols.10,51,52 Briefly, 1% (w/v; 10
mg mL−1) protein samples were dissolved in 1× PBS overnight at 4
°C. Samples were loaded into a prechilled 1 mm bandwidth quartz
cuvette, covered with a cap to prevent evaporation, and then placed
into the prechilled sample chamber. Absorbance (λ = 300 nm) spectra
were measured at 1 °C increments over the temperature range 4 to 65
°C (ramp rate: 1 °C min−1; equilibrated for 1 min at each step).
Curves are presented as baseline-corrected normalized curves. The Tt
range that approximated absorbance (norm.) = 0.5 is reported.
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Quantifying ELP Hydrophobicity. The hydrophobicity for all
ELP sequences was determined using Thermo Fisher’s Peptide
Synthesis and Proteotypic Peptide Analyzing Tool, which calculates
the hydrophobicity index as reported by Krokhin and Spicer.53

Functionalization of Elastin-like Proteins with Hydrazine
Moieties via Lysine Reactivity. ELPs containing a central lysine
group (amino acid designator: K) within the elastin-like region
(RGD-, YIGSR-, DGEA-, PLAEIDGIELTY-, VFDNFVL-, and RDG-
ELP) were functionalized with a hydrazine moiety, as has been
reported previously.25,26 First, ELP is dissolved at 6% (w/v; 60 mg
mL−1) in anhydrous dimethyl sulfoxide (DMSO) at RT. Following
dissolution, an equal volume of N,N-dimethylformamide (DMF) is
added to the reaction mixture. In a separate round-bottom flask,
sufficient (1) tri-Boc-hydrazinoacetic acid (Tri-Boc; 2 molar equiv per
amine; Sigma, 68972), (2) hexafluorophosphate azabenzotriazole
tetramethyl uronium (HATU; 2 molar equiv per amine; Sigma,
445460), and (3) 4-methylmorpholine (4.5 molar equiv per amine;
Sigma, M56557) to functionalize 12 amine groups per ELP are
dissolved in DMF at RT and allowed to react for 10 min. Next, the
reagent solution is added dropwise to the ELP DMSO:DMF reaction
mixture. The reaction is allowed to proceed overnight at RT with
stirring.
To isolate the Boc-protected ELP, the reaction solution is added

dropwise into ice-cold diethyl ether. The ELP is then collected by
centrifugation at 4 °C for 30 min, decanted, and dried overnight. A
small sample (∼10 mg) of the dried product is collected for
downstream analysis of functionalization efficiency via NMR (below).
For Boc deprotection, the dried sample is dissolved at 2% (w/v) in a
1:1 mixture of dichloromethane (DCM) and trifluoroacetic acid
(TFA) with 2.5% v/v triisopropylsilane (Sigma, 233781) and stirred
at RT for 4 h in a vented round-bottom flask. The deprotected
product (ELP-hydrazine) is precipitated in diethyl ether, centrifuged,
and air-dried as before. The final product is then dissolved in DI water
at 2% (w/v) and dialyzed against 4 L of DI water in 10 kDa MWCO
dialysis tubing. The 4 L of dialysis water is routinely refreshed every
12 h over the course of 3 days. The final dialyzed product is sterilized
using a 0.22-μm syringe filter, frozen, and lyophilized for 3 days in a
sterile 50 mL tube (Millipore, SCGP00525). The final lyophilized
product can be stored at −20 °C in the presence of desiccant to
prevent water accumulation.
Functionalization of Elastin-like Proteins with Hydrazine

Moieties via Tyrosine Reactivity. ELP containing a central
tyrosine group (amino acid designator: Y) within the elastin-like
region (IKVAV-ELP) was modified with a hydrazine motif through
PTAD-mediated addition to the tyrosine residues. Briefly, Tri-Boc
was modified with N-hydroxysuccinimide (NHS) via an EDC-
mediated amidation reaction and purified by washing 3 times with
DI water and 1 time with brine before concentrating to produce a
white powder consisting of NHS-Tri-Boc. PTAD-NH2 (Conju-Probe)
was dissolved in DMF before NHS-Tri-Boc was added in a 1:2 molar
ratio of PTAD-NH2/NHS-Tri-Boc. The molecules were allowed to
react for 24 h to ensure unreacted NHS-Tri-Boc was consumed by the
dissociation of the NHS molecule. Concurrently, ELP was dissolved
in an equal mixture of 100 mM sodium phosphate buffer (pH 8.0), 50
mM Tris buffer, and DMF at 1% (w/v) at 4 °C. When the protein was
fully dissolved, the PTAD-Tri-Boc molecule was activated by adding
an equal molar amount of 1,3-dibromo-5,5-dimethylhydantoin
(Sigma) dissolved in DMF, resulting in a ruby red color change to
the solution. The PTAD mixture was then vortexed and added slowly
over 15 min into the protein solution. The reaction was allowed to
proceed at 4 °C for 4 h before dialyzing against DI water for 3 days.
The addition of PTAD-Tri-Boc results in a change in ELP’s Tt,
resulting in the precipitation of the protein over time. The
supernatant and the precipitated protein were collected separately
and lyophilized to produce an orange/brown solid. The ELP-PTAD-
Tri-Boc solid was then deprotected using a 50:50 mixture of
DCM:TFA. The deprotected product was precipitated in diethyl
ether, centrifuged, and air-dried as before. The final product was then
dissolved in DI water at 2% (w/v) and dialyzed against 4 L of DI
water in 10 kDa MWCO dialysis tubing. The unprotected protein will

have an increased Tt and, therefore, be soluble during dialysis. After 3
days of dialysis, the solution was filtered and lyophilized before storing
at −20 °C.
Functionalization of Hyaluronan with Benzaldehyde Moi-

eties via Copper-Click Reaction. Functionalizing HA with
benzaldehyde (BZA) via copper-click chemistry is achieved with a
two-part reaction. First, commercially available 100 kDa HA
(LifeCore) is functionalized via EDC chemistry to modify 12% of
the native carboxylic acid groups with alkyne groups. Second, a small-
molecule 4-azidobenzaldehyde (Santa Cruz Biotechnology, sc-
503201) is used to functionalize the alkyne groups via standard
copper-click chemistry. This procedure has been described else-
where.26 Briefly, 100 kDa HA (sodium salt) is dissolved in MES buffer
(0.2 M MES hydrate, 0.15 M NaCl in DI water, pH 4.5) at 10 mg
mL−1. Once dissolved, sufficient propargylamine (0.8 molar equiv;
Sigma, P50900-5G) to functionalize 12% of the available carboxylic
acid groups is added directly, and the pH is adjusted to 6.0 with 1 M
NaOH. NHS(0.8 molar equiv) and 1-(3-(dimethylamino)propyl)-3-
ethylcarbodiimide hydrochloride (EDC; 0.8 molar equiv) are then
added sequentially, and the reaction is allowed to proceed for 4 h at
RT with constant agitation. The reaction is then dialyzed against 4 L
of DI water. The 4 L of dialysis water is routinely refreshed every 12 h
over the course of 3 days. The final product (HA-alkyne) is frozen
and then lyophilized for 3 days.
Benzaldehyde groups are attached to HA-alkyne via standard

copper-click chemistry. Briefly, we dissolve 12% modified HA-alkyne
at 20 mg mL−1 in 10× isotonic PBS supplemented with 0.85 mg mL−1

β-cyclodextrin. After complete dissolution, the reaction mixture is
degassed. Then, 2.4 mM copper sulfate and 45.2 mM sodium
ascorbate stock solutions are prepared in DI water. Sufficient 4-
azidobenzaldehyde is dissolved in anhydrous DMSO (100 mg mL−1)
at a 2-molar equivalency (reagent: alkyne). All reagent solutions are
degassed. After degassing, the sodium ascorbate and copper stock
solutions are added sequentially to final concentrations of 4.52 and
0.24 mM, respectively. Lastly, 4-azidobenzaldehyde is added
dropwise. Finally, the round-bottom reaction flask is sealed and
degassed for 5−10 min to remove any oxygen. The reaction is allowed
to proceed for 24 h at RT under constant agitation in the dark.
Following the prescribed reaction time, an equal volume of 50 mM
EDTA, pH 7.0, is added to the reaction vial and stirred for 1 h at RT
to chelate any copper. Finally, the solution is diluted ∼5× with DI
water and filtered using a 0.22-μm filter. The reaction is then dialyzed
against 4 L of DI water. The 4 L of dialysis water is routinely refreshed
every 12 h over the course of 3 days. The final dialyzed product is
then sterilized using a 0.22-μm syringe filter, frozen, and lyophilized
for 3 days. The final lyophilized product is stored at −20 °C in the
presence of desiccant.
NMR Quantification and Analysis. 1H NMR analysis was

performed on a Varian Inova 500 MHz NMR. Relative peak
intensities of known amino acid groups with distinct proton signatures
were used to verify the expression of full-length ELP. In the case of
RGD-, YIGSR-, PLAEIDGIELTY-, VFDNFVL-, and RDG-ELP,
distinct proton signatures corresponding to 4 tyrosine residues
(double peaks centered at ∼δ7.00 and ∼δ6.62; 8 H each) and 14
lysine residues (triple peak centered at ∼δ2.75; 28 H) were present.
For IKVAV, the same ratio of proton signatures was measured but
corresponded to 12 tyrosine residues (double peaks centered at
∼δ7.00 and ∼δ6.62; 24 H each) and 33 lysine residues (triple peak
centered at ∼δ2.75; 66 H). In the case of DGEA-ELP, where no
tyrosine residues are present, an equimolar amount of maleic acid
(Millipore, 92816) dissolved in d6-DMSO was added as an alternative
reference peak (single peak at ∼δ6.2; 28 H). A manual baseline was
applied, and relative peak intensities were measured using 1D NMR
analysis software (ACD/Laboratories).

Hydrazine Functionalization (on Lysine). The efficiency of
modification is determined by comparing the integrated signal of
the tri-Boc protons (∼δ1.35−1.5; 27 H per group) to the aromatic
protons of tyrosine residues on ELP (centered at ∼δ7.00 and ∼δ6.62;
8 H each). Functionalization is indicated by quantifying the number
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of tri-Boc groups on each ELP and equating that to the estimated
degree of functionalization.
Hydrazine Functionalization (on Tyrosine). The efficiency of

modification is determined by comparing the integrated signal of the
tri-Boc protons (∼δ1.35−1.5; 27 H per group) to the aromatic
protons of tyrosine residues on ELP (centered at ∼δ7.00 and ∼δ6.62;
24 and 12 H, respectively). Functionalization is indicated by
quantifying the number of tri-Boc groups on each ELP and equating
that to the estimated degree of functionalization.
Benzaldehyde Functionalization. The efficiency of modification is

determined by comparing the integrated signal of the acetyl group
(∼δ1.8; 3 H) to that of the aldehyde group (∼δ9.8−9.9, 1 H). To
quantify the degree of modification, the integrated peak of the
aldehyde proton is compared to that of the acetyl group.
Hydrogel Stiffness and Stress Relaxation Measurements.

Shear rheology was carried out on a stress-controlled ARG2
rheometer (TA Instruments) using a 20 mm diameter cone-on-
plate geometry. All tests were conducted on 50-μL hydrogel samples,
and heavy mineral oil was used to ensure hydration over the course of
all measurements. Samples were first cross-linked and measured at a
strain of 1% and oscillatory frequency of 1 rad s−1. Gelation was
indicated by the crossover point, where the storage modulus (G′) >
loss modulus (G″). Following cross-linking, the sample temperature
was then ramped to 37 °C at 3 °C min−1. Gels were incubated for an
additional 15 min at 37 °C to ensure complete cross-linking. After
incubation, the shear modulus for each sample was measured at 37 °C
over the oscillatory frequency range of 0.1−10 rad s−1 at a fixed strain
of 10%. Complete gelation at this stage was further confirmed by the
demonstration of a stable (linear) G′ over the measured frequency
range. A final stiffness value for each gel was reported as the shear
modulus at 1 rad s−1 for consistency. Replicates were then averaged
and presented as a mean ± standard deviation. Following each
frequency sweep, the hydrogel sample was incubated at 37 °C for 5
min at a low strain (1%) and frequency (1 rad s−1) to allow the
rheometer geometry to equilibrate. Stress relaxation was measured
over 12 h by straining the material to 10% and monitoring for the
time to reach half the initial stress (t0.5).
Silicone Mold Fabrication. The method used for creating

silicone molds has been described elsewhere.50 Briefly, a 5 mm biopsy
punch (VWR, 21909-142) was used to cut out circular sections from a
1 mm thick piece of silicone (Electron Microscopy Sciences, 70338-
10). Square sections were cut from the silicone mold such that the
circle cutouts were centered approximately ∼1 mm around the edge
on all sides. For each cutout, a corresponding, round, 12 mm diameter
glass coverslip (Electron Microscopy Sciences, 72231-01) serves as
the bottom of the silicone mold. Using a plasma bonder, the exposed
side of the silicone mold and glass coverslip were oxygen plasma
treated for approximately 30 s. Using clean forceps, we inverted the
silicone mold to affix it to the coverslip. The molds were sterilized by
submerging them in 70% ethanol for 72 h at RT. The molds were
then removed and air-dried in a sterile environment.
Dorsal Root Ganglion Isolation, Encapsulation, and Culture.

This protocol was approved by the Stanford Administrative Panel on
Laboratory Animal Care. The National Institutes of Health (NIH)
guidelines for the care and use of laboratory animals were observed
(NIH publication 85−23 Rev. 1985). This protocol has been reported
on previously.54 Pregnant Sprague−Dawley (Charles River) rats were
ordered and sacrificed at E15 through carbon dioxide asphyxiation. A
cervical dislocation following the negative response from a toe pinch
was used to verify euthanasia. The lower abdomen was gently shaved
using animal hair clippers and wiped clean with successive washes of a
Betadine solution and 70% ethanol using a sterile gauze strip. An
incision was made along the lower abdomen up to the edges of the rib
cage to expose the uterine horn, which was dissected and placed in an
L-15 medium (Sigma, L4386). An individual fetus was isolated by
carefully dissecting the placenta and puncturing the amniotic sac. The
fetus was transferred to fresh PBS. Each fetus was decapitated, limbs
were removed, and the spinal cord was carefully dissected. The
isolated cord was then transferred to a new 10 cm dish with fresh PBS.
Using curved tweezers, each DRG was carefully pulled off the spinal

cord. A single DRG was transferred to a sterile silicone mold using a
trimmed pipet tip and carefully centered with sterile tweezers. Any
excess PBS was removed by careful pipetting. 15 μL of the intended
hydrogel formulation was carefully deposited around the edges of the
silicone mold such that the hydrogel filled inward and kept the DRG
centered. The first hydrogel layer was cross-linked for 15 min at RT,
and an additional 10 μL of hydrogel was deposited over the first layer
and spread uniformly by gently rocking and tapping the 24-well plate.
The fully encapsulated DRG was cross-linked for an additional 30 min
at RT and then transferred to a 37 °C incubator for 15 min to ensure
complete cross-linking. Finally, 750 μL of prewarmed DRG medium
(50 ng mL−1 nerve growth factor (NGF; PeproTech, 450-01-B),
Neurobasal media (Gibco, 21103-049), penicillin/streptomycin
(Thermo, 15140122), and B-27 supplement (Thermo, 17504044))
was carefully pipetted into each culture-containing well. Medium was
refreshed every 48 h (3 times total) over the course of 7 days.
Immunohistochemistry of DRG Cultures. Following culture,

each DRG culture well was carefully rinsed with PBS, then fixed with
prewarmed fixation solution (4% paraformaldehyde (PFA; Electron
Microscopy Sciences, 15710), 0.1% (w/v) glutaraldehyde, dissolved
in PBS) for 30 min with gentle rocking. Each well was then washed
with 1 mL of 200 mM glycine solution in PBS and incubated twice
more for 15 min at RT with gentle rocking in glycine solution. Each
sample was washed with PBS (2×, 10 min) and then permeabilized
with permeabilization buffer (0.1% Triton X-100 (Sigma-Aldrich,
T8787) in PBS) for 1 h at RT with gentle rocking. For blocking, each
sample was incubated with blocking buffer (0.1% Triton X-100, 10%
goat serum (Gibco, 16210-072), dissolved in PBS) for 4 h at RT with
gentle rocking. Staining solution with anti-β-tubulin III antibody
(1:2000; Chicken; Aves Laboratories) was pipetted into each well,
ensuring that the entirety of the hydrogel and DRG were completely
covered. The samples were left to stain overnight at 4 °C with gentle
rocking. The following morning, the primary antibody solution was
carefully aspirated. Each well was washed with permeabilization buffer
(4×, 20 min). Secondary staining solution with anti-chicken 633
secondary antibody (1:500; Thermo, A21103) was carefully pipetted
into each well, ensuring that the hydrogel and DRG were completely
submerged. The samples were left to stain overnight in the dark at 4
°C with gentle rocking. Each well was then washed with
permeabilization buffer (3×, 20 min). Finally, the permeabilization
buffer with DAPI stain (1:2000; Cell Signaling Technology, 4083S)
was carefully pipetted into each well, ensuring that the hydrogel and
DRG were completely submerged. The samples were left to stain in
the dark for 1 h at RT with gentle rocking. Each well was washed with
permeabilization buffer (3×, 20 min). After washing, samples were
mounted by carefully inverting the silicone molds and affixing them to
glass coverslips using mounting media (Cell Signaling Technology,
9071S). Samples were left to harden for at least 24 h prior to imaging
with a Leica Thunder inverted microscope. All images were taken as
merged tile scans with a 10× air objective. Tile scans were stitched
together within the Leica software (LASX) and were additionally
clarified using the Leica Thunder & Lightening computational
clearing algorithm to remove background noise. Images were then
processed (contrast, noise reduction) in Leica ImageJ open-source
software and exported as max projections for quantification.
Neurite Outgrowth Quantification. The methodology used to

quantify neurite outgrowth and the relevant MATLAB script has been
described previously.7 Briefly, a top-down, cross-sectional image was
acquired, and a threshold filter was applied to a max projection of the
β-tubulin III channel to obtain a binary black/white image. The initial
DRG explant boundary was manually outlined by the user, and an
automated MATLAB script calculated the center of mass. The neurite
extension length for a single explant was measured along 360 radial
directions from the explant center in one-degree increments. For each
radial vector, the length of the neurite was defined as starting at the
initial explant boundary and extending to the farthest point in a
straight line that was positive for β-tubulin III. To determine the
neurite lengths for a single replicate, the 360 vector lengths were
averaged to give a representative value for that replicate; 8−12
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independent replicates were then averaged and presented as a
representative neurite outgrowth.
Data Analysis and Statistics. All data are presented as mean ±

S.D., with individual replicate values indicated by a black circle (•).
Replicate count is either listed in the figure directly and/or in the
corresponding methods section. Statistical significance testing for all
data was performed using the GraphPad Prism 9 software package. In
the present manuscript, we used a one-way analysis of variance
(ANOVA) with a posthoc Tukey test with a significance cutoff of α =
0.05. Significance cutoffs are defined as follows: *p < 0.05, **p < 0.01,
***p < 0.001, and ****p < 0.0001, or ns for not significant.

■ RESULTS AND DISCUSSION
Elastin-like Protein Subcloning, Expression, and

Validation. Recombinant protein engineering provides a
unique toolset that can combine the inherent bioactivity,
biodegradability, and biocompatibility of naturally derived
proteins with the reproducibility and tunability of synthetic
materials. ELPs are a class of synthetically derived recombinant
proteins that offer numerous benefits to the user. First, they
have relatively high expression yields and can be isolated
through thermal cycling, allowing for cost-effective purifica-
tion.14,55 Second, by nature of their modularity, they allow the
operating scientist to have decoupled tuning of cell ligand
concentration and resulting matrix mechanical proper-
ties.15,56,57

In this work, the basic structure of ELP sequences consists of
four repeating units of a bioactive region (Bio) and trimer
repeat elastin-like region (Elastin): (Bio-[Elastin]3)4 (Figure
2A). Additionally, to aid in protein identification, each ELP
variant begins with T7 and histidine (His6) tags, which can be
removed if desired through the designed enterokinase cleavage
site (EK).50 For example, the removal of these sequences may
be necessary for future translational in vivo work to prevent an
immune response, as antibodies against these sequences can be
formed in the presence of the immune system. While the His6
tag is not utilized in this study, its inclusion enables alternative
purification methods (i.e., column chromatography) if more
stringent purification is required. The bioactive domain
specifically consists of amino acid sequences that encode for
cell-responsive ligands derived from various extracellular matrix
proteins. The elastin-like region is derived from human elastin
and contains the pentameric (VPGXG)5 repeat where the “X”
amino acid in the central repeat has been replaced with a

chemically active lysine (K) or tyrosine (Y) residue to facilitate
downstream cross-linking. There are numerous cross-linking
strategies that leverage the free amine group within the lysine
residue as a functional handle. However, to maintain the
bioactivity of ligands that incorporate lysine residues (e.g.,
IKVAV), we make use of tyrosine as an alternative functional
group.
Our group has previously cloned and reported on an RGD-

ELP, YIGSR-ELP, and scrambled RDG-ELP.17 In this work,
we report on the expansion of this library through the
subcloning of additional ELPs containing ECM-derived ligands
shown in the literature to affect neurite outgrowth, extension,
and regeneration. These ligands include laminin-derived
IKVAV34−36 and YIGSR,37−41 collagen-derived DGEA,42,43

and tenascin-C (TNC)-derived PLAEIDGIELTY and
VFDNFVL44−47 (Figure 2B). To enhance conformational
flexibility and potential cell-receptor engagement, we select an
extended amino acid sequence protein that includes the
reported active peptide (the minimum binding sequence is
highlighted in green). For the fibronectin, laminin, and
collagen ligands, we selected the wild-type amino acid
sequence found in the parent ECM protein. For the
tenascin-C ligands, we select a GGS repeat, which has been
reported to form a flexible, disordered secondary structure.58

To facilitate downstream site-selective bioconjugation, we
choose either K or Y as the guest residue in the central elastin-
like repeat, depending on the amino acid sequence of the
bioactive domain (with Y for the IKVAV variant, to avoid the
use of lysine-reactive chemistries). For the lysine-reactive ELP
variants, the guest residues in the rest of the elastin-like region
are rationally designed to include a more hydrophobic
isoleucine (I) residue, which we previously demonstrated
results in protein sequences with lower critical solution
temperature (LCST) behavior that facilitates protein purifica-
tion using commonly available thermal equipment (i.e.,
standard refrigerator at 4 °C and incubator at 37 °C).17
Alternatively, for the tyrosine-reactive ELP variant, since the
tyrosine residue is expected to greatly decrease the LCST at
physiological conditions,59,60 we select the other guest residues
to be the more hydrophilic valine (V) and lysine (K), which
we hypothesize will result in an overall LCST behavior that
allows for thermal cycling purification.

Figure 2. Summary of ELP ligands and chemical handles for functionalization. (A) A schematic of our complete ELP sequence, which contains: (1)
T7 epitope tag (MASMTGGQQMG), (2) His-tag (HHHHHH), (3) enterokinase cleavage site (DDDDK), and (4) four repeats of a bioactive and
elastin-like region (X3). (B) The amino acid sequences for the bioactive regions and elastin-like regions for each ELP variant are shown. The
reported minimal cell-instructive peptide and amino acid targeted for chemical modification are shown in different font colors. As a negative control
variant, we include a sequence-scrambled bioactive region (RDG) that is known to be non-cell-instructive.
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Oligonucleotides encoding a single (Bio-[Elastin]3)4 repeat
subunit for the new IKVAV-, DGEA-, PLAEIDGIELTY-, and
VFDNFVL-ELP variants are designed using a random
selection of the two highest frequency codons for each
amino acid. These oligonucleotide sequences are designed to
contain flanking SalI and XhoI restriction enzyme sites at the
5′ and 3′ ends, respectively. Our cloning strategy leverages the
compatible sticky ends of XhoI and SalI, which self-ablate
following ligation, while ligation of the palindromic XhoI sticky
ends reproduces the XhoI cut site following ligation. The result
is that multimerization can be achieved by successively ligating
oligonucleotide sequences with SalI and XhoI overhangs (i.e.,
individual (Bio-[Elastin]3)4 subunits) into an open XhoI site in
a target expression vector, which ablates the original cut site
while recreating an identical XhoI site following the inset.
Using the above strategy, we clone full-length proteins using
successive ligations until four repeat units are subcloned into
our expression vector. Validation is performed using forward
and reverse sequencing (Figure S1) and through direct
visualization of the correct molecular weight of the final
DNA sequence with an ethidium bromide gel (Figure 3A)
compared to the theoretical molecular weight (Table S1).
A unique feature of ELPs is the highly hydrophobic elastin-

like region, which makes them amenable to inverse temper-
ature cycling for purification. Briefly, elastins and derivatives of
its repeat unit (VPGXG)n undergo an LCST phase transition;
above this transition temperature (Tt), there is an entropically
driven phase separation into protein-rich and protein-lean

solutions.61 The Tt temperature can be modulated by the
addition of exogenous salts.62 Previously, we reported on the
expression and purification by inverse thermal cycling of RGD-
and RDG-ELP with 1 M NaCl.17 To determine an expression
and purification strategy for IKVAV-, YIGSR-, DGEA-,
PLAEIDGIELTY-, and VFDNFVL-ELP, we manipulate three
parameters in our expression and purification protocol: (1)
expression time (7 or 24 h), (2) expression temperature (25 or
32 °C), and (3) salt content added during thermal cycling (1
M NaCl, 0.5 M (NH4)2SO4, and 1 M (NH4)2SO4). For each
protein, we determine a combination of expression time,
expression temperature, and salt conditions (summarized in
Table S2) that results in lyophilized protein product post
purification (expression yields summarized in Table S3).
Coomassie staining (Figure 3B) and Western blot analysis

(Figure 3C) of lyophilized protein samples reveal predom-
inantly higher molecular weight bands that correspond to the
estimated molecular weight of each protein (Table S1).
Additionally, discrete smaller molecular weight bands are also
observed. As these are all purified through temperature cycling,
a process that specifically selects for elastin-like sequences that
display LCST behavior, we conclude that these are incomplete
elastin-like proteins, which is confirmed through Western blot
analysis with a T7 antibody. These low MW fragments are
expected since, as with many repetitive proteins, the transla-
tional machinery stalls frequently, resulting in incomplete
protein translation.50,63,64 The biochemical identity of our
lyophilized proteins is further verified by amino acid analysis

Figure 3. Representative gels of full-length ELP plasmids and expressed protein. (A) DNA gel showing the final full-length DNA encoding each of
our ELP variants. (B, C) Final protein products for all ELPs are shown as (B) Coomassie-blue stains (presented in grayscale) and (C) Western
blots targeting the T7-tag located at the N-terminus of the protein.

Figure 4. Transition temperature measurements. (A) Representative normalized optical density measurements of the different ELP variants as a
function of temperature. All samples have a final concentration of 1% (w/v) in 1× PBS. (B) Summary table of Tt measurements corresponding to
the temperature range at a normalized optical density of 0.5.
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(Figure S2; numerical summary in Table S4) and semi-
quantitative NMR (Figure S3; numerical summary in Table
S5), demonstrating excellent agreement between the theoreti-
cal and observed amino acid frequencies for the designed ELP
repeat sequence (Table S4). Thus, while some of the repetitive
ELP variants were more likely to stall during translation,
resulting in a higher prevalence of lower MW ELP fragments
with thermal cycling (Figure 3), the biochemical identity of
each ELP variant, including those with low MW ELP
fragments, was confirmed (Figure S3, Table S5).
Finally, we characterize these materials using optical density

(λ = 300 nm) and demonstrate that their Tt is within the range
of 28 to 55 °C in phosphate-buffered saline (PBS) (Figure
4A,B). The range of Tt emerges due to differences in amino
acid sequences in the bioactive and elastin-like regions. The
polarity of each individual amino acid side chain affects the
overall hydrophobicity of the ELP, which will in turn affect the
Tt, where ELPs with decreased hydrophobicity have a higher
Tt.
10 As expected, our library of ELPs is consistent with this

general trend, and we observe a correlation between these two
properties, with the Tt decreasing with increased hydro-
phobicity (Figure S4). Taken together, we demonstrate the
successful subcloning, expression, and purification of our target
ELP variants.
Hydrogel Cross-Linking Strategy and Resulting

Mechanics. To formulate the engineered elastin-like proteins
into hydrogels, we make use of a previously reported
hyaluronan and elastin-like protein (HELP) cross-linking
strategy.26,65 Briefly, the recombinant HA and ELP are
modified with benzaldehyde and hydrazine moieties, respec-
tively. A recombinant HA is used to control the polymer MW,
and in particular, we have identified 100 kDa HA as a
component that increases gel stability while maintaining a low-
viscosity precursor solution for ease of use.26 Upon mixing the
HA and ELP, a cross-linked polymer network forms through
dynamic covalent hydrazone linkages (Figure 1). This cross-
linking strategy has a number of benefits for forming a tunable
ELP-based hydrogel network. First, hyaluronan is a major
component of both the central and peripheral nervous system
and has been suggested to provide both structural and
biochemical cues vital to neural cell proliferation, migration,
and function.27,28,66 It is additionally known to serve as a useful
structural hydrogel component, helping to trap water and

provide osmotic balance.67 Furthermore, HA is easy to
functionalize with a variety of chemical strategies.67 Here, we
leverage an amidation reaction and a subsequent copper-click
reaction with a benzaldehyde-containing small molecule to
functionalize 12% of the available carboxylic acid sites (Figure
S5).
Using our previously reported protocols,25,26 we function-

alize six of the ELP variants leveraging lysine as a chemical
handle: RGD-, YIGSR-, DGEA-, PLAEIDGIELTY-,
VFDNFVL-, and RDG-ELP with ∼12 hydrazine moieties per
ELP (Figures S6, S7). For ELP sequences that contain a lysine
residue within the bioactive region (IKVAV-ELP), we design a
new chemical functionalization strategy using the tyrosine
residues designed for the elastin-like region. Specifically, we
employ an ene-type reaction using 4-phenyl-3H-1,2,4-triazo-
line-3,5(4H)-dione (PTAD). We have previously leveraged
this reaction to functionalize tyrosine residues in ELP with
azides for SPAAC-mediated cross-linking.68 To adapt this
strategy for dynamic covalent cross-linking, we first perform an
amidation reaction to attach a Boc-protected hydrazinoacetic
acid molecule to an amine-bearing PTAD. We next leverage a
subsequent PTAD reaction to functionalize the tyrosine side
chains with our modified PTAD molecule, yielding ∼12
hydrazine moieties per ELP (Figures S6, S7).
For all hydrogels, we mixed 1% (w/v) hydrazine-modified

ELP with 0.5% (w/v) benzaldehyde-modified HA (Table S6).
Following cross-linking into hydrogels, we evaluate matrix
stiffness and stress relaxation rate at 37 °C. Our analysis
confirms that all seven HELP formulations containing the
seven different cell-instructive ligands have statistically similar
shear moduli (Figure 5A,B). The plateau shear moduli
averages ∼200 Pa, which is within the range reported to be
supportive of neurite outgrowth.7,69,70 An additional aspect of
this cross-linking strategy is that hydrazone bonds result in
stress-relaxing hydrogels due to their dynamic exchange
kinetics.71,72 Here, the matrix stress relaxation rate, t0.5, is
quantified as the time required to reach half of the initial stress
under a constant 10% strain. Similar to our previous work with
HELP gels,31 all seven of the HELP formulations display slow
stress relaxation behavior, with t0.5 > 12 h (Figure 5C). Thus,
independent of ligand identity or the functionalization method
of the ELP variant, all HELP formulations achieve statistically
similar stiffness and slow stress relaxation rates.

Figure 5. Hydrogel mechanics summary. (A) Average shear storage moduli (G′) of HELP hydrogels (n = 3−4). All hydrogels were 1% (w/v) ELP-
hydrazine and 0.5% (w/v) HA-benzaldehyde. (B) Representative frequency sweeps performed at a fixed strain of 1% showing storage moduli (G′,
filled symbols) and loss moduli (G′′, open symbols) for all gel formulations. (C) Representative stress relaxation curves were performed at a fixed
strain of 10% for all gel formulations. Statistics: one-way ANOVA, α = 0.05, posthoc Tukey test, ns = not significant.

Biomacromolecules pubs.acs.org/Biomac Article

https://doi.org/10.1021/acs.biomac.3c00941
Biomacromolecules 2023, 24, 5926−5939

5933

https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.3c00941/suppl_file/bm3c00941_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.3c00941/suppl_file/bm3c00941_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.3c00941/suppl_file/bm3c00941_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.3c00941/suppl_file/bm3c00941_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.3c00941/suppl_file/bm3c00941_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.3c00941/suppl_file/bm3c00941_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.3c00941/suppl_file/bm3c00941_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.3c00941/suppl_file/bm3c00941_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.3c00941/suppl_file/bm3c00941_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.3c00941/suppl_file/bm3c00941_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.3c00941/suppl_file/bm3c00941_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.3c00941/suppl_file/bm3c00941_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.3c00941/suppl_file/bm3c00941_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.3c00941?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.3c00941?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.3c00941?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.3c00941?fig=fig5&ref=pdf
pubs.acs.org/Biomac?ref=pdf
https://doi.org/10.1021/acs.biomac.3c00941?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Neurite Outgrowth from Embryonic DRGs. Dorsal root
ganglia (DRG) have been used extensively in the literature as a
model of the peripheral nervous system (PNS). DRGs consist
of a combination of supporting glial cells (Schwann cells) and
neuronal cells that makes them uniquely suited to model
extending neurites in the PNS.73 To demonstrate that these
hydrogels can be used as a tunable platform for systematically
evaluating neurite outgrowth, we encapsulate embryonic rat
DRGs within our HELP gels and quantify neurite outgrowth as
a function of ligand composition. Whole E15 rat DRGs are
isolated and encapsulated in 3D HELP gels with identical
overall gel formulation: 0.5% (w/v) HA-benzaldehyde and 1%
(w/v) ELP-hydrazine, which can comprise any combination of
the ELP variants described above. When encapsulated within
hydrogels as single clusters, explanted DRGs extend neurites
radially and symmetrically outward throughout the gel (Figure
S8).7 Previous work has shown that minor amino acid
differences in the elastin-like sequence of ELP can affect cell
adhesion,14 so to control these potential effects on neurite
outgrowth and ensure that the observed phenotypic differences
are a result of the different adhesive ligand peptide sequences,
we encapsulate DRGs within six of our HELP gels that share
the same elastin-like sequences: RGD-, YIGSR-, DGEA-,
PLAEIDGIELTY-, VFDNFVL-, and RDG-ELP. For each
HELP gel, the ligand is presented at a concentration of 1
mM, as this ligand concentration is known to promote cell
adhesion, spreading, and neurite outgrowth.65,74,75 Following 7
days in culture, we fix, stain, and image our DRG cultures using
confocal microscopy and quantify neurite outgrowth using a
previously developed MATLAB script (Figure S9).7

Following 1 week in culture, all HELP formulations have
evidence of neurite outgrowth as indicated by positive staining
for β-tubulin III, a well-known neuronal marker (Figure
S10).76 The degree of neurite outgrowth varies depending on
the ELP formulation, with RGD-ELP having significantly
higher neurite outgrowth than all of our other ligand-
containing variants (YIGSR-, DGEA-, PLAEIDGIELTY-,
VFDNFVL-, and RDG-ELP negative control) in single ligand
studies (Figure 6). This result is not surprising given that the

RGD motif has been shown to strongly promote and regulate
neurite outgrowth in vitro.8,77,78 Additionally, it is known that
the RGD ligand engages with a number of cell receptors that
are expressed by sensory neurons found in rat DRGs, including
α3β1, α5β1, and α7β1, which may contribute to this high
degree of neurite outgrowth.31,79,80

Conversely, the YIGSR-, PLAEIDGIELTY-, and DGEA-ELP
hydrogels have neurite outgrowth levels comparable to those in
the scrambled RDG-ELP hydrogel. Interestingly, the
VFDNFVL-ELP hydrogel has significantly lower neurite
outgrowth than all but the YIGSR-ELP hydrogel, including
the nonbinding RDG-ELP. Others have also found that these
alternative ligands frequently result in less cell spreading and/
or neurite outgrowth compared to the RGD ligand.81,82 These
results may suggest that these ligands have evolved to initiate
different cellular actions beyond adhesion (e.g., differentia-
tion),83 or alternatively, these ligands may be more prone to
loss of bioactivity when displayed in engineered materials.84 Of
particular note, here we removed the lysine group at the end of
the cell-binding domain in the VFDNFVL-ELP variant. While
the lysine group has not been directly implicated in neurite
engagement,49 the alternatively spliced fibronectin III D repeat
(FnD)-derived ligand is usually reported as VFDNFVLK.
Previous work studying neurite extension in the presence of
this ligand has found that amino acids FD and FV are
necessary for process extension from primary rat granular
neurons,49 but it is inconclusive as to whether or not they are
sufficient by themselves. However, these four amino acids are
the only ones conserved in the FnD sequence found across
different species: humans (VFDNFVLK), pigs (VFDSFVLK),
rats (IFDSFVIR), mice (IFDSFVIR), and chickens
(VFDSFVLK),49 which further implicates their relative
importance in integrin engagement. Therefore, future studies
exploring the ligand presentation will need to be performed to
confirm the bioactivity of these engineered proteins.
Recent literature with other cell types has used combinato-

rial strategies to investigate the cross-talk between different
cell-instructive ligands. These studies have, in some cases,
resulted in nonintuitive synergistic and antagonistic inter-

Figure 6. Neurite outgrowth quantification in single ligand hydrogels. (A) Average neurite outgrowth was quantified using our automated
MATLAB script and plotted for single ligand hydrogels (n = 8−12). (B−G) Representative thresholded, binary images of β-tubulin III staining for
DRGs encapsulated in 100% RGD-, YIGSR-, DGEA-, PLAEIDGIELTY-, VFDNFVL-, and RDG-ELP (B−G, respectively). The scale bar denotes
500 μm. Statistics: one-way ANOVA, α = 0.05, posthoc Tukey test, * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001. Only significant
differences are shown.
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actions between ligands.85,86 The modular design of the HELP
system allows the operator to independently vary the cell-
instructive ligand without significantly altering the overall
hydrogel mechanics. As such, this system is amenable to
screening different combinations of matrix ligands. To
demonstrate this versatility, we conducted a simple two-
component mixture experiment to screen for effects between
RGD- and PLAEIDGIELTY-ELP. PLAEIDGIELTY-ELP is of
particular interest for 3D neural cell culture due to the high
prevalence of tenascin-C in neural tissue.29 In particular,
fibronectin and tenascin-C exhibit higher expression during
embryonic development and tissue repair,87−89 both of which
are processes in which neurite outgrowth takes place.
Tenascin-C is known to regulate cell response to fibronectin,
suggesting potential biologically relevant synergistic effects,90

but to date, the combinatorial effects of these two ligands have
not been explored. For this experiment, we maintain a constant
hydrogel formulation of 0.5% (w/v) HA-benzaldehyde and 1%
(w/v) ELP-hydrazine and systematically vary the ratio of
RGD- and PLAEIDGIELTY-ELP. Where necessary, we make
use of our RDG-ELP nonbinding control as a filler material to
maintain a constant ELP protein concentration.
First, we examine the effect of increasing RGD- and

PLAEIDGIELTY-ELP by quantifying neurite outgrowth in
gels composed of 0, 50, and 100% RGD-ELP (Figure 7A) and
PLAEIDGIELTY-ELP (Figure 7B), corresponding to 0, 0.5,
and 1 mM ligand concentrations. Our studies indicate that
there is no significant (ns) difference between 0% RGD and
50% RGD but that 100% RGD-ELP gels have significantly
higher neurite outgrowth. This suggests that neurite outgrowth
is promoted only after a minimal concentration of RGD has
been incorporated into the system. It has been suggested in the
literature that RGD has a density-dependent effect on neurite
outgrowth in 3D culture, with both very low and very high
concentrations of RGD inhibiting neurite outgrowth.77

Conversely, we do not observe any significant differences in
neurite outgrowth within the 50 or 100% PLAEIDGIELTY-
ELP gels compared with our negative control RDG-ELP gel
(i.e., 0% PLAEIDGIELTY-ELP).
Interestingly, we observe an additive effect between RGD

and PLAEIDGIELTY when mixed at a 1:1 ratio (Figure 7C),
suggesting that neurite outgrowth is enhanced when the two
are mixed together but not when presented alone in single
ligand gels at equivalent concentrations (i.e., 0.5 mM). This
result was somewhat surprising, as prior literature has
suggested that tenascin-C may have an inhibitory effect on
β1 integrin-mediated RGD-binding epitopes.44 Thus, these
data suggest that a previously unreported interaction between
the RGD and PLAEIDGIELTY ligands may exist that
promotes the extension of DRG neurites.

■ CONCLUSIONS
The ability to independently and systematically tune ligand
combinations within 3D hydrogel scaffolds will enable deeper
investigations into cell−matrix interactions and matrix-derived
signaling. Peptide-based hydrogels, such as our HELP
hydrogels, are ideal candidates for such investigations due to
their well-defined amino acid sequences. Here, we design,
clone, and express recombinant ELPs with cell-instructive
ligands derived from several different matrix proteins. These
ligands include RGD (fibronectin), IKVAV (α1 laminin),
YIGSR (β1 laminin), DGEA (collagen-I), PLAEIDGIELTY
(tenascin-C), VFDNFVL (tenascin-C), and a scrambled,
nonadhesive RDG control peptide. We identify ELP expression
and purification conditions that result in reasonable amounts
of protein for our cell culture experiments, but there exists
room for further optimization to obtain even higher ELP
yields. We further characterize these proteins through amino
acid analysis, NMR, and Tt measurements to confirm their
biochemical identity. We observed low MW fragments,

Figure 7. Neurite outgrowth quantification in mixed ligand hydrogels. (A−C) As a demonstration of the modularity of this system, we screened for
combinatorial effects between RGD- and PLAEIDGIELTY-ELP (shortened to PLD in the x-axis label). For all gels, a constant hydrogel
composition of 0.5% (w/v) HA-benzaldehyde and 1% (w/v) ELP-hydrazine was used. Nonbinding RDG-ELP was used as a supplement to
maintain total ELP concentration when necessary. Colors are used to identify the ELP variants present in each gel composition, and the percent
ELP composition is also listed below each plot. Shown here are the results for neurite outgrowth from (A) a series of gels with increasing RGD, (B)
a series of gels with increasing PLD, and (C) comparisons between dual-ligand hydrogels and single-ligand controls. Some bars are presented
multiple times to identify statistical significance. Statistics: one-way ANOVA, α = 0.05, posthoc Tukey test, * p < 0.05, ** p < 0.01, *** p < 0.001,
**** p < 0.0001, and ns = not significant.
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indicating incomplete translation of our full-length designed
ELP. Since polymers are considered to be of infinite MW once
cross-linked into a network,91 this range of MW is not thought
to impact their use as a cell culture substrate. For other future
applications, such as assembly into nanoparticles for drug
delivery,92 the presence of incomplete proteins may be
undesirable. To address this concern and purify only full-
length ELP in the future, the ELP sequence could be
redesigned to include the histidine tag at the N-terminus of
the protein. This would enable the use of nickel-based affinity
chromatography to isolate only the complete, full-length ELP.
By leveraging previously reported hydrazone chemistry, we

generate a two-component HELP hydrogel that homoge-
neously cross-links to encapsulate living cells. Although there
are differences in the Tt of individual ELP variants, we design
our gelation protocol so that chemical cross-linking occurs
prior to phase separation, resulting in the formation of a
homogeneous network. However, it is also possible to alter the
gelation parameters (i.e., cross-linking temperature and time)
to induce differences in hydrogel properties, such as micro-
structure and stiffness, as previously demonstrated.10,51,93 We
further show that by blending together the ELP in defined
concentrations, these gels exhibit tunable cell-instructive ligand
type and ligand concentration without significantly altering the
macroscopic rheological properties of the hydrogel, including
the matrix stiffness and stress relaxation rate. Using this
hydrogel system, we encapsulate and culture primary E15 rat
DRGs for 1 week in culture and show that neurite outgrowth is
significantly influenced by the ligand type presented, with
DRGs encapsulated within hydrogels containing 1 mM RGD
ligand exhibiting the greatest neurite outgrowth.
To further demonstrate the power of this system in

investigating cross-talk between different ligands, we explored
the potential relationship between PLAEIDGIELTY-ELP and
RGD-ELP on neurite outgrowth in a mixed ligand study. Our
results indicate that PLAEIDGIELTY alone (1 mM or 0.5
mM) is insufficient to promote outgrowth over scrambled,
nonadhesive RDG-ELP hydrogels. In comparison, RGD alone
promotes significantly higher neurite outgrowth over RDG-
ELP only at high (1 mM) but not low (0.5 mM)
concentrations. Interestingly, when mixed together in equi-
molar ratios (0.5 mM each), the PLAEIDGIELTY/RGD-ELP
yields significantly increased neurite outgrowth compared to
RGD-ELP only gels at equivalent concentrations (0.5 mM).
Potential cross-talk between these two ligands to improve
neurite extension has not been previously reported. While the
present study maintains a maximum overall ligand concen-
tration of 1 mM, our HELP system enables facile tuning of
both ligand identity and ligand concentration, which may be
further explored in future studies. Taken together, our peptide-
based, 3D hydrogel system provides a toolset to systematically
study and examine the combinatorial effects of matrix ligand
cues in a controlled and reproducible manner.
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cells with programmable peptide DNA hybrids. Nat. Commun. 2017,
8, No. 15982.

(24) Lutolf, M. P.; Raeber, G. P.; Zisch, A. H.; Tirelli, N.; Hubbell, J.
A. Cell-Responsive Synthetic Hydrogels. Adv. Mater. 2003, 15, 888−
892.
(25) Wang, H.; et al. Covalently Adaptable Elastin-Like Protein−
Hyaluronic Acid (ELP−HA) Hybrid Hydrogels with Secondary
Thermoresponsive Crosslinking for Injectable Stem Cell Delivery.
Adv. Funct. Mater. 2017, 27, No. 1605609.
(26) Hunt, D. R.; Klett, K. C.; Mascharak, S.; et al. Engineered
Matrices Enable the Culture of Human Patient-Derived Intestinal
Organoids. Adv. Sci. 2021, 8, No. 2004705.
(27) Jensen, G.; Holloway, J. L.; Stabenfeldt, S. E. Hyaluronic Acid
Biomaterials for Central Nervous System Regenerative Medicine. Cells
2020, 9, 2113.
(28) Gong, H.; Ye, W. E. N.; Freddo, T. F.; Rosario Hernandez, M.
Hyaluronic Acid in the Normal and Glaucomatous Optic Nerve. Exp.
Eye Res. 1997, 64, 587−595.
(29) Zimmermann, D. R.; Dours-Zimmermann, M. T. Extracellular
matrix of the central nervous system: from neglect to challenge.
Histochem. Cell Biol. 2008, 130, 635−653.
(30) Suhar, R. A.; Marquardt, L. M.; Song, S.; et al. Elastin-like
Proteins to Support Peripheral Nerve Regeneration in Guidance
Conduits. ACS Biomater. Sci. Eng. 2021, 7, 4209−4220.
(31) Ruoslahti, E. RGD and other recognition sequences for
integrins. Annu. Rev. Cell Dev. Biol. 1996, 12, 697−715.
(32) Tan, S. J.; Chang, A. C.; Anderson, S. M.; et al. Regulation and
dynamics of force transmission at individual cell-matrix adhesion
bonds. Sci. Adv. 2020, 6, No. eaax0317.
(33) Dechantsreiter, M. A.; Planker, E.; Mathä, B.; et al. N-
Methylated Cyclic RGD Peptides as Highly Active and Selective
αVβ3 Integrin Antagonists. J. Med. Chem. 1999, 42, 3033−3040.
(34) Tashiro, K.; Sephel, G. C.; Weeks, B.; et al. A Synthetic Peptide
Containing the IKVAV Sequence from the A Chain of Laminin
Mediates Cell Attachment, Migration, and Neurite Outgrowth. J. Biol.
Chem. 1989, 264, 16174−16182.
(35) Farrukh, A.; Ortega, F.; Fan, W.; et al. Bifunctional Hydrogels
Containing the Laminin Motif IKVAV Promote Neurogenesis. Stem
Cell Rep. 2017, 9, 1432−1440.
(36) Yin, Y.; Wang, W.; Shao, Q.; et al. Pentapeptide IKVAV-
engineered hydrogels for neural stem cell attachment. Biomater. Sci.
2021, 9, 2887−2892.
(37) Cui, G.-h.; Shao, S.-j.; Yang, J.-j.; Liu, J.-r.; Guo, H.-d. Designer
Self-Assemble Peptides Maximize the Therapeutic Benefits of Neural
Stem Cell Transplantation for Alzheimer’s Disease via Enhancing
Neuron Differentiation and Paracrine Action. Mol. Neurobiol. 2016,
53, 1108−1123.
(38) Dhoot, N. O.; Tobias, C. A.; Fischer, I.; Wheatley, M. A.
Peptide-modified alginate surfaces as a growth permissive substrate
for neurite outgrowth. J. Biomed. Mater. Res., Part A 2004, 71A, 191−
200.
(39) Li, X.; Liu, X.; Josey, B.; et al. Short Laminin Peptide for
Improved Neural Stem Cell Growth. Stem Cells Transl. Med. 2014, 3,
662−670.
(40) Meiners, S.; Mercado, M. L. T. Functional peptide sequences
derived from extracellular matrix glycoproteins and their receptors.
Mol. Neurobiol. 2003, 27, 177−195.
(41) Yu, T. T.; Shoichet, M. S. Guided cell adhesion and outgrowth
in peptide-modified channels for neural tissue engineering. Bio-
materials 2005, 26, 1507−1514.
(42) Mehta, M.; Madl, C. M.; Lee, S.; Duda, G. N.; Mooney, D. J.
The collagen I mimetic peptide DGEA enhances an osteogenic
phenotype in mesenchymal stem cells when presented from cell-
encapsulating hydrogels. J. Biomed. Mater. Res., Part A 2015, 103,
3516−3525.
(43) Yoo, S. Y.; Kobayashi, M.; Lee, P. P.; Lee, S.-W. Early
Osteogenic Differentiation of Mouse Preosteoblasts Induced by
Collagen-Derived DGEA-Peptide on Nanofibrous Phage Tissue
Matrices. Biomacromolecules 2011, 12, 987−996.
(44) Yokosaki, Y.; Matsuura, N.; Higashiyama, S.; et al. Identi-
fication of the Ligand Binding Site for the Integrin α9β1 in the Third

Biomacromolecules pubs.acs.org/Biomac Article

https://doi.org/10.1021/acs.biomac.3c00941
Biomacromolecules 2023, 24, 5926−5939

5937

https://doi.org/10.1002/btm2.10257
https://doi.org/10.1097/00001756-200212200-00007
https://doi.org/10.1089/ten.tea.2011.0030
https://doi.org/10.1088/1741-2560/4/2/003
https://doi.org/10.1088/1741-2560/4/2/003
https://doi.org/10.1016/j.actbio.2012.10.033
https://doi.org/10.1016/j.actbio.2012.10.033
https://doi.org/10.1016/j.actbio.2012.10.033
https://doi.org/10.1016/j.actbio.2014.10.008
https://doi.org/10.1016/j.actbio.2014.10.008
https://doi.org/10.1016/j.actbio.2014.10.008
https://doi.org/10.3389/fmats.2018.00062
https://doi.org/10.3389/fmats.2018.00062
https://doi.org/10.1002/adhm.202200011
https://doi.org/10.1002/adhm.202200011
https://doi.org/10.1002/adhm.202200011
https://doi.org/10.1038/s41598-017-06986-3
https://doi.org/10.1038/s41598-017-06986-3
https://doi.org/10.1038/s41598-017-06986-3
https://doi.org/10.1038/nmeth.3619
https://doi.org/10.1038/nmeth.3619
https://doi.org/10.1038/nmeth.3619
https://doi.org/10.1002/smll.200800363
https://doi.org/10.1002/smll.200800363
https://doi.org/10.1021/bm049627q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bm049627q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nmat5020
https://doi.org/10.1038/nmat5020
https://doi.org/10.1038/nmat5020
https://doi.org/10.1038/s41598-019-54248-1
https://doi.org/10.1038/s41598-019-54248-1
https://doi.org/10.1038/s41598-019-54248-1
https://doi.org/10.1039/B808504H
https://doi.org/10.1039/B808504H
https://doi.org/10.1038/s41583-021-00496-y
https://doi.org/10.1038/s41583-021-00496-y
https://doi.org/10.1186/1471-213X-8-90
https://doi.org/10.1186/1471-213X-8-90
https://doi.org/10.1186/1471-213X-8-90
https://doi.org/10.1016/j.biomaterials.2013.04.042
https://doi.org/10.1016/j.biomaterials.2013.04.042
https://doi.org/10.1016/j.biomaterials.2013.04.042
https://doi.org/10.1016/j.biomaterials.2013.04.042?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.biomaterials.2013.04.042?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cossms.2016.02.001
https://doi.org/10.1016/j.cossms.2016.02.001
https://doi.org/10.1073/pnas.1603529113
https://doi.org/10.1073/pnas.1603529113
https://doi.org/10.1038/ncomms15982
https://doi.org/10.1038/ncomms15982
https://doi.org/10.1002/adma.200304621
https://doi.org/10.1002/adfm.201605609
https://doi.org/10.1002/adfm.201605609
https://doi.org/10.1002/adfm.201605609
https://doi.org/10.1002/advs.202004705
https://doi.org/10.1002/advs.202004705
https://doi.org/10.1002/advs.202004705
https://doi.org/10.3390/cells9092113
https://doi.org/10.3390/cells9092113
https://doi.org/10.1006/exer.1996.0245
https://doi.org/10.1007/s00418-008-0485-9
https://doi.org/10.1007/s00418-008-0485-9
https://doi.org/10.1021/acsbiomaterials.0c01053?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsbiomaterials.0c01053?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsbiomaterials.0c01053?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1146/annurev.cellbio.12.1.697
https://doi.org/10.1146/annurev.cellbio.12.1.697
https://doi.org/10.1126/sciadv.aax0317
https://doi.org/10.1126/sciadv.aax0317
https://doi.org/10.1126/sciadv.aax0317
https://doi.org/10.1021/jm970832g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm970832g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm970832g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0021-9258(18)71604-9
https://doi.org/10.1016/S0021-9258(18)71604-9
https://doi.org/10.1016/S0021-9258(18)71604-9
https://doi.org/10.1016/j.stemcr.2017.09.002
https://doi.org/10.1016/j.stemcr.2017.09.002
https://doi.org/10.1039/D0BM01454K
https://doi.org/10.1039/D0BM01454K
https://doi.org/10.1007/s12035-014-9069-y
https://doi.org/10.1007/s12035-014-9069-y
https://doi.org/10.1007/s12035-014-9069-y
https://doi.org/10.1007/s12035-014-9069-y
https://doi.org/10.1002/jbm.a.30103
https://doi.org/10.1002/jbm.a.30103
https://doi.org/10.5966/sctm.2013-0015
https://doi.org/10.5966/sctm.2013-0015
https://doi.org/10.1385/MN:27:2:177
https://doi.org/10.1385/MN:27:2:177
https://doi.org/10.1016/j.biomaterials.2004.05.012
https://doi.org/10.1016/j.biomaterials.2004.05.012
https://doi.org/10.1002/jbm.a.35497
https://doi.org/10.1002/jbm.a.35497
https://doi.org/10.1002/jbm.a.35497
https://doi.org/10.1021/bm1013475?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bm1013475?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bm1013475?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bm1013475?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1074/jbc.273.19.11423
https://doi.org/10.1074/jbc.273.19.11423
pubs.acs.org/Biomac?ref=pdf
https://doi.org/10.1021/acs.biomac.3c00941?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Fibronectin Type III Repeat of Tenascin-C*. J. Biol. Chem. 1998, 273,
11423−11428.
(45) Schneider, H.; Harbottle, R. P.; Yokosaki, Y.; et al. A novel
peptide, PLAEIDGIELTY, for the targeting of α9β1-integrins. FEBS
Lett. 1998, 429, 269−273.
(46) Andrews, M. R.; Czvitkovich, S.; Dassie, E.; et al. α9 Integrin
Promotes Neurite Outgrowth on Tenascin-C and Enhances Sensory
Axon Regeneration. J. Neurosci. 2009, 29, 5546.
(47) Mercado, M. L. T.; Nur-e-Kamal, A.; Liu, H. Y.; et al. Neurite
Outgrowth by the Alternatively Spliced Region of Human Tenascin-C
Is Mediated by Neuronal α7β1 Integrin. J. Neurosci. 2004, 24, 238.
(48) Staatz, W. D.; Fok, K. F.; Zutter, M. M.; et al. Identification of a
tetrapeptide recognition sequence for the alpha 2 beta 1 integrin in
collagen. J. Biol. Chem. 1991, 266, 7363−7367.
(49) Meiners, S.; Nur-e-Kamal, M. S. A.; Mercado, M. L. T.
Identification of a Neurite Outgrowth-Promoting Motif within the
Alternatively Spliced Region of Human Tenascin-C. J. Neurosci. 2001,
21, 7215.
(50) LeSavage, B. L.; Suhar, N. A.; Madl, C. M.; Heilshorn, S. C.
Production of Elastin-like Protein Hydrogels for Encapsulation and
Immunostaining of Cells in 3D. J. Visualized Exp. 2018, 135,
No. 57739.
(51) Meco, E.; Lampe, K. J. Impact of Elastin-like Protein
Temperature Transition on PEG-ELP Hybrid Hydrogel Properties.
Biomacromolecules 2019, 20, 1914−1925.
(52) Roberts, S.; Harmon, T. S.; Schaal, J. L.; et al. Injectable tissue
integrating networks from recombinant polypeptides with tunable
order. Nat. Mater. 2018, 17, 1154−1163.
(53) Krokhin, O. V.; Spicer, V. Peptide Retention Standards and
Hydrophobicity Indexes in Reversed-Phase High-Performance Liquid
Chromatography of Peptides. Anal. Chem. 2009, 81, 9522−9530.
(54) Zuchero, J. B. Purification of Dorsal Root Ganglion Neurons
from Rat by Immunopanning. Cold Spring Harbor Protoc. 2014, 2014,
826−838.
(55) Meyer, D. E.; Chilkoti, A. Purification of recombinant proteins
by fusion with thermally-responsive polypeptides. Nat. Biotechnol.
1999, 17, 1112−1115.
(56) Acosta, S.; Quintanilla-Sierra, L.; Mbundi, L.; Reboto, V.;
Rodríguez-Cabello, J. C. Elastin-Like Recombinamers: Deconstruct-
ing and Recapitulating the Functionality of Extracellular Matrix
Proteins Using Recombinant Protein Polymers. Adv. Funct. Mater.
2020, 30, No. 1909050.
(57) Lin, C.-Y.; Liu, J. C. Modular protein domains: an engineering
approach toward functional biomaterials. Curr. Opin. Biotechnol. 2016,
40, 56−63.
(58) van Rosmalen, M.; Krom, M.; Merkx, M. Tuning the Flexibility
of Glycine-Serine Linkers To Allow Rational Design of Multidomain
Proteins. Biochemistry 2017, 56, 6565−6574.
(59) Urry, D. W. Physical Chemistry of Biological Free Energy
Transduction As Demonstrated by Elastic Protein-Based Polymers. J.
Phys. Chem. B 1997, 101, 11007−11028.
(60) Taylor, P. A.; Huang, H.; Kiick, K. L.; Jayaraman, A. Placement
of tyrosine residues as a design element for tuning the phase transition
of elastin-peptide-containing conjugates: experiments and simulations.
Mol. Syst. Des. Eng. 2020, 5, 1239−1254.
(61) Urry, D. W.; Luan, C. H.; Peng, S. Q.Molecular biophysics of
elastin structure, function and pathology. In Ciba Found. Symp., 1995;
Vol. 192, pp 4−22; discussion 22-30.
(62) Urry, D. W.; Luan, C. H.; Parker, T. M.; et al. Temperature of
polypeptide inverse temperature transition depends on mean residue
hydrophobicity. J. Am. Chem. Soc. 1991, 113, 4346−4348.
(63) Renner, J. N.; Kim, Y.; Cherry, K. M.; Liu, J. C. Modular
cloning and protein expression of long, repetitive resilin-based
proteins. Protein Expression Purif. 2012, 82, 90−96.
(64) Kim, M.; Elvin, C.; Brownlee, A.; Lyons, R. High yield
expression of recombinant pro-resilin: Lactose-induced fermentation
in E. coli and facile purification. Protein Expression Purif. 2007, 52,
230−236.

(65) Roth, J. G.; Huang, M. S.; Navarro, R. S.; et al. Tunable
hydrogel viscoelasticity modulates human neural maturation. Sci. Adv.
2023, 9, No. eadh8313.
(66) Brückner, G.; Morawski, M.; Arendt, T. Aggrecan-based
extracellular matrix is an integral part of the human basal ganglia
circuit. Neuroscience 2008, 151, 489−504.
(67) Schanté, C. E.; Zuber, G.; Herlin, C.; Vandamme, T. F.
Chemical modifications of hyaluronic acid for the synthesis of
derivatives for a broad range of biomedical applications. Carbohydr.
Polym. 2011, 85, 469−489.
(68) Madl, C. M.; Heilshorn, S. C. Tyrosine-Selective Functionaliza-
tion for Bio-Orthogonal Cross-Linking of Engineered Protein
Hydrogels. Bioconjugate Chem. 2017, 28, 724−730.
(69) Tarus, D.; Hamard, L.; Caraguel, F.; et al. Design of Hyaluronic
Acid Hydrogels to Promote Neurite Outgrowth in Three Dimensions.
ACS Appl. Mater. Interfaces 2016, 8, 25051−25059.
(70) Leipzig, N. D.; Shoichet, M. S. The effect of substrate stiffness
on adult neural stem cell behavior. Biomaterials 2009, 30, 6867−6878.
(71) McKinnon, D. D.; Domaille, D. W.; Cha, J. N.; Anseth, K. S.
Biophysically Defined and Cytocompatible Covalently Adaptable
Networks as Viscoelastic 3D Cell Culture Systems. Adv. Mater. 2014,
26, 865−872.
(72) Shayan, M.; Huang, M. S.; Navarro, R.; et al. Elastin-like
protein hydrogels with controllable stress relaxation rate and stiffness
modulate endothelial cell function. J. Biomed. Mater. Res., Part A 2023,
111, 896−909.
(73) Jessen, K. R.; Mirsky, R.; Lloyd, A. C. Schwann Cells:
Development and Role in Nerve Repair. Cold Spring Harbor Perspect.
Biol. 2015, 7, No. a020487.
(74) Khetan, S.; Guvendiren, M.; Legant, W. R.; et al. Degradation-
mediated cellular traction directs stem cell fate in covalently
crosslinked three-dimensional hydrogels. Nat. Mater. 2013, 12,
458−465.
(75) Baek, J.; Lopez, P. A.; Lee, S.; et al. Egr1 is a 3D matrix-specific
mediator of mechanosensitive stem cell lineage commitment. Sci. Adv.
2022, 8, No. eabm4646.
(76) Katsetos, C. D.; Herman, M. M.; Mörk, S. J. Class III beta-
tubulin in human development and cancer. Cell Motil. Cytoskeleton
2003, 55, 77−96.
(77) Schense, J. C.; Hubbell, J. A. Three-dimensional Migration of
Neurites Is Mediated by Adhesion Site Density and Affinity. J. Biol.
Chem. 2000, 275, 6813−6818.
(78) Vedaraman, S.; Bernhagen, D.; Haraszti, T.; et al. Bicyclic RGD
peptides enhance nerve growth in synthetic PEG-based Anisogels.
Biomater. Sci. 2021, 9, 4329−4342.
(79) Tomaselli, K. J.; Doherty, P.; Emmett, C.; et al. Expression of
beta 1 integrins in sensory neurons of the dorsal root ganglion and
their functions in neurite outgrowth on two laminin isoforms. J.
Neurosci. 1993, 13, 4880.
(80) Gonzalez-Perez, F.; Alé, A.; Santos, D.; et al. Substratum
preferences of motor and sensory neurons in postnatal and adult rats.
Eur. J. Neurosci. 2016, 43, 431−442.
(81) Frith, J. E.; Mills, R. J.; Hudson, J. E.; Cooper-White, J. J.
Tailored Integrin−Extracellular Matrix Interactions to Direct Human
Mesenchymal Stem Cell Differentiation. Stem Cells Dev. 2012, 21,
2442−2456.
(82) Sarker, M. D.; Naghieh, S.; McInnes, A. D.; et al. Bio-
fabrication of peptide-modified alginate scaffolds: Printability,
mechanical stability and neurite outgrowth assessments. Bioprinting
2019, 14, No. e00045.
(83) Ligorio, C.; Mata, A. Synthetic extracellular matrices with
function-encoding peptides. Nat. Rev. Bioeng. 2023, 1, 518−536.
(84) Bock, J. E.; Gavenonis, J.; Kritzer, J. A. Getting in Shape:
Controlling Peptide Bioactivity and Bioavailability Using Conforma-
tional Constraints. ACS Chem. Biol. 2013, 8, 488−499.
(85) Jung, J. P.; Moyano, J. V.; Collier, J. H. Multifactorial
optimization of endothelial cell growth using modular synthetic
extracellular matrices. Integr. Biol. 2011, 3, 185−196.

Biomacromolecules pubs.acs.org/Biomac Article

https://doi.org/10.1021/acs.biomac.3c00941
Biomacromolecules 2023, 24, 5926−5939

5938

https://doi.org/10.1074/jbc.273.19.11423
https://doi.org/10.1016/S0014-5793(98)00612-7
https://doi.org/10.1016/S0014-5793(98)00612-7
https://doi.org/10.1523/JNEUROSCI.0759-09.2009
https://doi.org/10.1523/JNEUROSCI.0759-09.2009
https://doi.org/10.1523/JNEUROSCI.0759-09.2009
https://doi.org/10.1523/JNEUROSCI.4519-03.2004
https://doi.org/10.1523/JNEUROSCI.4519-03.2004
https://doi.org/10.1523/JNEUROSCI.4519-03.2004
https://doi.org/10.1016/S0021-9258(20)89455-1
https://doi.org/10.1016/S0021-9258(20)89455-1
https://doi.org/10.1016/S0021-9258(20)89455-1
https://doi.org/10.1523/JNEUROSCI.21-18-07215.2001
https://doi.org/10.1523/JNEUROSCI.21-18-07215.2001
https://doi.org/10.3791/57739
https://doi.org/10.3791/57739
https://doi.org/10.1021/acs.biomac.9b00113?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biomac.9b00113?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41563-018-0182-6
https://doi.org/10.1038/s41563-018-0182-6
https://doi.org/10.1038/s41563-018-0182-6
https://doi.org/10.1021/ac9016693?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac9016693?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac9016693?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1101/pdb.prot074948
https://doi.org/10.1101/pdb.prot074948
https://doi.org/10.1038/15100
https://doi.org/10.1038/15100
https://doi.org/10.1002/adfm.201909050
https://doi.org/10.1002/adfm.201909050
https://doi.org/10.1002/adfm.201909050
https://doi.org/10.1016/j.copbio.2016.02.011
https://doi.org/10.1016/j.copbio.2016.02.011
https://doi.org/10.1021/acs.biochem.7b00902?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biochem.7b00902?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biochem.7b00902?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp972167t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp972167t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D0ME00051E
https://doi.org/10.1039/D0ME00051E
https://doi.org/10.1039/D0ME00051E
https://doi.org/10.1021/ja00011a057?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00011a057?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00011a057?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.pep.2011.11.019
https://doi.org/10.1016/j.pep.2011.11.019
https://doi.org/10.1016/j.pep.2011.11.019
https://doi.org/10.1016/j.pep.2006.11.003
https://doi.org/10.1016/j.pep.2006.11.003
https://doi.org/10.1016/j.pep.2006.11.003
https://doi.org/10.1126/sciadv.adh8313
https://doi.org/10.1126/sciadv.adh8313
https://doi.org/10.1016/j.neuroscience.2007.10.033
https://doi.org/10.1016/j.neuroscience.2007.10.033
https://doi.org/10.1016/j.neuroscience.2007.10.033
https://doi.org/10.1016/j.carbpol.2011.03.019
https://doi.org/10.1016/j.carbpol.2011.03.019
https://doi.org/10.1021/acs.bioconjchem.6b00720?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.bioconjchem.6b00720?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.bioconjchem.6b00720?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.6b06446?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.6b06446?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.biomaterials.2009.09.002
https://doi.org/10.1016/j.biomaterials.2009.09.002
https://doi.org/10.1002/adma.201303680
https://doi.org/10.1002/adma.201303680
https://doi.org/10.1002/jbm.a.37520
https://doi.org/10.1002/jbm.a.37520
https://doi.org/10.1002/jbm.a.37520
https://doi.org/10.1101/cshperspect.a020487
https://doi.org/10.1101/cshperspect.a020487
https://doi.org/10.1038/nmat3586
https://doi.org/10.1038/nmat3586
https://doi.org/10.1038/nmat3586
https://doi.org/10.1126/sciadv.abm4646
https://doi.org/10.1126/sciadv.abm4646
https://doi.org/10.1002/cm.10116
https://doi.org/10.1002/cm.10116
https://doi.org/10.1074/jbc.275.10.6813
https://doi.org/10.1074/jbc.275.10.6813
https://doi.org/10.1039/D0BM02051F
https://doi.org/10.1039/D0BM02051F
https://doi.org/10.1523/JNEUROSCI.13-11-04880.1993
https://doi.org/10.1523/JNEUROSCI.13-11-04880.1993
https://doi.org/10.1523/JNEUROSCI.13-11-04880.1993
https://doi.org/10.1111/ejn.13057
https://doi.org/10.1111/ejn.13057
https://doi.org/10.1089/scd.2011.0615
https://doi.org/10.1089/scd.2011.0615
https://doi.org/10.1016/j.bprint.2019.e00045
https://doi.org/10.1016/j.bprint.2019.e00045
https://doi.org/10.1016/j.bprint.2019.e00045
https://doi.org/10.1038/s44222-023-00055-3
https://doi.org/10.1038/s44222-023-00055-3
https://doi.org/10.1021/cb300515u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cb300515u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cb300515u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c0ib00112k
https://doi.org/10.1039/c0ib00112k
https://doi.org/10.1039/c0ib00112k
pubs.acs.org/Biomac?ref=pdf
https://doi.org/10.1021/acs.biomac.3c00941?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(86) Lam, J.; Carmichael, S. T.; Lowry, W. E.; Segura, T. Hydrogel
design of experiments methodology to optimize hydrogel for iPSC-
NPC culture. Adv. Healthcare Mater. 2015, 4, 534−539.
(87) Midwood, K. S.; Orend, G. The role of tenascin-C in tissue
injury and tumorigenesis. J. Cell Commun. Signaling 2009, 3, 287−310.
(88) Marzeda, A. M.; Midwood, K. S. Internal Affairs: Tenascin-C as
a Clinically Relevant, Endogenous Driver of Innate Immunity. J.
Histochem. Cytochem. 2018, 66, 289−304.
(89) Patten, J.; Wang, K. Fibronectin in development and wound
healing. Adv. Drug Delivery Rev. 2021, 170, 353−368.
(90) Midwood, K. S.; Valenick, L. V.; Hsia, H. C.; Schwarzbauer, J.
E. Coregulation of Fibronectin Signaling and Matrix Contraction by
Tenascin-C and Syndecan-4. Mol. Biol. Cell 2004, 15, 5670−5677.
(91) Syed, K. H. G.; Saphwan, A.-A.; Glyn, O. P. In Progress in
Molecular and Environmental Bioengineering. In: Carpi A. Analysis and
Modeling to Technology Applications; Chapter 5 Carpi, A., Ed.;
IntechOpen, 2011.
(92) Jenkins, I. C.; Milligan, J. J.; Chilkoti, A. Genetically Encoded
Elastin-Like Polypeptides for Drug Delivery. Adv. Healthcare Mater.
2021, 10, No. e2100209.
(93) Trabbic-Carlson, K.; Setton, L. A.; Chilkoti, A. Swelling and
Mechanical Behaviors of Chemically Cross-Linked Hydrogels of
Elastin-like Polypeptides. Biomacromolecules 2003, 4, 572−580.

Biomacromolecules pubs.acs.org/Biomac Article

https://doi.org/10.1021/acs.biomac.3c00941
Biomacromolecules 2023, 24, 5926−5939

5939

 Recommended by ACS

Spatial and Temporal Control of 3D Hydrogel Viscoelasticity
through Phototuning
Philip Crandell and Ryan Stowers
NOVEMBER 29, 2023

ACS BIOMATERIALS SCIENCE & ENGINEERING READ 

Transient Competitors to Modulate Dynamic Covalent
Cross-Linking of Recombinant Hydrogels
Aidan E. Gilchrist, Sarah C. Heilshorn, et al.
OCTOBER 27, 2023

CHEMISTRY OF MATERIALS READ 

Covalent Grafting of Functionalized MEW Fibers to Silk
Fibroin Hydrogels to Obtain Reinforced Tissue Engineered
Constructs
Martina Viola, Tina Vermonden, et al.
FEBRUARY 07, 2024

BIOMACROMOLECULES READ 

Importance of Molecular and Bulk Dynamics in
Supramolecular Hydrogels in Dictating Cellular Spreading
Laura Rijns, Patricia Y. W. Dankers, et al.
SEPTEMBER 20, 2023

CHEMISTRY OF MATERIALS READ 

Get More Suggestions >

https://doi.org/10.1002/adhm.201400410
https://doi.org/10.1002/adhm.201400410
https://doi.org/10.1002/adhm.201400410
https://doi.org/10.1007/s12079-009-0075-1
https://doi.org/10.1007/s12079-009-0075-1
https://doi.org/10.1369/0022155418757443
https://doi.org/10.1369/0022155418757443
https://doi.org/10.1016/j.addr.2020.09.005
https://doi.org/10.1016/j.addr.2020.09.005
https://doi.org/10.1091/mbc.e04-08-0759
https://doi.org/10.1091/mbc.e04-08-0759
https://doi.org/10.1002/adhm.202100209
https://doi.org/10.1002/adhm.202100209
https://doi.org/10.1021/bm025671z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bm025671z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bm025671z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/Biomac?ref=pdf
https://doi.org/10.1021/acs.biomac.3c00941?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/doi/10.1021/acsbiomaterials.3c01099?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acsbiomaterials.3c01099?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acsbiomaterials.3c01099?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acsbiomaterials.3c01099?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acsbiomaterials.3c01099?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acsbiomaterials.3c01099?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acsbiomaterials.3c01099?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acsbiomaterials.3c01099?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acsbiomaterials.3c01099?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acsbiomaterials.3c01099?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acsbiomaterials.3c01099?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acsbiomaterials.3c01099?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acsbiomaterials.3c01099?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acsbiomaterials.3c01099?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acsbiomaterials.3c01099?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acsbiomaterials.3c01099?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acsbiomaterials.3c01099?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acsbiomaterials.3c01099?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acsbiomaterials.3c01099?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acsbiomaterials.3c01099?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c01575?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c01575?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c01575?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c01575?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c01575?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c01575?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c01575?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c01575?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c01575?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c01575?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c01575?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c01575?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c01575?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c01575?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c01575?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c01575?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c01575?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c01575?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c01575?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c01575?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c01575?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c01575?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acs.biomac.3c01147?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acs.biomac.3c01147?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acs.biomac.3c01147?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acs.biomac.3c01147?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acs.biomac.3c01147?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acs.biomac.3c01147?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acs.biomac.3c01147?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acs.biomac.3c01147?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acs.biomac.3c01147?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acs.biomac.3c01147?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acs.biomac.3c01147?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acs.biomac.3c01147?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acs.biomac.3c01147?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acs.biomac.3c01147?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acs.biomac.3c01147?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acs.biomac.3c01147?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acs.biomac.3c01147?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acs.biomac.3c01147?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acs.biomac.3c01147?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acs.biomac.3c01147?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acs.biomac.3c01147?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acs.biomac.3c01147?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acs.biomac.3c01147?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acs.biomac.3c01147?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acs.biomac.3c01147?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acs.biomac.3c01147?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acs.biomac.3c01147?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acs.biomac.3c01147?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acs.biomac.3c01147?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acs.biomac.3c01147?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acs.biomac.3c01147?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c01676?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c01676?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c01676?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c01676?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c01676?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c01676?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c01676?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c01676?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c01676?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c01676?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c01676?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c01676?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c01676?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c01676?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c01676?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c01676?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c01676?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c01676?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c01676?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c01676?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c01676?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c01676?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c01676?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c01676?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c01676?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
http://pubs.acs.org/doi/10.1021/acs.chemmater.3c01676?utm_campaign=RRCC_bomaf6&utm_source=RRCC&utm_medium=pdf_stamp&originated=1708967923&referrer_DOI=10.1021%2Facs.biomac.3c00941
https://preferences.acs.org/ai_alert?follow=1

