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A key attribute missing from many current biomaterials is the ability to independently tune multiple

biomaterial properties without simultaneously affecting other material parameters. Because cells are

well known to respond to changes in the initial elastic modulus, degradation rate, and cell adhesivity of

a biomaterial, it is critical to develop synthetic design strategies that allow decoupled tailoring of each

individual parameter in order to systematically optimize cell-scaffold interactions. We present the

development of a biomimetic scaffold composed of chemically crosslinked, elastin-like proteins

designed to support neural regeneration through a combination of cell adhesion and cell-induced

degradation and remodeling. The design of these engineered proteins includes cell adhesion sequences

to enable neuronal attachment as well as sequences sensitive to cleavage by urokinase plasminogen

activator (uPA), a protease locally secreted from the tips of growing neurites, to enable highly localized

and tunable degradation properties. These engineered proteins are produced using recombinant

techniques and chemically crosslinked into highly swollen hydrogels with controllable mechanical

properties. Through a modest 3% change in the chemical identity of three otherwise identical

engineered proteins, we can modify the uPA substrate specificity resulting in tunable changes in

protease degradation half-life over two orders of magnitude. Under high uPA exposure, the designed

scaffolds exhibit systematic variation of scaffold lifetime, from being fully degraded within a single day

to showing no noticeable degradation within a full week. In vitro studies using the model PC-12

neuronal-like cell line show that the crosslinked proteins support tunable cell adhesion and neuronal

differentiation. Increasing the density of RGD peptides present in the protein substrates leads to

increased cell adhesion and more extensive neurite outgrowth. These engineered proteins offer the

ability to independently tailor the mechanics, degradation properties, and cell adhesivity of scaffolds

for the study of central nervous system regeneration.
Introduction

The treatment of central nerve injuries presents a particularly

difficult challenge in medicine today. Every year in the United

States, around 11,000 spinal cord injuries occur.1,2 At present,

there are no clinical repair strategies that promote significant

functional recovery following traumatic central nervous system

(CNS) injury. Upon injury, the native cells and proteins in the

CNS form a complex, inhibitory scar that essentially blocks

nerve growth while the injured cells release biochemicals that

propagate further nerve damage.3 Despite the inherent chal-

lenges presented by central nerves, they have been observed to
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partially regenerate through peripheral nerve grafts.4 A

combined therapy involving implantation of a biomaterial scaf-

fold supplemented with cells and growth factors to mimic the

restorative capacity of the peripheral nervous system is hypoth-

esized to be the most promising approach to CNS treatment.3,5

Biodegradable materials are the preferred choice for

construction of CNS regeneration scaffolds.3,6–8 These materials

eliminate complications resulting from a permanent implant,

such as compression of regenerating nerves or a prolonged

inflammatory response, which may necessitate a second surgery

for removal.3,7,9 In addition, biodegradable materials aim to

promote nerve growth by providing a less obstructive regenera-

tion environment that can be replaced by cells and their matrix.7,8

The most common biodegradation strategy involves materials

that degrade uniformly over time at the bulk level due to

hydrolysis.6,10–12 For example, by creating PEG-PLA scaffolds

with faster degradation kinetics, the outgrowth of neural

processes was shown to be enhanced.13 In contrast, natural

scaffolds such as chitosan, fibrin, and collagen degrade in

response to enzymes prevalent in the extracellular matrix

(ECM).14–16 Similar to the synthetic scaffolds, enhanced fibrin

matrix degradation via enzymatic action of serine proteases has

been linked to increased neurite extension.14 Taken together,

these results suggest that tailoring the rate of biomaterial
This journal is ª The Royal Society of Chemistry 2009
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degradation may be a useful strategy to control the rate of

neuronal outgrowth in CNS regeneration scaffolds.

Synthetic mimics of the naturally degradable ECM

environment have been designed by incorporating short,

protease-sensitive peptide sequences into synthetic polymeric

scaffolds.17–20 By increasing the protease sensitivity of these

polymers to matrix metalloproteinase, the outgrowth of fibro-

blast cells and migration of osteoblasts have been enhanced.19–21

A key advantage of this technique over traditional hydrolytic

degradation is that the biomaterial can respond to local changes

in cellular behavior, which may vary from patient to patient and

site to site, while hydrolytic cleavage cannot be tuned post-

implantation. However, because the protease-sensitive peptide

sequences are also used as crosslinking sites within these scaf-

folds, the degradation properties and the initial mechanical

properties of these materials cannot be independently tuned.

Because neural cells are known to respond to the mechanical

properties,22–25 degradation properties,13,14 and cell adhesive

properties of scaffolds,26–29 our goal is to design a family of

biomaterials that allows independent tuning of all three vari-

ables. Current biomaterials, including synthetic polymeric

matrices, harvested natural biopolymers, and synthetic/natural

hybrids, generally cannot independently tune the initial

mechanical properties, degradation rate, or cell adhesivity

without simultaneously affecting other material properties.30,31

For CNS nerve grafts, it is particularly important to fabricate

a scaffold that allows neurons to locally degrade a material

at the site of regeneration while simultaneously maintaining

the bulk structural integrity of the implant. This approach is

aimed at enhancing neurite outgrowth and preventing material

collapse, which has been a confounding factor in many

biodegradable peripheral nervous system and CNS guidance

channels.32–34

To achieve this goal, we have designed a scaffold composed

entirely of engineered proteins that mimics many of the essential

characteristics of the natural ECM (Fig. 1). To our knowledge

this is the first application of full length engineered proteins in the

construction of nerve regeneration scaffolds. Recent work with

self-assembled peptide amphiphiles has demonstrated the effi-

cacy of using peptide containing materials to inhibit glial scar

formation and promote neurite outgrowth in mouse spinal

cords.26,27 Our protein polymers are synthesized using recombi-

nant protein technology in order to exercise exact molecular-level

control over the polymer composition. In addition, protein

materials release no cytotoxic degradation fragments, can easily
Fig. 1 Amino acid sequences of the engineered proteins (EK refers

This journal is ª The Royal Society of Chemistry 2009
incorporate bioactive functionalities, and can be chemically

crosslinked to form hydrogel scaffolds.35–37 A key advantage of

recombinant protein engineering is the modular design and

templated synthesis that allows creation of an entire family of

polymers with similar amino acid sequences and precisely altered

material properties. Here we demonstrate this advantage by

designing a family of biomaterials with independently tunable

mechanical properties, degradation rates, and cell adhesivity.

Specifically, the engineered protein polymers detailed in this

paper are composed of alternating elastin-like structural

sequences and bioactive peptide sequences.38–40 To promote cell

adhesion, the extended RGD sequence of fibronectin was

designed into the protein. This sequence has been previously

shown to promote neurite attachment due to interaction with

integrins displayed on the surfaces of neurites.41 To induce local

neuronal remodeling of the engineered protein, protease cleavage

sequences of varying sensitivity to the enzyme urokinase plas-

minogen activator (uPA) were designed into the protein. The

uPA enzyme is a member of the serine protease family, has been

shown to be locally secreted from the tips of neuronal growth

cones, and is thought to provide a mechanism for remodeling the

natural ECM.42,43 We hypothesize that neurons may be able to

degrade these engineered proteins specifically at the site of

neurite elongation to create tunnels for neurite extension without

compromising the bulk integrity of the scaffold. By varying the

rate of scaffold degradation, it may be possible to influence the

speed of neurite elongation to promote nerve regeneration.

These materials are intended for eventual use as pre-formed,

implantable nerve grafts, either with or without the pre-seeding

of exogenous cells. This type of implant is designed to link

severed nerves to their original contacts, serving as a bridge

across the inhibitory CNS injury site. In the peripheral nervous

system, nerve grafts are commonly used to provide a regenerative

growth environment and guidance for growing neurons.44–46

Initial successes using peripheral nerve graft implants in the CNS

have led to substantial interest in designing artificial, cell-free

nerve grafts for the inhibitory CNS environment.4,45

In this paper, our engineered protein polymers are shown to be

easily produced in Escherichia coli bacteria, purified, and chem-

ically crosslinked into protein scaffolds with tunable elastic

moduli. The protease sensitive proteins are shown to exhibit

controlled degradation in both their uncrosslinked and cross-

linked forms. A 3% change in monomer sequence at the protease

cleavage site was shown to result in a greater than 200-fold

change in protease degradation half-life of the uncrosslinked
to enterokinase, [ refers to the predicted uPA protease cut site).

Soft Matter, 2009, 5, 114–124 | 115
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protein polymers. This same amino acid change was also shown

to result in crosslinked films that ranged from fully degraded at

one day to virtually non-degradable after seven days of constant

uPA exposure. In vitro studies using the model PC-12 neuronal-

like cell line indicate that crosslinked protein scaffolds containing

the RGD domain from fibronectin support cell adhesion,

neuronal differentiation, and neurite extension. We demonstrate

direct control over the cell adhesivity and neurite outgrowth by

tuning the density of RGD peptides within the scaffold.

Unlike most biomaterials, this new family of scaffolds has the

distinct advantage of allowing the initial mechanical properties,

the degradation properties, and the cell adhesive properties to be

tailored independently without adversely affecting the other

material properties. These biomaterials provide an ideal frame-

work for conducting systematic studies into the optimal scaffold

material properties required for CNS repair.

Experimental

Plasmid construction

A schematic of the plasmid construction process is shown in the

supporting information. Oligonucleotides that encode the three

protein domain sequences (tag, bioactive, and structural

elastin-like domains) were purchased from Integrated DNA

Technologies (Coralville, IA). The coding and anticoding

oligonucleotide strands for each domain were phosphorylated

and annealed to create the following DNA overhang sequences

on the 50 and 30 ends: tag domain (NcoI and XhoI), bioactive

domains (EcoRI and HindIII), and elastin-like structural

domain (KpnI and KpnI).

The tag domain was ligated into pET15b (Novagen, San

Diego, CA) to form Tag-pET15b. The bioactive domains were

ligated into pUC18 to form Bio-pUC18. The elastin-like

monomer domain was multimerized using T4 DNA ligase at

4 �C for 3 min and the trimer reaction product was isolated

by gel electrophoresis and ligated into Bio-pUC18 to form

Bio-[Elastin]3-pUC18. The bioactive and elastin-like domains

were removed from Bio-[Elastin]3-pUC18 with SalI and XhoI

and ligated into Tag-pET15b digested with XhoI to form

Tag-[Bio-[Elastin]3]-pET15b. This reaction was repeated three

times to form Tag-[Bio-[Elastin]3]4-pET15b, and the final

plasmid content was confirmed by sequencing (Stanford PAN

Facility).

Protein expression and purification

Individual Tag-[Bio-[Elastin]3]4-pET15b plasmids were trans-

formed into the Escherichia coli expression strain BL21(DE3).

Protein expression was induced under the control of the T7-lac

promoter at an OD600 of 0.6 (37 �C, LB medium) with 1 mM

b-isopropyl thiogalactoside and allowed to express for 3 hrs post

induction. The wet cell pellet was resuspended in TEN Buffer

(1 g/mL, 1 mM PMSF), sonicated, and agitated overnight at

4 �C. The pH was adjusted to �9 with 4 N NaOH, incubated at

4 �C for 1 h, and centrifuged at 4 �C (1 h, 17,700 g). NaCl was

added to the supernatant to a final concentration of 1 M. This

solution was agitated overnight at 4 �C, incubated at 37 �C

shaking for 3 hrs, and centrifuged at 37 �C (1 h, 3,584 g). The

pellet was resuspended in water (0.1 g/mL), agitated overnight at
116 | Soft Matter, 2009, 5, 114–124
4 �C, adjusted to pH �9 with 1 N NaOH, incubated at 4 �C

shaking for 1 h, and centrifuged at 4 �C (1 h, 34,929 g). Warm

(37 �C, 1 M NaCl) and cold (4 �C, pH �9) purification cycles

were each repeated twice. The final supernatant was desalted

using size exclusion centrifugation (10,000 MWCO, Millipore

Amicon, Billerica, MA) and lyophilized. Typical protein yields

were 25–50 mg/L.

Amino acid analysis

Amino acid analysis was performed by the Molecular Structure

Facility at the University of California, Davis (Davis, CA) using

a Hitachi L-8800 sodium citrate-based amino acid analyzer

(Tokyo, Japan). Protein samples were cleaved by HCl hydrolysis,

separated with ion-exchange chromatography, and detected

using a ninhydrin reaction.

Lower critical solution temperature

Lyophilized protein was resuspended at a concentration of 10

mg/mL in phosphate buffered saline (PBS, pH ¼ 7.2, 4 �C).

Absorbance readings at 300 nm were monitored as a function of

temperature using a Molecular Devices SpectraMax Plus384

Spectrophotometer (Sunnyvale, CA). The temperature was

increased at a rate of 0.1 �C/min with an equilibration time of 30 s

at each step.

Scaffold crosslinking and material characterization

Crosslinked hydrogels were made by dissolving lyophilized

protein in PBS buffer (pH ¼ 7.4) at a concentration of 0.1 mg/mL

and rapidly mixing in disuccinimidyl suberate (DSS, Pierce

Biotechnology, Rockford, IL) solubilized in 25:75 dimethyl

formamide: dimethyl sulfoxide solution (0.042 mg DSS/mL of

solvent) at 4 �C. The mixed solution was compressed between

two glass plates covered with parafilm (separated with 1 mm

spacers) and allowed to react at room temperature for 24 hrs

(reaction time is much less than 24 hrs but allowing the samples

to dry for 1 day minimized loss of sample integrity due to

adherence to the mold). Samples were crosslinked at stoichio-

metric ratios of 0.75–1.5:1 NHS esters to primary amines.

Crosslinked hydrogels were cut into 5 mm diameter circles

(samples were 400–600 mm thick).

The compressive elastic modulus of each protein was deter-

mined in triplicate using a TA AR2000 Rheometer (New Castle,

DE), compressive rate of 2 mm/s, 22 �C, in PBS buffer (pH ¼ 7.4).

Compressive elastic moduli (E) were determined by measuring

the slope of the initial linear portion of the stress-strain curve

(0–15% strain).

The average molecular weight between crosslinks (Mc) was

estimated using rubber elasticity theory according to Equation 1,

where r is the protein density (approximated as 1.35 g/mL),47 R is

the ideal gas constant, and T is temperature.48 Mc was used

to estimate the percentage of lysines reacted during protein

crosslinking.

E ¼ rRT

3Mc

(1)

The water content (W) was measured in duplicate using

Equation 2, where ms is the weight of the hydrated sample and
This journal is ª The Royal Society of Chemistry 2009
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md is the weight of the dehydrated sample. Dehydrated material

was prepared using a vacuum oven operated at 50 �C for 24 hrs.

W ¼ ms �md

ms

� 100 (2)

The volumetric swelling ratio (Q) was determined in duplicate

using Equation 3, where rpolymer is the density of the protein

polymer (approximated as 1.35 g/mL) and rsolvent is the density

of the solvent (approximated as 1.0 g/mL).

Q ¼ 1 þ
rpolymer

rsolvent

�
ms

md

� 1

�
(3)

Protease degradation of uncrosslinked proteins

The degradation reactions were carried out in triplicate at 37 �C

(200 mL reaction volume, 0.1 mM (528 U/mL) with low molecular

weight uPA (Calbiochem, San Diego, CA) and 100 mM engi-

neered protein in sodium borate buffer (pH ¼ 8)). Samples (6 mL)

were taken at specific time points and immediately frozen on dry

ice in a solution containing water (9 mL) and 3x SDS sample

buffer (7.5 mL). The extent of protease degradation was

monitored by separating each sample by gel electrophoresis

(12% SDS-PAGE), staining the degradation fragments with

Coomassie Brilliant Blue, and performing densitometry analysis

(NIH ImageJ software, Bethesda, MA).

Protein bands were transferred to a PVDF membrane in 1x

CAPS buffer (100 mA, for 1 h, at 4 �C). The membranes were

stained with Coomassie for 45 s and destained (45% methanol, 45%

water, 10% acetic acid) for �1 h. The desired bands were cut from

the membrane and submitted for N-terminal Edman degradation

sequencing at the Stanford PAN Facility (Stanford, CA).

Kinetic analysis of protein degradation

Solutions of engineered proteins were made in sodium borate

buffer (pH ¼ 8, 4 �C) at the following concentrations: 0, 50, 100,

150, 200, 250, 300, and 350 mM. Solutions were prepared in

triplicate with a total reaction volume of 260 mL. The protease

degradation reactions were carried out at 37 �C with mixed high

and low molecular weight uPA (Calbiochem, San Diego, CA,

0.27 U/mL). Samples (30 mL) were taken at specific time points

for the u1 protein (0, 5, 10, 20, 30, 40, and 50 min) and the u2

protein (0, 0.5, 1, 2, 3, 4, and 5 h). These samples were pipetted

immediately into a 96-well plate chilled on dry ice. In addition to

samples from the degradation reactions, each 96-well plate

contained calibration samples of u1 and u2 protein solutions of

known concentrations (0, 50, 100, 150, 200, 250, 300, and 350

mM) in sodium borate buffer (pH ¼ 8).

All samples were thawed at 4 �C, and 10 mL of sodium borate

buffer and 20 mL of 0.05% 2,4,6-trinitrobenzene sulfonic acid

(TNBSA, Pierce Biotechnology, Rockford, IL) were added to

each well. The TNBSA was allowed to react with the primary

amines contained in each sample at 4 �C with agitation for �1 h.

The absorbance at 425 nm was determined for all samples using

a Molecular Devices SpectraMax Plus384 Spectrophotometer

(Sunnyvale, CA). The kinetic data was fit to the Michaelis-

Menten equation by applying an iterative Levenberg-Marquardt

algorithim using KaleidaGraph version 4.03 software (Synergy

Software, Reading, PA).
This journal is ª The Royal Society of Chemistry 2009
Protease degradation of protein films

Crosslinked hydrogels were made as described above with a 1:1

stoichiometric ratio of NHS esters to primary amines. Cross-

linked hydrogels were cut into 5 mm diameter circles. The

samples were degraded in PBS buffer (pH ¼ 7.4) at room

temperature under constant agitation with 300 U/mL of mixed

high and low molecular weight uPA (Calbiochem, San Diego,

CA). The compressive elastic modulus of each protein was

determined in triplicate at the specified time points using a

TA AR2000 Rheometer (New Castle, DE), compressive rate of

2 mm/s, 22 �C, in PBS buffer (pH ¼ 7.4). Compressive elastic

moduli were determined by measuring the slope of the initial

linear portion of the stress-strain curve (0–15% strain).

PC-12 cell culture conditions

PC-12 cells (ATCC, Manassas, VA) were grown in F12 Kaighn’s

complete media (10% horse serum, 5% fetal bovine serum, and

1% penicillin-streptomycin) at 37 �C, 5% CO2. Cells were

differentiated in F12 Kaighn’s differentiation media (1%

penicillin-streptomycin, 50 ng/mL recombinant human b-NGF

(R&D Systems, Minneapolis, MN)) at 37 �C, 5% CO2. Media

was changed every two days for all cell experiments.

Calcein AM cell adhesion assay

PC-12 cell adhesion was compared on glass coverslips coated

with adsorbed collagen, plain coverslips, and coverslips spin-

coated with crosslinked protein films. Solutions containing

a final protein concentration of 5 mg/mL were prepared at 4 �C

by mixing 14 mL of protein dissolved in PBS (pH ¼ 7.4) with 1 mL

of 0.22 mg/mL DSS in 25:75 DMF:DMSO (1:1 reaction stoichi-

ometry of NHS esters to amines). These solutions (15 mL) were

pipetted onto 12 mm glass coverslips, spread across the surface,

and spun at 5,200 rpm for 1.5 min at 4 �C using a Laurell

Technologies Corporation Model WS-400B-6NPP/LITE spin-

coater. The films were allowed to crosslink, air dried at room

temperature for 24 hrs, sterilized under UV light for 20 min, and

soaked in PBS solution at 4 �C overnight to wash away unreacted

protein and crosslinker. Crosslinked protein substrates included

films of the RDG and RGD proteins as well as 1:1 mixtures of

RGD:u1, RGD:u2, RGD:u3, and RGD:RDG.

To prepare collagen control surfaces, glass coverslips (12 mm

diameter) were sterilized with 100% ethanol for 20 min, rinsed

three times with cold PBS, and incubated with rat tail collagen I

(50mg/mL in PBS, Sigma-Aldrich (St. Louis, MO)) overnight at 4 �C.

All coverslips (including plain glass controls) were then rinsed

three times with PBS, blocked with BSA (fraction V, 0.2% in

PBS, heat inactivated at 85 �C for 10 min) to prevent non-specific

binding, and rinsed three more times with PBS.

PC-12 cells (passage 6) were plated onto films at a density of

10,000 cells/cm2 and cultured in F12 Kaighn’s complete media

for 6 days. Cultures were then washed 1x with PBS buffer,

stained with 1.5 mM Calcien AM in PBS (Invitrogen, Carlsbad,

CA), and fluorescently imaged (20 fields per sample, field size ¼
0.36 mm2, in triplicate) with an inverted Zeiss Axiovert 200

microscope (Oberkochen, Germany, 20x objective) and a CCD

camera. Statistical significance between data sets was determined

using a paired, two-tailed Student’s t-test.
Soft Matter, 2009, 5, 114–124 | 117
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AlamarBlue� cell adhesion assay

Crosslinked protein films (1:1 u1:RGD, u1:RDG, u2:RGD,

u2:RDG, u3:RGD, u3:RDG, RDG:RGD, and full RGD and

RDG) were prepared on the surface of a 48-well polystyrene

tissue culture plate. Crosslinking solutions containing a final

protein concentration of 5 mg/mL were prepared at 4 �C by

mixing 93.3 mL of protein dissolved in PBS (pH ¼ 7.4) with

6.7 mL of 0.22 mg/mL DSS in 25:75 DMF:DMSO (1:1 reaction

stoichiometry of NHS esters to amines). These solutions (100 mL)

were pipetted onto the surface of each well. The 48-well plate was

centrifuged at 3,000 g to ensure coverage of entire well surface.

Excess solution was removed and films were then reacted and

dried at room temperature for 24 hrs, sterilized under UV light

for 20 min, and soaked in PBS solution at 4 �C overnight to wash

away unreacted protein and crosslinker.

To prepare control surfaces, collagen I from rat tail (50 mg/mL

in PBS) and 0.1% Poly-L-Lysine (PLL) hydrobromide solution

(Polysciences, Inc. (Warrington, PA)) were incubated in wells

overnight at 4 �C. All wells (including plain wells) were then

rinsed three times with PBS, blocked with BSA (fraction V, 0.2%

in PBS, heat inactivated at 85 �C for 10 min) to prevent non-

specific binding, and rinsed three more times with PBS.

PC-12 cells (passage 6) were plated in each well at density of

15,000 cells/cm2 and differentiated in F12 Kaighn’s differentia-

tion media for 6 days. AlamarBlue� reagent (Invitrogen,

Carlsbad, CA) was added directly to the media in each well at

1/10 volume and incubated at 37 �C for 13 hrs. Absorbance

readings were taken at 570 nm and 600 nm. The fraction of

reduced alamarBlue� reagent was calculated according to

manufacturer’s instructions. Statistical significance between data

sets was determined using a paired, two-tailed Student’s t-test.

Immunostaining

Protein films were prepared on glass coverslips as explained in

the Calcein AM cell adhesion assay section (1:1 u1:RGD,

u2:RGD, u3:RGD, RDG:RGD, full RGD, full RDG, and

adsorbed collagen). PC-12 cells (passage 5) were plated on each

film at density of 15,000 cells/cm2. After 6 days of differentiation

in F12 Kaighn’s differentiation media samples were rinsed twice

with PBS, fixed with 4% paraformaldehyde in PBS for 15 min at

room temperature, and rinsed twice more with PBS. Cells were

permeabilized with 0.1% Triton X-100 (PBST, 15 min, room

temperature), blocked with 10% normal goat serum (PBST, 1 h,

room temperature), and incubated with rabbit monoclonal

neuronal class III b-tubulin antibody (dilution factor of 1:500,

Covance, Princeton, NJ, PBST containing 5% normal goat

serum, room temperature, 2 hrs). Samples were then rinsed with

PBST, incubated with goat anti-rabbit IgG AlexaFluor 488

(Invitrogen, Carlsbad, CA, PBST containing 5% goat serum, 1

h), and rinsed with PBST. The samples were then incubated with

1 mg/mL of 40,6-diamidino-2-phenylindole (DAPI, Roche, Basel,

Switzerland) in methanol for 15 min at 37 �C, washed with

methanol, and mounted on microscope slides using Prolong

Gold Antifade Reagent (Invitrogen).

The fluorescently labeled cells were visualized following 6 days

of differentiation with an inverted Zeiss Axiovert 200 microscope

(40x objective) and digital images were captured with a CCD

camera.
118 | Soft Matter, 2009, 5, 114–124
Neurite quantification assay

Fluorescent images were obtained as described above. A total of

94 images (field size ¼ 0.09 mm2) were analyzed in triplicate for

the RDG:RGD, full RGD, and full RDG samples and 34 images

were analyzed in triplicate for the adsorbed collagen films. For

each image, the total number of cells, cells with neurites greater

than one cell diameter, and cells with neurites greater than two

cell diameters were counted. Statistical significance between data

sets was determined using a paired, two-tailed Student’s t-test.

Results and discussion

Material design, synthesis, and purification

The basic design of the engineered proteins and the exact amino

acid sequences of each protein family member are shown in

Fig. 1. Each engineered protein was designed to contain two

peptide tag sequences for identification, an enterokinase cleavage

site to easily remove the identification tags, and four repeats of

a sequence containing both a bioactive domain and a structural

domain. Five different bioactive domains were included into this

basic design structure: the extended RGD cell-binding domain

from fibronectin, a scrambled negative control of the cell-binding

domain (RDG), and three uPA protease cleavage sites (u1, u2,

u3). The RGD domain of fibronectin was selected since it has

been shown previously to promote neurite attachment due to

interaction with integrins displayed on the surfaces of neurites.41

The protease sites were chosen from previous work that utilized

a combinatorial approach to detect the cleavage rates of specific

sequences by uPA (four amino acids in length, shown in italics in

Fig. 1).49 Therefore, proteins u1, u2, u3, RGD, and RDG are

nearly identical and have a modest �3% difference in total amino

acid sequence. Both the cell-binding domains and the protease

cleavage domains were surrounded by flanking amino acid

sequences derived from the extended fibronectin RGD domain in

order to promote bioactivity within the protein polymer by

facilitating conformational flexibility and potentially preserving

the secondary structure of the peptide.38

The structural domain included in each protein mimics the

repeated VPGVG sequence found naturally in elastin, a fibrous

protein present in connective tissue that is known to provide both

elasticity and resilience.37 Elastin-like polypeptides have been

previously shown to be biocompatible, to express well in bacte-

rial fermentation, and to be easily and inexpensively purified

using a simple thermal cycling technique.39,50 In addition to

providing our scaffolds with elasticity and resilience, the elastin-

like sequences provide a relatively bioinert backbone for the

presentation of bioactive peptides.39

Bacterial expressions of these polymers resulted in un-opti-

mized protein yields that ranged from 25 to 50 mg/L. Amino acid

analysis of the purified protein products confirmed that the

sequences were within 2% of that predicted from the primary

sequence (see supplemental data). The proteins were purified

using a simple thermal cycling technique made possible by the

thermodynamic properties of the elastin-like sequences.35,50 The

hydrophobic elastin-like sequences cause the proteins to exhibit

lower critical solution temperature (LCST) behavior.51 Below the

LCST, the proteins are readily soluble in water while above the

LCST, the proteins aggregate to form a protein-rich coacervate
This journal is ª The Royal Society of Chemistry 2009
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that can be separated by centrifugation. Based on previous work

relating specific elastin-like sequences to LCST behavior, the

elastin-like sequence VPGIG was chosen to facilitate purification

by thermal cycling between 4 �C and 37 �C, temperatures

commonly found in a molecular biology laboratory.51 The LCST

values for each protein were evaluated and found to be between

31 �C and 34 �C (see supplemental data). These LCST values

supported the use of 4 �C for solubilization of the protein and

37 �C for precipitation of the protein in the thermal cycling

purification technique.
Controlling scaffold mechanical properties

Lysine residues were incorporated within the elastin-like

sequences as sites for polymer crosslinking using bifunctional,

amine-specific, chemical crosslinkers.35 By locating the lysine

residues within the elastin-like domains, the bioactive domains

remain undisturbed during crosslinking and, therefore, allow the

elastic modulus to be tuned independently from protein bioac-

tivity and biodegradation. With similar reaction conditions and

stoichiometries, the three protease-sensitive proteins were shown

to form crosslinked scaffolds that possess similar compressive

elastic moduli, confirming that the content of the bioactive

sequence does not significantly affect protein crosslinking (see

supplemental information). The compressive elastic modulus can

be directly controlled by adjusting the location and frequency of

lysine residues within the protein polymers or by altering the

stoichiometry of crosslinker reactive sites to primary amines in

the crosslinking reaction.35,52 Variation of the reaction stoichi-

ometry (NHS esters: primary amines) from 0.75:1 to 1.5:1 for

bulk u1 scaffolds was shown to result in a 39% increase in the

compressive elastic modulus of the resultant material (Fig. 2). As

shown in Table 1, our materials currently possess compressive

elastic moduli within the range of 46 to 63 kPa. By modeling the
Fig. 2 Compressive stress versus strain curves for u1 protein crosslinked

using two different crosslinking reaction stoichiometries.

Table 1 Properties of u1 material crosslinked at two different reaction stoic

Crosslinking
Stoichiometric Ratio Water Content (%)

Volumetric Swelling
Ratio (Q)

0.75:1 87.2 � 0.1 10.2 � 0.1
1.5:1 85.4 � 0.3 8.9 � 0.2

a Complete amine consumption yields an approximate Mc of 2,700 g/mol.

This journal is ª The Royal Society of Chemistry 2009
scaffolds as ideal elastic networks, the crosslinking reactions are

approximated to have reacted 10% of the primary amines using

0.75:1 stoichiometry and 14% of the primary amines using 1.5:1

stoichiometry.

Tunable mechanical properties as evident in our materials are

hypothesized to be an important characteristic in the design of

a material implant. It is conjectured that matching the mechan-

ical properties of a material to that of surrounding native tissue

more closely mimics the natural cellular environment and may

encourage cell movement across the implant-native tissue

boundary.13,53–55 Furthermore, recent experimental evidence

indicates that the mechanical strength of a material can directly

affect cell growth and differentiation.22–25 There is some

disagreement in the literature concerning the appropriate elastic

modulus value which effectively imitates spinal cord tissue; the

most common values reported range from approximately 3 kPa

to 300 kPa.56,57 Our crosslinked material presently exhibits an

elastic modulus within the range measured for spinal cord tissue.

Another key attribute of our crosslinked protein scaffolds is

their highly swollen, hydrogel structure. Highly swollen networks

allow for diffusion of nutrients and growth factors and provide

open space for the migration of cells through a material

implant.58 The water content of the swollen u1 materials was

measured to be 85–87% and the volumetric swelling ratios of the

materials were calculated to be from 8 to10 (Table 1). The water

content of these materials are comparable to other nerve regen-

eration scaffolds constructed from PHEMA (85% water content)

and are slightly less swollen than degradable PEG hydrogels

previously used for neural applications (Q �12–16).13,55

Tailored scaffold enzymatic degradation

Despite the highly swollen nature of these protein materials, we

hypothesize that they may still be obstructive to nerve cells

attempting to regenerate through the polymer network. This

hypothesis is based on previous work that showed neurite

extension was enhanced in faster degrading PEG polymer

networks that possessed swelling ratios greater than our mate-

rials (Q>10).13 Therefore, we may be able to tune neurite

extension by including protease cleavage sequences within the

protein structure to provide a mechanism for neurons to locally

degrade and remodel the material as they extend neurites. To

alter the rate of proteolytic degradation, three uPA cleavage

sequences with altered substrate specificity were designed into the

scaffold, with u1 predicted to degrade the fastest, followed by u2

and then u3.

The degradation properties of these proteins were first char-

acterized without chemical crosslinking in the presence of uPA

under physiological conditions. The high enzyme concentration

(528 U/mL) used in these reactions was not chosen to mimic
hiometries

Compressive Elastic
Modulus (kPa) Mc � 1000 (g/mol)a Reacted Amines (%)

45.7 � 7.2 26.8 � 4.2 10.2 � 1.6
63.3 � 3.6 19.4 � 1.1 14.1 � 0.8
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Fig. 3 Representative SDS-PAGE gel of u1 protein fragments generated

by degradation with 528 U/mL uPA enzyme (circled band was analyzed

by N-terminal sequencing).

Fig. 4 Relative degradation rates of uncrosslinked u1 and u2 (inset of

u3) generated by SDS-PAGE densitometry analysis of the degradation

fragments produced over time upon exposure to 528 U/mL uPA enzyme.

Fig. 5 Rate of primary amine production from degradation of uncros-

slinked u1 and u2 protein with 270 U/mL of uPA enzyme.

Fig. 6 Change in compressive elastic modulus due to degradation of

crosslinked u1, u2, and u3 scaffolds with 300 U/mL uPA enzyme.
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in vivo concentrations of uPA, but was instead selected to be

similar in range to previous uPA kinetics experiments in order to

create more manageable experimental time points.59 Gel elec-

trophoresis of the degradation fragments present at a range of

time points for a representative u1 degradation reaction is shown

in Fig. 3. As shown in this gel, the full protein degrades to smaller

fragments throughout the course of the reaction and predomi-

nantly results in the formation of one final fragment, approxi-

mately 10 kDa in weight (circled). This band was excised from

the gel and sequenced to determine the specificity of the degra-

dation reaction. The band was found to possess an N-terminal

sequence of SASPASSA, which is present directly after the

predicted protease cut site, arginine, (Fig. 1), thus confirming the

degradation reaction specificity.

A more thorough analysis of the multiple degradation bands

on the gel further supports the reaction specificity. Evident in

Fig. 3 is the presence of very distinct protein degradation bands,

as opposed to blurred bands, indicating highly specific cuts. The

full u1 protein (37.7 kDa) contains four engineered cut sites

(Fig. 1) allowing for the possible formation of 11 different sizes of

specifically degraded fragments (see supplemental data for

detailed mapping of gel fragments). The presence of less intense

minor bands on the gel are likely due to uPA cleavage at lysine

residues in the protein, which has been previously shown to occur

at a much slower rate than cleavage at the engineered arginine cut

sites.59 Many of these lysine residues will be consumed after

chemically crosslinking the proteins, thus limiting the occurrence

of these minor reactions.

Densitometry analysis was performed on SDS-PAGE gels run

in triplicate to directly compare the degradation rates of u1, u2,

and u3. The u1 protein degraded approximately 200-times faster

than u3, and the u2 protein degraded approximately 11-times

faster than the u3 protein, Fig. 4. The proteins were shown to

have the following half-lives: 0.1 hours for u1, 1.1 hours for u2,

and 20.6 hours for u3, when exposed to high uPA concentrations

(5 U/mL). The results of this analysis were further corroborated

using a colorimetric reaction to detect the newly created amine

groups upon each peptide bond cleavage event for the two

proteins with appreciable degradation: u1 and u2. Engineered

protein u1 was shown to produce free amines at a significantly

higher rate than u2, corresponding to a faster degradation rate

(Fig. 5). The uPA enzyme is known to follow standard Michaelis-
120 | Soft Matter, 2009, 5, 114–124
Menten enzyme kinetics, and plots of cleavage rate versus

substrate protein concentration fit well to the Michaelis-Menten

model. For the u1 protein, kcat and Km were determined to be

14.5 � 2.2 s�1 and 327.7 � 24.9 mM, respectively. We were unable

to determine exact values of kcat and Km for the u2 protein due to

significant fitting error, likely resulting from high viscosity (and
This journal is ª The Royal Society of Chemistry 2009
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Fig. 7 Comparison of PC-12 cell adhesion after 6 days of growth

without differentiation medium on various substrates. *BSA and RDG

are statistically different (p < 0.05) from all other substrates.

Fig. 8 Comparison of PC-12 cell adhesion after 6 days of differentiation

on various substrates. *Substrates are statistically different, p < 0.05.
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hence poor mixing) of protein solutions above the predicted Km.

However, the observed maximum reaction velocity of u1 was

approximately 10-times greater than u2. Taken together, these

results demonstrate that molecular-level design of the engineered

proteins can vary the degradation rate over two orders of

magnitude and substantiate the transfer of bioactivity from

a short peptide sequence to the full-length protein polymer.
Fig. 9 Representative fluorescent images of PC-12 cells differentiated for 6

Collagen g) RDG h) BSA; nuclei stained with DAPI in blue, cytoplasm stain

This journal is ª The Royal Society of Chemistry 2009
To confirm that these differences in protein degradation would

result in altered degradation of the bulk scaffold, each engineered

protein was chemically crosslinked to form a three-dimensional

sheet (1:1 NHS esters: primary amines crosslinking stoichiom-

etry). Each bulk scaffold was exposed to 300 U/mL uPA in buffer

at room temperature. This high enzyme concentration was

chosen to create manageable timepoints to accurately measure

the compressive elastic modulus of each sample. The degradation

of the materials was evaluated by monitoring the change in

compressive elastic modulus over time. Crosslinked scaffolds

displayed tunable degradation properties similar to the uncros-

slinked protein polymers; the u1 protein fully degraded at around

24 hours, the u2 protein fully degraded at around 164 hours, and

the u3 protein showed no detectable degradation after 164 hours

(Fig. 6). These results demonstrate that by changing only 3% of

the amino acid side chains in the engineered proteins, scaffolds

with similar initial mechanical properties and dramatically

altered degradation rates can be created.
Tuning PC-12 neuronal-like cell adhesivity

In vitro cell culture studies using the model PC-12 neuronal-like

cell line were conducted on crosslinked scaffolds (1:1 NHS esters:

primary amines crosslinking stoichiometry) of the engineered

proteins to assess cell compatibility, adhesion, and differentia-

tion. PC-12 cells are a clonal line of rat pheochromocytoma cells

that extend neuronal-like processes when exposed to NGF and

are known to secrete uPA from the tips of these processes.43 Cell

adhesion and viability were assessed in a quantitative manner for

PC-12 cells grown on the engineered protein scaffolds in both

growth (i.e., non-differentiation) and differentiation media.

Crosslinked scaffolds were created using the individual engi-

neered proteins alone and in various combinations. By cross-

linking multiple engineered proteins together into a single,

homogeneous scaffold, the degradation rate and cell adhesivity

of the scaffold can be independently tuned. As a negative control

for cell adhesion, the RGD cell-binding domain of fibronectin

was replaced with the scrambled RDG domain, which is a well-

known negative control for cell adhesion.60 Therefore, this

negative control allows side-by-side comparison of cell adhesion
days on a) u1:RGD b) u2:RGD c) u3:RGD d) RDG:RGD e) RGD f)

ed with neuron-specific b-tubulin in green, scale bar ¼ 50 mm.

Soft Matter, 2009, 5, 114–124 | 121
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Fig. 10 Comparison of PC-12 cells after 6 days of differentiation on

RDG, 1:1 RDG:RGD, RGD, and collagen films in terms of a) cells/mm2

b) percentage of cells with neurites greater than one cell diameter and c)

percentage of cells with neurites greater than two cell diameters.

*Substrate is statistically different from all other substrates, p < 0.05.
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and differentiation on scaffolds that have exactly identical amino

acid content, identical mechanical properties, and identical

degradation properties in order to determine if cell adhesion is

specifically a consequence of the RGD domain.

PC-12 cell adhesion was evaluated after 6 days of culture in

growth medium without differentiation cues on the crosslinked

protein scaffolds using calecin AM staining (Fig. 7, see supple-

mental data for detailed statistical comparison). Collagen,

a material commonly used to promote PC-12 adhesion,61 was

used as a positive control, while the negative control was bovine

serum albumin (BSA), a common blocking agent to prevent

adhesion. Cell adhesion on the RDG scaffold and BSA negative

controls was significantly less than on all other substrates. This

result confirms that the elastin backbone represents a relatively

inert background upon which biofunctional peptides can be

presented. Cell adhesion on scaffolds with a 1:1 ratio of

RDG:RGD proteins is significantly greater than adhesion on

RDG scaffolds, confirming that cell adhesion is due to specific

cellular interactions with the RGD peptide sequence. All

scaffolds comprised of 50% RGD protein (with remaining

50% of u1, u2, u3, or RDG), showed similar cell adhesivity.

This result implies that the protease degradation sequences do

not interfere with nor contribute to cell adhesion; thereby

allowing independent tuning of cell adhesivity and scaffold

degradation.

Next, PC-12 cell adhesion was evaluated after 6 days of culture

in differentiation medium (in the presence of 50 ng/mL NGF) by

monitoring the reduction of the alamarBlue� reagent (Fig. 8, see

supplemental data for detailed statistical comparison). An

increase in reagent reduction correlates to an increase in

metabolic intermediates (e.g. NADH, NADPH, and FADH)

produced by viable cells; therefore reagent reduction is

commonly used as a quantitative measure of the number of cells

present.62 An adsorbed poly-L-lysine (PLL) coating is included

as an additional positive control. PLL is a commonly used

substrate that promotes neuronal adhesion through electrostatic

interactions.61 Most evident from this assay is the dramatic

decrease in cells present when RGD is replaced by RDG

(u1:RGD vs. u1:RDG (p ¼ 0.027), u2:RGD vs. u2:RDG (p ¼
0.028), u3:RGD vs. u3:RDG (p ¼ 0.067), and RDG:RGD vs.

RDG (p ¼ 0.002)). Also, the number of cells present is similar in

u1:RGD, u2:RGD, u3:RGD, and RDG:RGD, again confirming

that scaffold degradation can be tuned independently from cell

adhesivity.

In addition, these results suggest that the degree of cell adhe-

sivity can be tuned by controlling the density of RGD cell-

binding domains within the crosslinked scaffold. Scaffolds

comprised entirely of the RGD protein are estimated to contain

� 9,300 RGD binding sites/mm2, while 1:1 RDG:RGD scaffolds

contain � 4,650 and RDG scaffolds contain 0 RGD binding

sites/mm2; assuming the scaffold density is 8.2 mg protein/mm3

(estimated from swelling data in Table 1 and the concentration of

protein in the spincoated crosslinking solutions) and cell integ-

rins can penetrate a depth of 18 nm into the scaffold.63

Comparing PC-12 cell adhesion on these three protein scaffolds,

we observe that cell adhesion is directly related to RGD binding

site density, Fig. 8. Therefore, by tuning the relative ratio of

RGD and RDG proteins, we can tailor the cell adhesivity of the

scaffold.
122 | Soft Matter, 2009, 5, 114–124
Tuning differentiation and neurite outgrowth

The ability of the engineered protein scaffolds to support PC-12

cell differentiation into a neuronal phenotype was analyzed

using immunocytochemistry following 6 days of culture in

differentiation medium (in the presence of 50 ng/mL NGF),

Fig. 9. PC-12 cells were observed to adhere and extend neuritic-

like processes on all of the engineered protein scaffolds

(u1:RGD, u2:RGD, u3:RGD, RDG:RGD, and RGD) con-

taining the RGD cell-binding site. The neuronal-like cell

morphology and positive staining for neuron-specific b-tubulin

indicates that these scaffolds support cell proliferation, differ-

entiation, and neurite outgrowth and show no evidence of

cytotoxicity. Little neurite extension was observed on the
This journal is ª The Royal Society of Chemistry 2009
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RDG scaffold or the adsorbed BSA negative controls,

confirming that the RGD peptide must be present to support

neurite outgrowth. Cell morphology on the u1:RGD, u2:RGD,

and u3:RGD scaffolds appear similar, suggesting that the

protease degradation sequences do not interfere with nor

contribute to neurite outgrowth, allowing scaffold degradation

to be tuned independent of neurite outgrowth. Cells grown on

scaffolds containing 100% RGD protein (� 9,300 RGD binding

sites/mm2 of RGD binding sites) exhibit a similar morphology to

that observed on adsorbed collagen positive control surfaces;

while cells grown on scaffolds containing 50% RGD protein

(� 4,650 RGD binding sites/mm2) exhibit fewer neurites with

less developed branching.

To quantitatively assess the morphological differences caused

by RGD binding site density, 94 images of each engineered

scaffold were analyzed in triplicate, (Fig. 10, see supplemental

data for detailed statistical comparison). By increasing the total

amount of RGD present in the film, the number of adherent

cells, the percentage of cells possessing neurites greater than one

cell diameter in length, and the percentage of cells possessing

neurites greater than two cell diameters in length were all found

to increase. The RDG film was statistically less adherent to

differentiated cells than all other scaffolds (Fig. 10a). The

percentage of cells with neurites greater than one cell diameter

(Fig. 10b) and the percentage of cells with neurites greater than

two cell diameters (Fig. 10c) were statistically different on

scaffolds with 0; 4,650; and 9,300 RGD binding sites/mm2. The

scaffold comprised solely of RGD protein differentiated

fewer cells than the positive collagen control, indicating that

further optimization of the cell adhesion ligand density and the

addition of other adhesion sequences should be investigated to

further enhance the ability of these designed materials to

support cell adhesion, neuronal differentiation, and neurite

outgrowth.27,41
Conclusions

The overall goal of this research is to use synthetic proteins to

fabricate a regenerative scaffold that can be systematically

tailored to obtain the optimal stimuli required for spinal cord

nerve regeneration. While many biomaterials have been devel-

oped to carefully control a single material parameter for

systematic cell-scaffold interaction studies, few, if any, bioma-

terials have been designed to allow independent, simultaneous

tuning of initial elasticity, degradation rate, and cell adhesivity.

Because all three variables are known to impact neurite

outgrowth, it is critical to engineer new scaffolds for CNS nerve

grafts that allow systematic tailoring of each biomaterial

parameter.

The tunable cell adhesion, neuronal differentiation, and neu-

rite outgrowth properties displayed by our engineered proteins

encourage further use of these scaffolds to study the optimal

initial mechanics, degradation rate, and ligand content to

encourage nerve regeneration. While several groups are investi-

gating the effects of elastic modulus and ligand density on neurite

outgrowth,24,25,27,28 at present the optimal degradation rate to

promote neurite outgrowth is largely unknown. Furthermore,

the potential cross-talk between these multiple points of cell-

scaffold interaction are only just beginning to be explored.30,64
This journal is ª The Royal Society of Chemistry 2009
These types of important studies require the design of biomate-

rials that allow the systematic tuning of specific material

parameters without impacting other material properties.

In specific, by using the precise protein synthesis machinery

present in bacteria, we have designed a family of biomaterials

that mimics cell-adhesive and cell-responsive properties of the

regenerative nerve environment. Here we report the crosslinking

of these proteins into scaffolds with tailored initial elastic moduli.

We also report the tunable biodegradation of these engineered

scaffolds in response to enzymatic cleavage by uPA, a protease

known to be secreted by the tips of growing neurites. By

exploiting the sensitivity of uPA substrate specificity to slight

changes in the neighboring amino acid sequence, we synthesized

three proteins with highly variable degradation rates. The

uncrosslinked proteins were shown to exhibit a greater than 200-

fold change in protease degradation half-life as a result of

changing only 3% of the total amino acid content. This same

change in sequence translated into scaffolds with degradation

lifetimes that varied from full degradation after one day of

constant uPA exposure to no detected degradation after one full

week of uPA exposure.

Through the design of three different scaffolds (u1, u2, and u3)

with identical cell adhesion properties, identical initial elastic

moduli, and significantly different degradation rates, we aim to

provide a mechanism to study the optimal degradation rate for

neurite outgrowth. The three uPA degradable proteins can be

further combined together at different ratios to create an even

larger set of materials to be studied for regenerative properties.

Previous work has encouraged the development of this strategy

by showing that cells attempting to grow through quicker

degrading materials often grow faster and extend longer

projections.13,14,19,21 Despite these advancements, we hypothesize

that in order to maximize the benefit of a supportive scaffold, the

degradation rate must closely match the cell regeneration rate

and the site of degradation must be highly localized to prevent

collapse of the bulk scaffold. Therefore, we have specifically

targeted a protease secreted locally by the tips of growing neu-

rites, which are the sites of regeneration in neurons, in order to

more closely mimic what is believed to occur in the natural ECM

environment.42 Future work will evaluate the rates of uPA

secretion, neurite extension of neuronal cells in two-dimensional

and three-dimensional scaffolds of varying mechanical proper-

ties and degradation rates, and the immunogenicity of implanted

scaffolds.

A composite scaffold of the uPA-sensitive engineered proteins

and an RGD engineered protein was shown to support cell

attachment, neuronal differentiation, and neurite extension of

a PC-12 neuronal-like cell line. The total amount of RGD

present in the proteins was found to directly control both cell

adhesion and neurite outgrowth. Taken together, these data

demonstrate that the initial elastic moduli, degradation rate, and

cell adhesivity of the scaffolds can each be systematically and

independently tuned. These engineered proteins will be used to

identify the combination of optimal material properties that

promotes neurite outgrowth. Ultimately, knowledge obtained

from these proteins may be applied to the construction of

a biodegradable material that delivers a combination of benefi-

cial stimuli at the site of nerve injury. Together with a combined

approach involving the delivery of cells and growth factors, these
Soft Matter, 2009, 5, 114–124 | 123
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multi-component protein polymers offer a new approach to

spinal cord repair.
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