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ABSTRACT: Investigations of high molecular weight recombinant protein triblock copolymers demon-
strate unique opportunities to systematically modify material microstructure on both nano- and meso-
length scales in a manner not been previously demonstrated for protein polymer systems. Significantly,
through the biosynthesis of BAB-type copolymers containing flanking, plastic-like end blocks and an
elastomeric midblock, virtually cross-linked protein-based materials were generated that exhibit tunable
properties in a manner completely analogous to synthetic thermoplastic elastomers. Through the rational
choice of processing conditions that control meso- and nanoscale structure, changes of greater than 3
orders of magnitude in Young’s modulus (0.03—35 MPa) and 5-fold in elongation to break (250—1300%)
were observed. Extensibility of this range or magnitude has not been previously reported for virtually
cross-linked copolymers that have been produced by either chemical or biosynthetic approaches. We
anticipate that these versatile protein-based thermoplastic elastomers will find applications as novel
scaffolds for tissue engineering and as new biomaterials for controlled drug release and cell encapsulation.

Introduction

The emergence of genetic engineering of synthetic
polypeptides has recently enabled the preparation of
multiblock protein copolymers composed of complex
peptide sequences in which individual blocks may have
different mechanical, chemical, or biological proper-
ties.1?2 For example, Cappello and colleagues® have
produced a series of protein polymers ranging up to 1000
amino acids in size (~85 kDa) that contain both silk-
and elastin-mimetic sequences. Silklike regions consist-
ing of between 12 and 48 alternating alanine and glycine
residues are capable of crystallizing to form virtual
cross-links between elastin-mimetic sequences com-
prised of repeating Val-Pro-Gly-Val-Gly pentapeptides
that characteristically form short blocks of between 40
and 80 amino acids in length. Similarly, Petka et al.2
have reported the synthesis of a 230-amino acid (22.5
kDa) recombinant protein triblock copolymer that gels
in a thermally reversible manner through the associa-
tion of a single 42-amino acid leucine zipper region
located in flanking end blocks. As these and other
studies have illustrated, multiblock recombinant protein
polymers can form biphasic materials that exhibit, to
varying degrees, properties of the constituent species.

In a fashion analogous to that observed for synthetic
block copolymers, it is anticipated that the capacity to
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control both interphase mixing of incompatible blocks
and microstructure on both nano- and meso-length
scales will be important variables in tuning material
properties of protein-based block copolymers. Biphasic
properties are often retained for synthetic polymers,
such as the segmented polyurethanes, that are formu-
lated from small blocks. However, a large body of studies
has demonstrated that the range of microstructures that
can be readily accessed by multiblock copolymers is
much greater for systems that are comprised of large
well-defined blocks, such as the polystyrene—polybuta-
diene—polystyrene (SBS) or polystyrene—polyisoprene—
polystyrene (SIS) copolymers.* Thus, approaches that
facilitate the generation of large multiblock protein
polymers offer a unique opportunity to systematically
modify microstructure in a manner that has not been
feasible in previously reported systems.

We have recently described a modular convergent
biosynthetic strategy that has greatly facilitated the
synthesis of high molecular weight recombinant protein
triblock copolymers with significant flexibility in the
selection and assembly of blocks of diverse size and
structure.’ In this report we detail the synthesis of a
new class of BAB protein triblock copolymer that are
derived from elastin-mimetic polypeptide sequences in
which the respective blocks exhibit distinct elastomeric
and plastic mechanical properties in analogy to ther-
moplastic elastomers. We demonstrate that by judicious
selection of solution processing conditions, including
solvent type, temperature, and pH, an array of virtually
cross-linked protein-based materials can be produced
that display a wide range of physical properties. The
capacity of solution processing to modulate protein
polymer behavior was attributed both to the induction
of distinct highly ordered morphologies by liquid—liquid
phase separation and by the control of interphase

© 2005 American Chemical Society

Published on Web 12/17/2004



346 Nagapudi et al.

Macromolecules, Vol. 38, No. 2, 2005

Table 1. Coding Sequences of Oligonucleotide Cassettes Employed for the Construction of Proteins P2 and B9

A.

Val Pro Gly Val Gly Val
GTA CCT GGT GTT GGC GTT
CAT GGA CCA CAA CCG CAA
Glu Gly Val Pro Gly Val
GAA GGT GTA CCG GGT GTT
CTT CCA CAT GGC CCA CAA
B.

Val Pro Ala Val Gly Ile
GTA CCT GCT GTT GGT ATT
CAT GGA CGA CAA CCA TAA
Val Gly Ile Pro Ala Val
GTT GGT ATC CCA GCT GTT
CAA CCA TAG GGA GCA CAA
C.

Met Val Pro Gly Val Gly
ATG GTT CCG GGT GTA GGT
TAC CAA GGC CCA CAT CCA
Pro Gly Val Gly Ile Pro
CCT GCT GTT GGT ATT CCT
GGA CGA CAA CCA TAA GGA
D.

Met Val Pro Ala Val Gly
ATG GTA CCT GCT GTT GGT
TAC CAT GGA CGA CAA CCA
Pro Gly Val Gly Val Pro
CCG GGT GTA GGT GTA CCT
GGC CCA CAT CCA CAT GGA

Scheme 1. Biosynthetic Route to Diblock P2 and
Triblock B9 Protein Copolymers®
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@ DNA cassettes encoding plastic repeat units were inde-
pendently synthesized and inserted into plasmids engineered
as N-terminal (pPN) and C-terminal (pPC) blocks. After double
digestion with Sex Al and Xma I, the two cleavage fragments
are joined together via enzymatic ligation to afford plasmid
pP2with a single Sex Al restriction site that is located between
the plastic domains. After digestion of pP2 ith Sex AI, the
elastin concatemer is ligated into pP2 to yield the triblock
copolymer pB9.

mixing between incompatible blocks within the polymer-
rich phase. These investigations demonstrate that the
generation of large multiblock protein polymers offers
a unique opportunity to systematically modify material
microstructure on both nano- and meso-length scales
in a manner that has not been feasible in previously
reported systems. Significantly, through the rational
choice of processing conditions that control meso- and
nanoscale structure self-organizing protein-based ma-
terials can be produced with a variety tailored proper-
ties, including mechanical behavior and drug elution
rates.

Methods

Synthesis. Synthetic methods used to produce the DNA
inserts that encode the various elastin block copolymers have
been described previously.? Oligonucleotide cassettes encoding
the elastic (A) and plastic (B) repeat units (Table 1) were
independently synthesized and inserted into the BamH I/HinD
IIT sites within the polylinkers of pZErO-1 and pZErO-2,
respectively (Scheme 1). Recombinant clones were isolated
after propagation in E. coli strain ToplOF', double-stranded
DNA sequence analysis verified the identity of the DNA inserts
A and B. These clones were propagated in E. coli strain
SCS110 in order to isolate preparative amounts of plasmid
DNA. DNA monomers A and B were liberated from the

Pro
CCG
GGC
Gly
GGC
CCG

Pro
CCG
GGC
Gly
GGC
CCG

Val
GTA
CAT
Ala
GCA
CGT

Ile
ATT
TAA
Gly
GGT
CCA

Gly Val Gly Val Pro Gly
GGT GTA GGT GTA CCA GGC
CCA CAT CCA CAT GGT CCG
Val Pro Gly Val Gly

GTA CCA GGC GTT GGC

CAT GGT CCG CAA CCG

Ala Val Gly Ile Pro Ala
GCT GTT GGT ATC CCA GCT
CGA CAA CCA TAG GGA CGA
Ile Pro Ala Val Gly

ATT CCG GCT GTA GGT

TAA GGC CGA CAT CCA

Pro Gly Val Gly Val

CCT GGT GTT GGG GTA

GGA CCA CAA CCC CAT

Val Gly stop stop

GTT GGC TGA TGA

CAA CCG ACT ACT

Pro Ala Val Gly Val

CCT GCA GTT GGC GTT

GGA CGT CAA CCG CAA

Val Gly Stop Stop

GTT GGG TGA TGA

CAA CCC ACT ACT

respective plasmids via restriction digestion with BspM I and
SexA 1, respectively. Self-ligation of each DNA cassette af-
forded a population of concatemers encoding repeats of the
plastic and elastic sequences, respectively.

Concatemers derived from DNA monomer B were inserted
into the BspM I site of the modified polylinker C in plasmid
pET-24a. A concatemer encoding 16 repeats of the plastic
sequence was isolated and identified via restriction cleavage
with Kpn I and Pst 1. Double-stranded DNA sequence analysis
confirmed the integrity of the concatamer within the recom-
binant plasmid, which was labeled pPC. The concatemer was
liberated from pPC via restriction cleavage with Kpn I and
Pst I and purified via preparative agarose gel electrophoresis.
Enzymatic ligation was used to join the concatemer cassette
to the Kpn I/Pst I sites within the modified polylinker D in
plasmid pET-24a. Double-stranded DNA sequence analysis
confirmed the integrity of the concatemer within the recom-
binant plasmid, which was labeled pPN. The pair of recom-
binant plasmids pPN and pPC encoded the N-terminal and
C-terminal domains, respectively, of the diblock polymer P2.
Restriction cleavage of each plasmid with SexA I and Xma 1
afforded two fragments, which were separated via preparative
agarose gel electrophoresis. Enzymatic ligation of pPN and
pPC afforded the recombinant plasmid pP2, which encoded
protein P2 as a single contiguous reading frame within
plasmid pET-24a.

Plasmid pP2 was propagated in E. coli strain SCS110 and
cleaved with restriction endonuclease SexA I. Concatemers
encoding the elastin sequence A were inserted into the
compatible SexA I site of pP2. The recombinant clones were
analyzed by restriction digestion with Kpn I and Pst I, followed
by agarose gel electrophoresis. A clone was isolated that
encoded approximately 48 repeats of the elastic sequence B.
Plasmid pB9 encoded the triblock copolymer protein B9 as a
single contiguous reading frame within plasmid pET-24a
(Scheme 2).

Scheme 2. Amino Acid Sequence of Protein-Based
Block Copolymers B9 and P2 Derived from
Concatemerization of Elastin-Mimetic Peptide
Sequences A and B

{VPAVG[(IPAVG)4(VPAVG)]1slPAVG}-[X]-{VPAVG[(IPAVG)s(VPAVG)]:cIPAVG}
B9 [X] = VPGVG[(VPGVG),VPGEG(VPGVG):}isVPGVG

P2 [X]=VPGVGVPGVG

Plasmids pP2 and pB9 were used to transform the E. coli
expression strain BL21-Gold(DE3). Large-scale fermentation
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Figure 1. Sodium dodecyl sulfate—polyacrylamide gel elec-
trophoresis (SDS—PAGE) analysis of B9 protein copolymer.
B9 was run on 7.5% SDS—PAGE and stained with Coomassie
G250 (Bio-Rad). Molecular weight markers werePrecision Plus
Protein Kaleidoscope (Bio-Rad).

(3L) was performed at 37 °C in Terrific Broth (TB) medium
supplemented with kanamycin (50 ug/mL).% The fermentation
cultures were incubated under antibiotic selection for 36—48
h at 37 °C with agitation at 175 rpm in an orbital shaker. Cells
were harvested via centrifugation at 4 °C and 4000g for 20
min, and the cell pellet was resuspended in lysis buffer (150
mL; 100 mM NaCl, 50 mM Tris-HCI, pH 8.0) and stored at
—80 °C. The frozen cells were lysed by three freeze/thaw cycles.
Lysozyme (1 mg/mL), protease inhibitor cocktail (5 mL),
benzonase (25 units/mL), and MgCl,; (1 mM) were added to
the lysate, and the mixture was incubated at 25 °C for 30 min.
The cell lysate was incubated for 12 h at 4 °C and was
centrifuged at 19 000g for 30 min at 4 °C to pellet the cell
debris. The target proteins were purified from the clarified cell
lysate by three to five cycles of temperature-induced precipita-
tion (4 °C/37 °C) from 500 mM NaCl solution. Dialysis and
lyophilization afforded proteins B9 and P2 as fibrous solids
in isolated yields of 418 mg/L of culture and 781 mg/L of
culture, respectively.

Amino Acid Compositional Analysis. B9. Calcd (mol
%): Ala, 8.1; Glx, 2.4; Gly, 31.9; Ile, 6.4; Pro, 20.0; Val, 31.2.
Obsd (mol %): Ala, 10.8; Glx, 2.0; Gly, 28.3; Ile, 7.0; Pro, 22.8;
Val, 28.2. P2. Calcd (mol %): Ala, 19.8; Gly, 20.2; Ile, 15.7;
Pro, 20.0; Val, 24.3. Obsd (mol %): Ala, 19.7; Gly, 20.1; Ile,
14.9; Pro, 21.6; Val, 23.7. MALDI-TOF mass spectrometry:
Obsd (Caled): B9, 165, 356 (165, 564); P2, 72, 016 (72, 116).
Sodium dodecyl sulfate—polyacrylamide gel electrophoresis
(SDS-PAGE) analysis indicated apparent molar masses of
approximately 180 000 Da for B9 (Figure 1). '"H NMR and 3C
NMR spectra for B9 and P2 were measured at 4 °C, and
chemical shifts were reported relative to the internal sodium
2,2-dimethyl-2-silapenta-5-sulfonate (DSS) (Tables 2 and 3).

Differential Scanning Calorimetry. All DSC measure-
ments were conducted on a CSC Nano II differential scanning
calorimeter (N-DSC II) at a protein concentration of 1 mg/mL
and a scan rate of 1 °C/min. Distilled deionized water was used
as a solvent in all cases. The thermograms were corrected for
instrumental baseline by obtaining the DSC trace of the pure
solvent. The transition temperatures and heats of transition
were computed using the cpcalc analysis software provided
with the instrument.

Tensile Measurements. Films of the homopolymer P2 and
the triblock copolymer B9 were cast from 10 wt % solutions
in TFE and water. Although protein solutions were prepared
at 5 °C, solvent evaporation was performed at either 5 or at
23 °C. Since it is known that fluorinated alcohols form strong
solid-state complexes with polyamides,” thermogravimetric
analysis (TGA) was conducted on dried films to verify complete
removal of solvent from films samples. TGA showed no weight
loss up to degradation. Given the sensitivity of TGA, this
indicates that residual solvent, even if present, was below 0.05
wt %. After complete solvent evaporation, films were hydrated
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Table 2. Sequential Residue Assignments for Polypeptide
B9 Derived from 'H NMR and 3C NMR Spectroscopic
Data Measured at 4 °C*

NH oH SH
residue (ppm) (ppm) (ppm)

Vall 8.05 454 21
Ile! 835 452 1.9

other (ppm)

yCH3 0.97, 0.92

yCH; 1.46, 1.10; yCH3 0.97;
0CHjs 0.92

2.31,1.95 yCHz2.01, 2.01; 6CH; 3.70,

3.90

Pro? 4.5

Gly? 847 4.0

Ala3 865 48 140

Valt 800 438 21 yCH; 0.97, 0.92
Glu* 834 430 206,196 yCH;2.36,2.36
Gly> 853 4.10

C=0 oC BC
residue (ppm) (ppm) (ppm)

Vall 174.6 60.5 32.6
Ile! 174.4 59.5  39.0

other (ppm)

yCH3 20.9, 20.9

yCHy 28.0; yCH3 17.1;
0CHs3 13.5

yCHs 28.0; 60CH2 51.5

Pro? 1774  64.0
Gly* 1735 455
Ala® 1776 535  20.0
Val* 1766 63.0 32.6
Glu* 1761 566  30.1
Gly> 1740 455

¢ Chemical shifts are referenced and reported relative to the
internal sodium 2,2-dimethyl-2-silapenta-5-sulfonate (DSS).

33.0, 33.5

yCH3 20.9, 20.9
yCHz 37.0; 6CO 183.9

Table 3. Sequential Residue Assignments for Polypeptide
P2 Derived from 'H NMR and 13C NMR Spectroscopic
Data Measured at 4 °C*

NH «oH BH
residue (ppm) (ppm) (ppm)

Vall 8.05 454 21
Tle! 835 452 1.9

other (ppm)

yCH3 0.97, 0.92

yCH; 1.46, 1.10; yCH3 0.97;
0CHjs 0.92

2.31,1.95 yCH;2.01,2.01; 6CH; 3.70,

3.90

Pro? 4.5

Gly? 847 4.0

Ala® 865 4.8 140
Valt 800 4.38 2.1
GlyS 853 4.10

yCH3 0.97, 0.92

c—0 oC AC
residue (ppm) (ppm) (ppm)

Vall 174.6 60.5 32.6
Ile! 174.4 59.5  39.0

other (ppm)

yCHjs 20.9, 20.9

yCHy 28.0; yCH;3 17.1;
0CHs 13.5

yCHs 28.0; 60CH2 51.5

Pro2 1774  64.0
Glys 1735 455
Ala3 1776 535  20.0
Valt 1766 63.0 32.6
Gly 1740 455

33.0, 33.5

yCH3 20.9, 20.9

¢ Chemical shifts are referenced and reported relative to
internal sodium 2,2-dimethyl-2-silapenta-5-sulfonate (DSS).

in a phosphate buffer saline (pH 7.4), cut into 5 mm x 15 mm
strips for tensile analysis, and stored in PBS for a further 24
h prior to tensile testing. Hydrated film thickness was
measured by optical microscopy using a standard image
analysis protocol.

A miniature materials tester Minimat 2000 (Rheometric
Scientific) was used to determine the mechanical film proper-
ties in the tensile deformation mode with a 20 N load cell, a
strain rate of 5 mm/min, and a gauge length of 5 mm. Tensile
testing was conducted at room temperature and ambient
relative humidity. Eight to ten specimens were tested, and the
average Young’s modulus, tensile strength, and elongation to
break were determined. Hysteresis measurements were per-
formed at a strain rate of 5 mm/min in both the loading and
unloading directions.
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Rheology. Rheological data was measured using a DMTA
V (Rheometric Scientific) in the tensile mode. The data were
collected with samples immersed in PBS at 23 °C. Storage
modulus (E'), loss modulus (E"), and tan 6 (E"/E') were
measured at a strain of 0.5% in the frequency range of 0.5—
10 Hz.

Cryo-HRSEM. PBS hydrated films were plunged into
liquid ethane at its melting point (=183 °C), and the vitrified
samples were stored in liquid nitrogen (LN2). Samples were
transferred to and mounted on the precooled (ca. —170 °C)
Oxford CT-3500 cryo-stage held in the cryo-preparation cham-
ber. Specimens were fractured with a prechilled blade and
washed with LN2. The shutters on the stage were closed to
minimize frost contamination, and the cryo-stage was trans-
ferred to the Denton DV-602 Cr coater. To remove excess water
(vitreous ice), the stage was allowed to equilibrate in a vacuum
of ~1077 Torr. Shutters were then opened, and the stage was
brought to a temperature of —105 °C for varying time intervals.
The stage shutters were closed, and the stage was returned
to —170 °C. A monatomic (1 nm) film of chromium was sputter-
coated onto the specimen, and the stage was transferred to
the upper stage of the DS-130F field-emission SEM operated
at 25 kV. During the imaging process, specimen temperature
was maintained at —115 °C. Images were digitally collected
(5 MB) in 16 s in order to reduce radiation damage.

Solid-State 'H NMR Spectroscopy. B9 films initially cast
from TFE or water were packed in 4 mm rotors and rehydrated
by immersion in deuterated PBS for 36 h at room temperature.
'H solid-state NMR experiments were performed on a Bruker
DSX400 NMR spectrometer operating at a magnetic field of
9.4 T. Samples were investigated at room temperature (295
K) in a conventional CP-MAS probe at a spinning speed of 5
kHz. CPMG relaxation experiments were performed using a
train of m-pulses at a length of ca. 10 us separated by a time
interval of 200 us.

The instrumentation and methodology for conducting static
NMR experiments at well-defined levels of relative humidity
(RH) and material moisture content have been detailed
elsewhere.? Samples were exposed to a humid environment
by inserting a small amount of pure D;O or D;O saturated
with sodium chloride at the bottom of a standard 5 mm NMR
tube. Approximately 20 mg of B9 film was placed on a plug of
glass fibers, such that the sample and the glass fiber plug were
not in direct contact with the humidifying fluid. NMR tubes
were sealed and stored at 22 °C, leading to relative humidities
of ca. 75% for the saturated NaCl solution and ca. 95% for the
pure D;0. Film moisture content was determined in a separate
experiment using a gravimetric moisture sorption balance
(IGASorp, Hidden Analytical, Warrington, UK). NMR data
were recorded after 48 h, and further exposure time did not
lead to measurable differences in results. Hahn echo experi-
ments were performed using a 'H broadband probe with a 5
mm coil insert achieving a 90° pulse length of ca. 7 us. The
NMR tube was inserted into the coil so that only the sample
was within the active volume of the coil.

T relaxation constants, measured using the CPMG se-
quence under conditions of MAS or the Hahn echo sequence
under static conditions, were determined by fitting data sets
to eq 1 using the software package IGOR PRO (Wavemetrics,
Lake Oswego, OR).

Elution of a Model Amphiphilic Drug. Sphingosine-1-
phosphate (S1P; MW 378) contains a C16 alkyl chain and a
zwitterionic headgroup, containing both amino and phosphate
moieties, and was used as a model amphiphilic drug to assess
the influence of triblock microstructure on drug release rates.
A total of 2 mg of S1P was added to 1 mL of a 10 wt % solution
of B9 (100 mg) in either TFE or water. Films of equivalent
dimension were cast at room temperature and casting solvent
allowed to evaporate until films were completely dry. Films
were then rehydrated in PBS at 37 °C, and release of S1P was
assessed by UV—vis spectroscopy. Release rates were normal-
ized to total S1P content, which was verified by intentional
film dissolution at 4 °C at the end of the elution period.
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Results and Discussion

Synthesis of Diblock and Triblock Protein Co-
polymers. Prior studies by Urry and colleagues!01!
have noted that the phase behavior and mechanical
properties of elastin-mimetic polypeptides depend criti-
cally on the identity of the residues within the pen-
tapeptide repeat sequence [(Val/Ile)-Pro-Xaa-Yaa-Gly].
Alterations in the identity of the fourth residue (Yaa)
modulates the position of the inverse temperature
transition (T¢) of the polypeptide in aqueous solution
in a manner commensurate with the effect of the
polarity of the amino acid side chain on polymer—
solvent interactions. Specifically, increasing the polarity
of this residue raises the temperature at which the
protein coacervates. In addition, these investigators also
observed that in hydrated, radiation cross-linked ma-
terials substitution of an Ala for the consensus Gly
residue in the third (Xaa) position of the repeat sequence
changed the mechanical response of the material from
elastic to plastic deformation. This effect was attributed
to a change from a type II to a type I § turn upon
substitution of Pro-Gly with Pro-Ala in the pentapeptide
repeat sequence. These observations established a
framework for our design of a new class of protein
triblock copolymers that mimic thermoplastic elas-
tomers. Specifically, an amphiphilic polypeptide was
expressed that incorporates identical end blocks of a
hydrophobic plastic sequence [(IPAVG)4(VPAVG)], sepa-
rated by a central hydrophilic elastomeric block [(VP-
GVQG)«(VPGEG)],, (Scheme 2). The repeat sequence of
the end blocks was chosen such that their inverse
temperature transition would reside at or near ambient
temperature (~20 °C), which would result in phase
separation of the hydrophobic domains from aqueous
solution under physiologically relevant conditions (pH
7.4, T 37 °C). In turn, the sequence of the central
elastomeric repeat unit was chosen such that its transi-
tion temperature was significantly higher than 37 °C.

Two target protein polymers were synthesized: a
diblock consisting of flanking plastic end blocks, desig-
nated as P2, and the corresponding triblock with a
central elastomeric block, designated as B9 (Schemes
1 and 2). Isolated yields for B9 and P2 were 418 mg/L
of culture and 781 mg/L of culture, respectively. Amino
acid analysis confirmed the expected composition for
both protein polymers, and mass spectrometry verified
anticipated molar masses of 165 and 72 kDa for B9 and
P2, respectively. The inverse temperature transition
was 13 °C for P2 and 15 °C for B9. While the capacity
of both plastic and elastomeric blocks to coacervate
under appropriate conditions was predictable, the abil-
ity of the chosen end block sequence to form effective
virtual cross-linking sites and to retain plastic deforma-
tion behavior in the absence of chemical or radiation
cross-linking was completely unanticipated. Nonethe-
less, as illustrated by the investigations described below,
the triblock protein polymer B9 did indeed reversibly
self-assemble from concentrated aqueous solution above
the phase transition temperature of the hydrophobic end
block to form a network of plastic microdomains dis-
persed in a continuous phase of the elastomeric mid-
block. It bears comment that inflammatory or allergic
reactions have not been reported in response to related
elastin protein polymers composed of similar peptide
sequences, including VPGVG, VPGKG, VPGEG, IPAVG,
and VPAVG.!2 In addition, these peptide sequences do
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Figure 2. (A) Stress—strain curves for the B9 triblock copolymer cast at different temperatures from water or TFE. TFE solvates
both blocks and renders the material plastic, while water as a preferential solvent for the hydrophilic midblock generates an
elastomeric material. Changing the pH of the solvent by addition of NaOH further enhances the elastic properties. Elongation 4
represents (strained length)/(initial length). (B) Hysteresis curves for B9 cast from TFE and water. Mechanical hysteresis is
noticeably reduced in samples cast from water at 23 °C compared to samples cast from TFE at 23 °C, demonstrating that water-
cast samples are more elastic. (C) Dynamic mechanical data for B9 cast from water or TFE. The tan 6 for both samples are
similar indicating comparable losses due to viscous dissipation. (D) Stress—strain curves for the B9 cast as multilamellar films
from water or TFE at room temperature and subsequently hydrated in PBS at 23 °C.

not appear to be chemotactic to leukocytes, in contrast
to other elastin degradation products.13:14

Mechanical Behavior and Viscoelastic Proper-
ties of Protein Triblock Copolymer Films. When a
block copolymer solidifies from solution, the resulting
microstructure is dictated by the presence or absence
of phase transitions in the polymer solution and domain
mixing or microphase separation within the polymer
rich phase.!»~18 Both processes are influenced by solvent—
polymer and polymer—polymer interactions and have
important implications for practical applications em-
ploying block copolymers. For example, phase transi-
tions or liquid—liquid phase separation (LLPS) have
been utilized to generate spherical particles as well as
microporous materials with bicontinuous, closed-cell, or
open-cell morphologies. Likewise, the degree of inter-
phase or domain mixing that occur during the process-
ing of synthetic block copolymers effects nanoscale
structure that has been shown to influence material
properties as diverse as mechanical behavior, material
stability, and gas permeability.

The potential of solvent processing to dramatically
influence the mechanical properties of this class of
protein based block copolymer is illustrated by the
engineering stress—strain curves and the corresponding
tensile data obtained for the homopolymer P2 and

triblock B9 samples when initially cast from TFE or
water and subsequently evaluated at room temperature
after hydration in PBS (Figure 2A, Table 2). P2,
whether cast from TFE or water, displays tensile
behavior similar to materials exhibiting plastic or
irrecoverable deformation under stress with a Young’s
modulus for hydrated P2 films that ranged between 16
and 55 MPa. Since TFE is a good solvent for both
hydrophobic and hydrophilic blocks of B9, film casting
from TFE was expected to produce a material with
significant interpenetration of both blocks and, as a
result, yield a microstructure characterized by a mixed
interface between both domains upon solvent removal.
Although subsequent rehydration of the solvent-pro-
cessed material in PBS at temperatures greater than
20 °C would induce end block aggregation and conse-
quent phase separation, some portion of the end block
would remain kinetically trapped within the soft mid-
block segments. In this regard, previous investigations
of synthetic thermoplastic elastomers, such as SBS or
SIS copolymers, have demonstrated that solvent-
induced interphase mixing of incompatible polystyrene
and polyolefin domains affords materials that show
plastic deformation under stress with tensile properties
resembling those of the plastic polystyrene block.19-20
Indeed, the stress—strain curve of hydrated B9 is
qualitatively similar to that of P2, when both are
initially cast from TFE. These data suggest that the
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sustained load is largely carried by plasticlike [(IPAVG)4-
(VPAVG)] domains that extend over relatively long
regions of the material, likely as cylindrical or lamellar
microstructures. Thus, the behavior of B9 cast from TFE
can be likened to a rubber-toughened version of P2.
Tensile properties of B9 films cast from TFE at 5 and
23 °C remained similar since TFE is a good solvent for
B9 at both temperatures.

Unlike TFE, water can be viewed as a selective
solvent, preferentially solvating the hydrophilic mid-
block more than the hydrophobic end blocks. Limited
mixing at the interface of these two incompatible
domains would be anticipated in films cast from water.
Thus, subsequent rehydration of water cast films in PBS
would be expected to produce a material with a sharper
interface between plastic and elastomeric domains than
for films cast from TFE. In turn, this would reduce the
participation of the end blocks in the tensile deformation
process, thereby enhancing material elasticity (Figure
2A). Of note, the tensile behavior shown by water-cast
samples is qualitatively similar to that observed for SBS
copolymers cast from solvents that preferentially solvate
the butadiene block.1%20 Increasing the solvent casting
temperature from 5 °C to 23 °C further favors end block
aggregation, since this temperature lies above the
transition temperature of the end block. The result is a
true microphase-separated material in which there are
likely spherical islands of hydrophobic end blocks
dispersed among solvent swollen and conformationally
labile midblock chains. Owing to almost complete non-
participation of the end blocks in the tensile deformation
process, this material is truly elastic with an observed
elongation to break in the range of 1000%. Consistent
with these observations, hysteresis is significantly
greater in TFE-cast samples as compared to the more
elastomeric water-cast films produced at 23 °C (Figure
2B).

Dynamic mechanical testing provided further insight
into mechanical property differences observed as a
function of film processing conditions (Figure 2C). While
the elastic or storage modulus (E') of the TFE-cast
sample is much greater than that of the sample cast
from water below the transition temperature, the tan ¢
for both samples are similar. Tan ¢ is the ratio of the
loss modulus (E") to storage or elastic modulus (E’) of
a material. As such, losses due to viscous dissipation
are similar in both samples providing further support
that factors which promote block mixing, including the
use of a non-selective solvent or casting from a selective
solvent below the transition temperature lead to similar
viscous-like responses.

Since the midblock contains glutamic acid residues,
further modulation of domain mixing can be expected
during material processing as a function of solution pH.
Samples of B9 cast from a 0.1 N NaOH solution (pH
14) at 23 °C and subsequently rehydrated in PBS proved
to be more elastic than comparable samples cast from
water at 23 °C (Figure 2A, Table 4). In a highly basic
solution, the glutamic acid residues will reside in an
ionized state (COO™) since their pK, is ~4. This will
contribute to a greater degree of midblock swelling due
to charge—charge repulsions and further accentuates
the incompatibility of the two domains. Indeed, the loss
modulus for samples cast from NaOH was lower than
that observed for water-cast samples (data not shown),
demonstrating a further augmentation of elastic behav-
ior. Remarkably, under these conditions maximum
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Table 4. Tensile Parameters for P2 and B9 Films Cast
from TFE and Water

modulus tensile strength elongation to

sample® (MPa) (MPa) break (%)
P2 (water-5) 16.65 + 1.55 3.00 £ 0.32 128 + 33
P2 (TFE-5) 55.04 + 11.89 5.59 £ 1.01 152 4+ 42
B9 (TFE-5) 17.8 £ 1.7 2.70 £ 0.40 390 + 53
B9 (TFE-23) 35.26 + 2.83 2.28 £+ 0.58 250 + 47
B9 (water-5) 1.3 +0.29 2.87 £ 0.88 640 + 116
B9 (water-23) 0.03 £ 0.01 0.78 £ 0.28 1084 + 67
B9 (NaOH-23)  0.03 £ 0.006 1.24 +£0.29 1330 + 64

@ Water-5, water-23, TFE-5, TFE-23, and NaOH-23 refer to
casting solvent and temperature in °C.

elongation to break exceeded 1300%, which is a value
approximately 3—13 times greater than observed among
other covalently crosslinked recombinant elastomeric
biosolids.?! Of interest, the capacity to further modulate
mechanical properties by generating composite layered
films of alternating TFE and water cast lamellae has
also been demonstrated (Figure 2D).

High-Resolution Cryo-Scanning Electron Mi-
croscopy of Protein Copolymer Films. When a
polymer solidifies directly from solution, the resulting
mesoscopic morphology depends on whether liquid—
liquid phase separation (LLPS) precedes polymer so-
lidification. Moreover, the scale on which LLPS-dictated
morphology occurs is determined by the nature of the
phase transition and, in particular, whether spinodal
or binodal decomposition occurs, with nucleation of
either polymer- or solvent-rich phases. Characteristi-
cally, nucleation of the polymer-rich phase yields globu-
lar structures that are on a smaller length scale (0.01—
0.1 um) than the cells that arise through nucleation of
the solvent-rich phase (1-10 um) due to the much
slower diffusion rates associated with the former pro-
cess. The mesoscopic morphology of PBS hydrated B9
films initially cast from either water or TFE was
examined by cryo-high-resolution scanning electron
microscopy (cryo-HRSEM). Although all films were
microporous, remarkable processing-dependent differ-
ences were noted (Figures 3 and 4). Specifically, protein
triblock films cast from water at 23 °C displayed an open
cell morphology (pore diameter ca. 500 nm), while those
cast from TFE were characterized by the spontaneous
formation of highly aligned fiber networks (fiber diam-
eter ca. 200 nm). Thus, we speculate that the open cell
morphology exhibited by water cast samples was prob-
ably a result of initial nucleation of solvent-rich phases
during LLPS. In contrast, it appears likely that the
fiber-based morphology observed within TFE cast films
was due to the initial nucleation of polymer-rich phases
during LLPS with subsequent coalescence of nucleating
sites. Commensurate with differences in mesoscopic
morphology, water content differed substantially among
these materials. Water sorption was 695 + 63% (mean
+ SD; (w/w)) for films cast from water at 23 °C,
compared with 258 + 59% for those samples cast from
TFE.

Solid-State 'H NMR Spectroscopy of Protein
Copolymer Films. Solid-state 'H NMR spectroscopy
was used to study the nanoscale features of cast polymer
films. NMR experiments were conducted under magic
angle spinning (MAS) for B9 films cast from TFE and
water at 23 °C and subsequently hydrated in deuterated
PBS (Figure 5A). The measured spectra consist of a
broad spinning-sideband pattern with a spectral width
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Figure 3. Cryo-HRSEM micrographs of B9 rehydrated in PBS after initial room temperature casting from water (A—C) and
TFE (D—G) and cold room casting from water (H—I). The open cell morphology exhibited by room temperature water-cast samples
suggests initial nucleation of solvent-rich phases during LLPS. In contrast, the fiber-based morphology observed in TFE-cast
films is consistent with initial nucleation of polymer-rich phases during LLPS with subsequent coalescence of nucleating sites.

exceeding 50 kHz. Superimposed on this pattern is a
narrow spectrum (less than 10 ppm in spectral width),
which exhibits several peaks distinguishable by their
chemical shift. The data in Figure 5A are scaled to
display only that potion of the spectrum corresponding
to mobile polymer chains. The broad spectral feature,
which is not visible in Figure 5A, corresponds to rigid,
immobile polymer components. For both samples the
spectra of mobile components reflect identical chemical
structure. However, the peaks for TFE cast films were
significantly broader than those cast from water. These
observations are consistent with a reduction in polymer
chain mobility in protein films cast from TFE. Relative
molecular mobilities for both protein polymer chains and
the associated water component were quantitatively
characterized by measuring 7T spin—spin relaxation
values through a Carr—Purcell-Meiboom—Gill (CPMG)
experiment.® Specifically, the observed relaxation be-
havior was fit to the biexponential relaxation function

I(TE) = w, exp{ - g:—E} + w, exp{ - ;—E} +w, (1)
2a, 2b,

where [ is the peak intensity measured as a function of
the relaxation delay (TE) and T2, and T are respective

relaxation constants for proton fractions weighted by
the factors w, and w; (Figure 5B). The parameter w.
accounts for any offset in measured peak intensity and
did not contribute significantly to the fit of CPMG data.
Although eq 1 represents only one of several possibilities
that may be used to describe the complex relaxation
data, it provides a simple and effective method for
quantitative data comparison. As suggested by the
broad line widths in Figure 5A, B9 films cast from TFE
exhibited lower values for T, and T, which indicates

decreased molecular motion when compared with water
cast B9 films (Table 5).

The molecular mobilities of polymer chains can gen-
erally be related to the degree of polymer plasticization
and in turn correlated with material mechanical proper-
ties. Indeed, T3 relaxation times for fully hydrated
samples reflect results obtained from mechanical test-
ing. Commensurate with smaller T relaxation times
and reduced polymer chain mobility, the Young’s modu-
lus and tensile strength are greater and the elongation
to break smaller for films cast from TFE. While it might
be presumed that variations in mechanical behavior can
be attributed to differences in the amount of water in a
given film, solid-state NMR analysis conducted under
conditions of controlled moisture content revealed that
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Figure 4. Cryo-HRSEM micrographs of P2 rehydrated in PBS after initial room temperature casting from water (A—B) and
TFE (C-F).

o TFE-23 B

LB IE X 1]

Peak Intensity (a.u.)

Water-23 |l
L&_,A_L ! ° 0 a
b oot k : : !
5.0 a2 0.0 ppm 0 i 2 g

Echo Time (ms)

H- il
C pd[+ mnozc D 20 *

O :BY TFE23°C

g

0 E iy _’%-‘

O d

% g

g8 |+ [ ol ¢ B0 H,0 23°C
18 4 2| o :ee TrE2SC _%_
-

T T | T | 4
15 2 25 15 20 25
% Moisture Content % Moisture Content

Figure 5. (A) 'H NMR MAS spectra of B9 films cast from TFE or water after rehydration in deuterated PBS (only central part
of the spectrum is shown). (B) T relaxation curves measured for B9 cast from water (M, water peak; ®, aliphatic peak) or TFE
(O, water peak; O, aliphatic peak). Dashed lines represent least-squares fits to eq 1. Ts, (C) and T4, (D) relaxation constants for
TFE and water cast B9 films of defined water content.

film-specific mechanical behavior is largely due to chains. Data corresponding to total proton contents were
unique processing-induced nanoscopic features. Specif- regressed to eq 1. A good fit was only achieved by
ically, T relaxation constants were determined from a accounting for w., which represents a highly mobile
Hahn echo analysis?? of static solid-state 'H NMR data fraction of plasticized components with T relaxation
acquired under conditions of controlled relative humid- times that are larger than a few milliseconds. Hence,
ity.? This technique is especially suited to study T2 the mobile components, previously detected in the
relaxation at very short time delays (TE), which is CPMG experiment under conditions of MAS, are now

required to characterize the relaxation of rigid polymer accounted by T9 and wp.. In contrast, the short
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Table 5. T> Relaxation Data for Hydrated B9 Films Cast
from TFE and Water

Wq T2, [ms] ws T2 [ms]
B9 TFE-23
4.7 ppm (water) 0.80 £+ 0.01 6.5+0.1 0.20+0.01 0.3+0.05
1.0 ppm (methyl) 0.21 + 0.03 24+04 0.78 £0.03 0.4+ 0.05
B9 water-23
4.7 ppm (water) 0.94 +0.003 43.4+0.4 0.05+0.01 1.3+0.2
1.0 ppm (methyl) 0.54 +0.02 12.1+0.6 0.45+0.02 1.1+0.1

relaxation time T2, represents the rigid fraction. If TFE
and water cast samples exhibited identical nanostruc-
ture, all data points measured at different moisture
contents for Ty, or T would be defined by a continu-
ously increasing function. Figure 5C,D demonstrates
that this is not the case, which supports the notion that
processing conditions induce distinct microdomain mor-
phologies. Notably, T, (rigid domains) is smaller and
Top (plasticized domains) is larger for water cast B9
films when compared to respective relaxation constants
observed for B9 films cast from TFE. This indicates that
B9 films prepared from water exhibit decreased polymer
chain mobility in the rigid phase and increased mobility
in the mobile phase. Considering the triblock structure
of the protein polymer, these data confirm that a
sharper interface exists between plastic- and elastic-
like domains for water cast films when compared to
those produced from TFE. All told, the presence of a
diffuse interface in TFE cast samples can only be
attributed to the presence of intermixing between
plastic- and elastic-like domains. The sample cast from
TFE exhibits a higher value of T, and a lower value of
T9, when compared to the sample cast from water. The
presence of a significant interphase between rigid and
mobile phases is not taken into account by eq 1, but it
is obvious that the closer proximity between values T,
and T, reflect a more continuous transition between
rigid and mobile phases within the sample cast from
TFE. These data confirm that while the presence of
water is necessary for displaying plastic and elastic
responses, the degree of plasticization and its related
effect on polymer chain mobility and film properties,
such as material mechanical behavior, is largely a
consequence of the nanoscale geometry of the triblock
domains. The combination of highly plasticized mid-
blocks in association with discrete and relatively rigid,
microphase-separated plastic-like domains appears re-
sponsible for the remarkable level of observed elasticity
and extensibility in water cast samples. These responses
exceed those of previously reported virtually cross-
linked thermoplastic elastomers, produced by either
traditional chemical or biosynthetic approaches and
examined as single-component materials.

Release Rates of a Model Amphiphilic Drug
from Protein Triblock Copolymer Films. Com-
mensurate with differences in mesoscopic morphology
and microphase separation, drug elution profiles also
differed substantially among these materials and pro-
vides a second example of the capacity of processing
conditions to tune properties of triblock protein poly-
mers. The release rate of amphiphilic drugs from
amphiphilic block copolymers is directly related to the
degree of mixing of hydrophilic and hydrophobic blocks.
For example, under identical drug loading conditions
the diffusion coefficient of the EDG-receptor agonist,
sphingosine-1-phosphate (S1P), which contains both a
C16 alkyl chain and a zwitterionic headgroup, was 30-
fold higher from water cast films of B9 than from those
produced from TFE (2.33 x 1077 em?/s vs 7.87 x 1079
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Figure 6. Elution profile in PBS at 37 °C of sphingosine-1-

phosphate (S1P) from hydrated B9 films initially cast from

water or TFE at room temperature. Calculated diffusion

coefficients of S1P release from water- and TFE-cast films were
2.33 x 1077 and 7.87 x 107° cm?/s, respectively.

cm?/s) (Figure 6). Presumably, this difference is due to
substantial interdomain mixing present within TFE cast
samples, which yields a large amphiphilic interface for
S1P binding.

Conclusions

This report is the first to demonstrate the capacity
to create recombinant protein-based thermoplastic elas-
tomers that behave in a manner that is truly analogous
to their nonprotein counterparts. In large measure, the
development of this novel class of protein-based material
was a consequence of a new biosynthetic design strategy
that facilitates the synthesis of high molecular weight
triblock copolymers comprised of large block sequences.
Notably, enhanced control over both meso- and nano-
scale structure was achieved by adopting simple pro-
cessing approaches that influence liquid phase transi-
tions during polymer solidification and interphase mix-
ing between incompatible blocks. The ability to modulate
these phenomena have not been previously noted in
other protein polymer systems and provides an impor-
tant mechanism for producing materials that exhibit a
wide range of behavior, including mechanical properties
and drug elution rates. We anticipate that protein-based
thermoplastic elastomers will find applications as novel
scaffolds for tissue engineering and as new biomaterials
for controlled drug release and cell encapsulation.
Significantly, this novel class of protein polymer il-
lustrates important new design principles that are
widely applicable to the generation of a variety of new
recombinant protein-based materials with unique mi-
crostructures and properties.
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