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crosslinkers consisting of a GPG tripeptide motif and tyrosine:
control of gelation and resilience

Hiromitsu Sogawa*?, Takuya Katashima,® and Keiji Numata*®

A covalently crosslinked silk fibroin hydrogel (ChemSF) was successfully formed via an enzymatic crosslinking reaction

using chemoenzymatically synthesized copolypeptides [poly(GPG,-r-Y,)], which consist of a glycine-proline-glycine (GPG)

tripeptide motif and tyrosine (Y), as linker molecules. The gelation time of ChemSF was effectively shortened to less than

100 seconds without loss of toughness by adding poly(GPG,-r-Y,,). In addition, the resilience of ChemSF was improved up

to 86% at 66% strain, comparable to that of elastin, due to the flexible conformation of the poly(GPG,-r-Y,,) crosslinker.

The acceleration of the gelation and the improvement of the resilience of ChemSF were simultaneously achieved by using

a multifunctional

Introduction

Silk fibroin (SF) from the Bombyx mori (B. mori) silkworm is an
attractive natural polymer with excellent biodegradability and
biocompatibility.l‘2 The mechanical strength and toughness of
SF are attributed to the f-sheet formation of GAGAGX (X =S, Y,
or A) units, which repeatedly appear in the sequence of SF.>®
To improve the mechanical properties of SF materials, the
chemical and physical modifications of SF have been studied
widely. Two reactive amino acids, serine and tyrosine, are
usually utilized to modify and functionalize SF.”® For instance,
a double bond capable of radical polymerization was
introduced by the nucleophilic reaction of serine and 2-
methacryloyloxyethyl isocyanate to give poly(methacrylate)-
grafted SF,° whereas poly(2,6-dimethylenephenylene ether)
was introduced on the side chain of SF by the oxidation
coupling reaction of tyrosine and excess 2,6-dimethylpheno|.10
The conversion of tyrosine to azobenzene derivatives by
diazonium couplingll'13 and to 3,4-dihydroxyphenylalanine
(DOPA) by treatment with tyrosinase14 are other approaches
to endow SF with further functionality.

One of the most-studied SF materials is the SF hydrogel.ls'
¥ The horseradish peroxidase (HRP)-catalyzed oxidation of
tyrosine is a useful approach to generate a chemically
crosslinked SF hydrogel (ChemSF) via the formation of
dityrosine Iinkage.zo'23 For instance, SF from B. mori contains
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peptide crosslinker.
relatively large number of tyrosines (5.3 mol%, ~277 residues)
that can participate to the crosslinking reaction.® Although the
mechanical properties of ChemSF were lower than those of
physically crosslinked SF (PhysSF) formed by intermolecular
hydrogen bonds, ChemSF exhibits relatively high elasticity and
resilience.”® As these characteristics are important for its
application to elastomeric and tough materials, the
development of ChemSF surely contributes to achieve the new
design and demand of silk-based biomaterials. In addition, not
only mechanical robustness but also the control of gelation
time (tge) is important for practical applications. The tg of
PhysSF was tunable by changing the pH and silk concentration
because the formation of a f-sheet structure is accelerated at
2423 gaveral additives,
including glycerol and poloxamer, were also reported to
shorten the tg of PhysSF.26 In contrast, controlling the tg of
ChemSF has
importance.

lower pH and higher silk concentrations.

rarely been a focus of study despite its

To control resilience as well as tg, crosslinking of SF is a
in peptide-based
crosslinkers to maintain the advantages of SF materials,
namely, biodegradability and biocompatibility. The synthesis of
peptides is still a hot topic in various fields, including drug

promising approach. We are interested

discovery, biomedicine, and material science. Solid-phase
peptide synthesis, which was developed by Merrifield,27 is the
classical synthesize peptides with precise
sequences. However, this technique is not suitable for the
large-scale production of target peptides, especially with a
relatively high molecular weight. Ring-opening polymerization
of amino acid N-carboxyanhydride (NCA) monomers is another
candidate to yield polypeptides with high molecular weight
and low molecular weight dispersityzg’ % byt is unsuitable for

method to



Polymer Chemistry:

sequentially controlled polymerization. The ease of tuning its
sequence is important in the preparation of polypeptide-based
materials for various applications. In addition, the use of
phosgene or triphosgene for the synthesis of NCA monomers is
unpreferable in terms of environmental load and toxin
management. On the basis of the drawbacks of the existing
peptide synthesis methods, chemoenzymatic polymerization
of amino acid esters is attractive as an alternative
environmentally benign approach for synthesizing artificial
polypeptides over other conventional methods.**** This
biochemical polymerization can be conducted in aqueous
media by producing only small byproducts, such as ethanol,
and can be applied to large-scale production. With this
method, Gross and coworkers reported protease-catalyzed
polymerization of dipeptide monomers to give oligopeptides
that have alternating sequences,34'38 while we have developed
the chemoenzymatic synthesis of artificial oligopeptides with
not only linear***° but also star—shaped51’ 2 and telechelic-
type53 structures. In addition, periodic sequences such as
glycine-proline-glycine (GPG) tripeptide were also
incorporated to improve the designability and functionality of
the material.>*>® Glycine and proline are generally key for
entropic elasticity,57’ 8 and in fact, GPG analogous sequences
are often found in elastomeric proteins such as elastin and
resilin.>® Moreover, the GPG sequence was also found in the
major ampullate spidroin protein of spider silk and served as
the flexible spacer unit between the oligoalanine domain that
forms a f-sheet structure.®” !

Here, we designed and synthesized peptide crosslinkers for
tuning ChemSF, namely, the controls of resilience and tg. We
used chemoenzymatic synthesis of copolypeptides consisting
of GPG repetitive sequence and tyrosine [poly(GPG,-r-Y,,)] and
investigated their polymerization behavior and secondary
structures. Furthermore, poly(GPG,-r-Y,,) was applied to the
HRP-catalyzed enzymatic crosslinking reaction of SF solutions
to tune both the t, and elastic feature of ChemSF.

Experimental
Materials and measurements

Papain (product No. 164-00172), HRP (product No. 169-10791)
and hydrogen peroxide (H,0,, 30% solution) were purchased
from FUJIFILM Wako Pure Chemical Corporation (Tokyo,
Japan) and used as received. The activity of papain was
approximately 0.5 U/g, where one unit is defined as the
amount of enzyme needed to hydrolyze 1 mmol of N-benzoyl-
DL-arginine p-nitroanilide per minute at pH 7.5 and 25 °C. The
activity of HPR was more than 100 U/mg. L-Tyrosine ethyl
ester (Y-OEt) hydrochloride was purchased from Watanabe
Industry (Hiroshima, Japan). The H-GPG-OEt
tripeptide was synthesized according to the literature.®® An SF
aqueous solution was prepared according to a previously
reported method.? Briefly, silkworm cocoons were cut into
small pieces and boiled for 20 min in a 0.02 M Na,COj solution
and subsequently washed with Milli-Q water. After drying for
24 h at room temperature, extracted residues were dissolved
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in a 9.3 M LiBr solution at 60 °C for 4 h. It was further dialyzed
with Milli-Q water for 72 h using a dialysis membrane (Pierce
Snake Skin MWCO 3500; Thermo Fisher Scientific, Waltham,
MA, USA) to give SF aqueous solution. One milliliter of SF
solution was lyophilized, and the resultant solution was
weighed to determine the silk concentration. Other
commercially available solvents and reagents were used as
received.

'H and *C nuclear magnetic resonance (NMR) spectra were
recorded on a Varian NMR System 500 instrument (Varian
Medical Systems, Palo Alto, CA) at 25 °C and at a frequency of
500 MHz. The mixture of dimethylsulfoxide-dg (DMSO-dg) with
trifluoroacetic acid-d (TFA-d) was used as the solvent for
poly(GPG,-r-Y,) with tetramethylsilane as the internal
standard. Matrix-assisted laser desorption/ionization time-of-
flight (MALDI-TOF) mass spectrometry analysis was conducted
using an ultrafleXtreme MALDI-TOF spectrophotometer
(Bruker Daltonics, Billerica, MA) operating in reflectron mode
at an accelerating voltage of 15 kV. The sample was dissolved
in a water/acetonitrile mixture (1/1, v/v) containing 0.1% TFA
and mixed with a solution of a-cyano-4-hydroxycinnamic acid
(CHCA). The mixture was deposited on an MTP 384 ground
steel BC target plate. Circular dichroism (CD) spectroscopic
measurements were conducted using a JASCO J-820 CD
spectropolarimeter (JASCO, Tokyo, Japan). A quartz cuvette
with a 0.1 cm path length was used, and the scan rate was set
at 100 nm/min with a bandwidth of 1 nm. Each spectrum
represents the average of 10 scans from 190 to 290 nm. The
contents of secondary structures were calculated by using the
DichroWeb website. Attenuated total reflection Fourier
transform infrared (ATR-FTIR) spectroscopy was measured on
an IRPrestigae-21 Fourier transform infrared
spectrophotometer (Shimadzu Corporation, Kyoto, Japan) with
a MIRacle A single-reflection ATR unit using a Ge prism. The
measurements were conducted from 3800 to 600 cm_l, and
the background spectra obtained under the same conditions
were subtracted from the scan for each sample. Amino acid
composition analysis was conducted using high-speed amino
acid analyzers L-8900 and L8500A (Hitachi-HighTech, Tokyo,
Japan).

Typical procedure for chemoenzymatic copolymerization of GPG
and.

A solution of GPG-OEt hydrochloride (264 mg, 0.90 mmol) and
Y-OEt hydrochloride (24 mg, 0.10 mmol) in phosphate buffer
(PBS) (0.80 mL, 1.0 M, pH = 8.0) was placed in a glass tube
equipped with a stirring bar. To this solution, 50 mg of papain
in PBS (0.20 mL) was added. The final concentrations of amino
acid esters and papain were 1.0 M and 50 mg/mL, respectively.
The mixture was stirred at 40 °C at 800 rpm for 3 h using an
EYELA ChemiStation PPS-5511 instrument (Tokyo Rikakikai Co.
Ltd, Tokyo, Japan). After 3 h, the reaction mixture was cooled
to room temperature, and the precipitate was collected by
centrifuging at 9000 rpm and 4 °C for 20 min. It was further
washed three times with Milli-Q water, centrifuged, and
lyophilized to give poly(GPGgy-r-Y,o) as a white powder in 36%
yield. The composition ratio of GPG and Y was determined by

This journal is © The Royal Society of Chemistry 20xx
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'H NMR between the integral ratio of the proline moiety of the
GPG unit and the aromatic peaks of Y.

HRP-catalyzed crosslinking reaction of SF to give ChemSF

HRP was dissolved in Milli-Q water at 1000 U/mL (10 mg/mL).
H,0, was diluted to approximately 196 mM with Milli-Q water.
Poly(GPG,-r-Y,,) at several concentrations was dissolved into a
1:1 mixture of N-methylpyrrolidone (NMP) and PBS (0.1 M, pH
8.0). The silk solution (1 mL, 60 g/L) was mixed with poly(GPG,-
r-Y,,) solution (0.25 mL) and poured into a Teflon mold (15
mm¢ x 50 mm). HRP solution (45 pL) and H,0, solution (20 pL)
were further added and mixed by pipette to initiate the
oxidation reaction. After standing for 24 h at room
temperature, the cylindrical hydrogel was carefully removed
from the mold and used for compression tests and FT-IR
measurements soon after preparation.

Cell Culture and evaluation of cell viability

The human embryonic kidney (HEK) 293 cells (ATCC, cat. No.
CRL-1573) were cultured in Dulbecco’s modified Eagle’s
medium (DHEM) supplemented with 10% (v/v) fetal bovine
serum (FBS), nonessential amino acids (0.1 mM), L-glutamine
(2 mM), and 1% (v/v) penicillin—streptomycin at 37 °C in a 5%
CO, incubator. For the evaluation of cell viability, HEK 293 cells
were seeded on 96-well plates coated with ChemSF at a
density of 8000 cells/well and cultured 48 h in the media (100
uL). Note that ChemSF was washed with 200 pL of D-PBS(-) for
12 h twice to remove NMP before the cell seeding. The cell
viability of HEK cells on ChemSF was characterized by a
standard 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium
(MTS) assay (Promega, Madison, WI) according to the
manufacturer’s instructions (n = 6). The cell viability was
calculated as follows:

[cell viability,%] = [absorbance at 490 nm of the cell culture
incubated on ChemSF in the presence of peptide crosslinkers] /
[absorbance at 490 nm of the cell culture incubated on
ChemSF in the absence of peptide crosslinker] x 100

Rheological measurements during the HRP-catalyzed crosslinking
reaction

To an SF aqueous solution (1 mL, 60 g/L), poly(GPG,-r-Y,,) in
NMP/PBS = 1/1 (0.25 mL), HRP solution (45 pL) and H,0, (20
uL) were added. Then, the reaction mixture was set between
the cone and plate fixtures of a rheometer. The diameter and
angles of the cone fixture were 50 mm and 4°, respectively.
The storage elastic modulus (G’) and the loss elastic modulus
(G") during the oxidation reaction were measured using a
stress-controlled rheometer (MCR 102 Anton Paar, Austria).
The experiments were conducted 3 times for every condition.
The temperature was set to 25 °C. The strain and frequency
were 10% and 10 Hz, respectively. Prior to the measurement,
we confirmed that the applied strain was within the range of
the linear viscoelasticity.

Compression tests

Compression tests were conducted by a mechanical testing
apparatus (EZ-Test, Shimadzu, Kyoto, Japan) with a

This journal is © The Royal Society of Chemistry 20xx
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compression rate of 10 mm/min. The obtained stress-strain
relationships corresponded to the equilibrium relationships
without time effects because no appreciable relaxation in
stress was observed after imposing constant strain at this
crosshead speed. The measurements were performed at a
relative humidity of approximately 40% and a temperature of
25 °C. The Young’s modulus (E), strain at break, compressive
strength, and fracture energy were analyzed based on the
stress-strain curves of the prepared samples. The experiments
were conducted at least 5 times for every condition. Cycle
tests were also conducted with a loading and unloading rate of
10 mm/min. The resilience at each strain was calculated by the
following equation:

Resilience (%) = A,/A; x 100 (1)

where A, and A; are the total areas under the unloading and

. . 62,63
loading curves, respectively.

Statistical analysis

The significance of differences in the studies of mechanical
properties was determined by unpaired t-tests with a two-
tailed distribution, whereas those of cell viability was analyzed
by one-way ANOVA with Tukey’s multiple test.

Results and discussion
Chemoenzymatic copolymerization of GPG and Y

The chemoenzymatic polymerization was conducted using
papain as a catalyst in PBS (1.0 M, pH 8.0) at 40 °C by changing
the feed ratio of GPG and Y monomers to give poly(GPG,-r-Y,,)
as a white precipitate. This precipitate was washed with Milli-
Q water and collected by centrifugation. The results are
summarized in Table 1. The isolated yields of poly(GPG,-r-Y,,)
decreased upon adding equal amounts of GPG and Y. In
particular, the insoluble part was not detected at a feed ratio
of 60/40 (Table 1, run 5). As the formation of short
oligopeptides was confirmed in the soluble part by MALDI-TOF
MS, the solubility of the formed poly(GPGgg-r-Y4o) was higher
than that of others, resulting in a decrease in the yield. To
increase the vyields, we further attempted the
copolymerization in cases of the feed ratio of 80/20, 60/40,
and 40/60 by changing the total monomer concentrations
(IMJiota) to 0.5 and 2.0 M, which are half and twice of the
initial one (Table S1). Besides, the papain concentration was
also doubled from 50 to 100 mg/mL. As results, the yield
improved by increasing the papain concentration in case of the
feed ratio of 80/20 (Table S1, runs 3 vs 4) and 60/40 (runs 8 vs
9). Notably, the precipitate of poly(GPGgy-r-Y4) appeared at
4% vyield although no precipitate was formed at the initial
condition. On the other hands, the decrease of the total
monomer concentration was effective for a feed ratio of 40/60
(runs 14 vs 15). This is because Y monomer can be polymerized
more efficiently at the monomer concentration of ca. 0.5 M.
We also considered to apply other enzymes such as bromelain
and proteinase K. Bromelain is a cysteine protease, that is
same as papain, whereas proteinase K is a serine one. These

J. Name., 2013, 00, 1-3 | 3
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two enzyme was used for the homopolymerization of GPG,
however, papain gave better results in terms of yields and
molecular weights of formed polymer (Table S2). Thus, we did
not further apply them to the copolymerization. In short, the
significant improvement of yields of copolymerization was still
difficult due to the several reasons such as the solubility
increase of formed copolypeptides due to the increase of
randomness of their sequences, and affinity differences of GPG
and Y monomers for the enzyme. To overcome this issue,
further to find out the suitable
polymerization enzymes to
copolypeptides, whose molecular weights are high enough to

trials are needed

conditions and obtain
precipitate from reaction media. The composition ratio of the
two monomers was determined by the integral ratio of proline
peaks of the GPG monomer (c and d) and aromatic peaks of
the Y monomer (i and j) in the '"H NMR spectra (Figures 1 and
S1). The relationship between the feeding and
composition ratio was confirmed at high GPG contents (Table
1, runs 1-4), while it was lost when the Y monomer was
abundant (runs 7-10). This result is probably due to the
difference in propagation rates of the two monomers and the
low solubility of tyrosine-rich peptides. Poly(GPG,o) and
poly(Yi090) exhibited a series of peaks in the MALDI-TOF MS
spectra whose intervals corresponded to the molar masses of
the GPG tripeptide and Y unit, respectively (Figure S2). The
molecular weight of poly(GPG;q) was in the range of 1,000—
2,800 g/mol, whereas that of poly(Y,q,) Was approximately
1,000. Poly(GPGiqp) possessed a higher molecular weight due
to both its high affinity for papain and its high solubility in PBS.
As obvious from the peak molecular weights (M) in Table 1,
this trend was also observed for the copolypeptides; for
example, the peaks of poly(GPGgy-r-Y,0) appeared in the higher
molecular weight region compared to those of poly(GPG,o-r-
Ygo) and poly(GPG,y-r-Ygo) (Figure 2). In addition, peaks
attributed to repetitive GPG units and zero or one tyrosine
were observed for poly(GPGgy-r-Y,0), whereas poly(GPG4q-r-Yeo)
and poly(GPG,o-r-Ygo) contained tyrosine-rich sequences
without showing repetitive peaks of homopolytyrosine.

linear

Table 1. Chemoenzymatic copolymerization of GPG and Y
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GPG Y ? GPG Y
1 100 0  Poly(GPGig) 40 1300 100 -
2 90 10 Poly(GPGgo-r-Y1) 36 1300 94 6
3 80 20 Poly(GPGgo-r-Yao) 11 1300 90 10
4 75 25  Poly(GPGs-r-Yas) 12 1700 g6 14
5 60 40  Poly(GPGgo-r-Yao) — - - -
6 50 50  Poly(GPGso-r-Yso) 5 1300 52 48
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40 60  Poly(GPGao-r-Yeo) 15 1300 29 71
25 75  Poly(GPGys-r-Yss) 33 1100 15 85
20 80  Poly(GPGayo-r-Ygo) 37 1100 12 88
10 10 90  Poly(GPGig-r-Yep) 48 1100 12 88
11° 0 100  Poly(Yie) 41 1100 - 100

°H,0-insoluble part. "Detected by MALDI-TOF MS. “Measured by "H NMR.
“No precipitate. °Not determined. °[Y] = 0.6 M.

(a) Poly(GPGg,, - Ygg)
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Peptide amount (wt%)
Figure 1. 'H NMR spectra of (a) poly(GPGgy-r-Yao), (b)
poly(GPG,o-r-Ygo), and (c) poly(GPG,y-r-Ygo). [500 MHz, DMSO-
de/TFA-d = 5/1 (v/v)].

(a) Poly(GPGgo- FY20)
GPG5Y10H-H*
GPG5Y10H-Na*,
GPG50H-H*
GPG50H-Na*
GPG5Y10Et-H

GPG11Y10Et-H*
GPG130H-H*
lGPGlE}OH-Na‘

... I[| il ah b oo L-
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e
e Lo
" o/m
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GPGnYmOR-Additive
R=H, C,Hs Additive: H*, Na*, K*

el (I 1 W

(b) Poly(GPGo- ¥Y50)

GPG1Y60H-H
GPG2Y40Et-H* ¢ ® GPG2YS50Et-H*

GPG1Y50H-H"e GPG2Y60Et-H*
AN PR 152
(c) Poly(GPGzo- ¥Yg0)
?PG2Y4OH-H*
GPG1Y50H-Na* -} ® GPG2Y50H-H*

GPG2Y4OEt-Hf'| |

il L

]
3000

500 1000 1500 2000 2500
miz
Figure 2. MALDI-TOF MS of (a) poly(GPGgy-r-Y5), (b)

poly(GPG,4o-r-Ygo), and (c) poly(GPG,o-r-Ygo). Matrix: CHCA,
mode: reflectron positive. The peaks were assigned with the
codes “GPGnYmOR-Additive”, where n, m, R, and Additive
represent the repeating number of GPG unit, that of Y unit, C-
terminal structure (H or Et), and adducted cation (H" or Na* or
K"), respectively. For a detailed assignments of peaks, see ESI
(Figure S2).

Secondary structures of poly(GPG,-r-Y,)

Prior to the preparation of ChemSF, the secondary structure of
poly(GPG,-r-Y,,) was evaluated by CD spectroscopy (Figure S3).
2,2,2-Trifuloreethanol (TFE) was used as a solvent because
poly(GPG,-r-Y,,) did not dissolve in water. The contents of the
secondary structures were calculated using the DichroWeb
online CD analysis server (Figure S4 and Table S3). Poly(GPGqg)
exhibited positive and negative peaks at 205 and 190 nm,
respectively. Poly(GPG,-r-Y,,) in which m is greater than 50

This journal is © The Royal Society of Chemistry 20xx
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showed an additional positive peak centered at 225 nm,
attributed to the aromatic absorption region of the tyrosine
residue. CD analysis revealed that the f-strand was the
dominant structure for all the obtained peptides. For example,
poly(GPGgo-r-Yo0), pOly(GPGao-r-Yep), and poly(GPGyo-r-Ygo)
accounted for 38%, 46% and 43% of the f-strand structure at
20 °C, respectively. This result was also supported by FT-IR

28
>

Silk solution |
(B. mori)

HO
N A

|

- i

+o OH
H
*WOTVKHL?

24 GPG pa

Poly(GPG ;-r-Y )

HRP, H,0,

NMP/PBS
PH=80,01M)
25°C, 24 h

measurements, as poly(GPG,-r-Y,,) showed amide | absorption
peaks at 1650 cm_l, which were attributed to the S-sheet
structure (Figure S5). It should also be noted that the content
of the S-turn structure was larger for GPG-rich copolypeptides
(B-turn: 26-28%) than for Y-rich copolypeptides (19-24%),
probably because the bent conformation of the proline units
enhanced the adoption of the turn structure, similar to spider
silk proteins in the amorphous sequence.65 Additionally, a
significant reversible change in peak shape was observed upon
heating and cooling. The content of the f-strand decreased at
the evaluated temperature, and those of the f-turn and
unordered structures increased instead. Poly(GPG,-r-Y,,)
showed a structural transition similar to that of short elastin
and resilin-like peptides.66' 67

Enzymatic crosslinking reaction to afford ChemSF with a
poly(GPG,-r-Y,,) crosslinker

We then examined the enzymatic crosslinking reaction of SF
using poly(GPG,-r-Y,,) as a crosslinker. Poly(GPGgy-r-Y,),
poly(GPG,4g-r-Ygo), and poly(GPG,-r-Ygo) were applied to the
reaction in this study, and their amounts were varied in the
range of 0.06 to 0.38 wt%. As shown in Scheme 1, the
treatment of SF solution (60 g/L) and poly(GPG,-r-Y,,) with HRP
and H,0, at 25 °C gave transparent and elastic ChemSF. Note
that this reaction proceeded smoothly even in the presence of
a small amount of organic solvent (NMP). To evaluate the
gelation kinetics for each condition, dynamic time-dependent
G’ and G” were monitored using a rheometer. As shown in
Figure S6, G’ rapidly increased and became higher than G”,
suggesting that the reaction mixture was changed from the sol
state to the gel state. The crossover point of G’ and G” is set as
tzel and summarized in Figure 3. Obviously, t, was effectively
shortened by increasing the amount and Y content of the
poly(GPG,-r-Y,,) crosslinker. G' was larger than G” within 100

This journal is © The Royal Society of Chemistry 20xx
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seconds after mixing 0.38 wt% of poly(GPG,y-r-Ygg), indicating
that tg, was shorter than our observation time under this
condition. In other words, t, was shortened to less than half
of the original value upon adding only a small portion of
poly(GPG,g-r-Ygo). Poly(GPGgy-r-Y,o) was not as effective in
terms of shortening the t,, because it contained only zero or
one Y unit in the single peptide chain although at least two or

ChemSF
Scheme 1. HRP-catalyzed enzymatic crosslinking reaction of SF solutions using a poly(GPG,-r-Y,,) crosslinker.

more Y units were required to be the effective crosslinker, as
suggested by MALDI-TOF measurements (Figures 2a and S2c).

(A) Poly(GPGgg-r-Y20)
(®) Poly(GPGao-r-Yeo)
(M) Poly(GPGg-r-Yagp)

150 .

. ¢
100 1 [ 1
0.0 0.1 0.2 0.3 0.4 0.5
Peptide amount (wt%)

Figure 3. The t,, of ChemSF using a poly(GPG,-r-Y,,) crosslinker.

Further experiments on the feeding of poly(GPG,-r-Y,,) above
0.38 wt% were not conducted due to the difficulty of
observing t,. under this condition.

To gain knowledge about the network structure of ChemSF,
the efficiency of the enzymatic crosslinking reaction was
evaluated by amino acid analysis (Figure S7). ChemSF samples
that had been washed with Milli-Q water several times were
analyzed by the ninhydrin method.®® An SF solution was also
analyzed as the unreacted control sample. As summarized in
Table S4, the content of Y significantly decreased after the
enzymatic reaction, although those of other amino acids
remained unchanged. The conversion ratio of Y was calculated
as 30% by adding 1.0 wt% poly(GPG,4o-r-Ygo) to SF solution.
Note that we could not distinguish the Y residues of either SF
or poly(GPG,-r-Y,,) that were converted. In addition, a
significant increase in P was not observed even after the
addition of poly(GPG,-r-Y,,) because its amount was too small
and negligible compared to that of SF. Furthermore, the HRP-

J. Name., 2013, 00, 1-3 | 5
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catalyzed model oxidation reaction of Boc-Y-OH was also
conducted (Figure S8). In the 'H NMR spectra, characteristic
aromatic peaks corresponding to the dityrosine structure were
confirmed after treating Boc-Y-OH under the same conditions
as the ChemSF preparation.69 The conversion ratio was
estimated to be 31%, which was coincident with the result of
amino acid analysis. These results suggested that ChemSF
formed a covalently crosslinked network structure via

(a) crosslinker; poly(GPGag-#Ys0), Y content; 71%

Journal Name

To discuss this point in more detail, the theoretical prediction
of the phantom network model, which is one of the major
molecular models to describe the rubber elasticity of
chemically crosslinked hydrogels, was considered. This model
assumes that the crosslinking points can fluctuate and that the
deformation of the network strands is suppressed by the
fluctuation. In this model, E can be described by the following
equation:

45 100 300 50
_ 40 _ g * * - l ol
g g 80 2 % 40 |
= 30 1 =
E] E 60 E 200 E 30
g 20 T 40 20
n g = 100 g
Em 10 20 E 10
o] 0 0
I 8 B o § 8 8 o 0 § 8 8 o 8 8 8 o
o © ¢ c - c © © o « c © © o « o © ©o o «
Peptide amount (wt%) Peptide amount (wt%) Peptide amount (wt%) Peptide amount (wt%)
(b) crosslinker; poly(GPGzo-#Y3s0), Y content; 88%
45 100 300 50
40 T <
g gao § l]j: 40
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Peptide amount (wi%) Peptide amount (wt%)

Figure 4. Mechanical properties including the Young’s modulus, strain at break, compressive strength, and fracture energy of
ChemSF obtained by using (a) poly(GPGag-r-Yeo) and (b) poly(GPG,o-r-Yg). *Significant differences between groups at p < 0.1.

dityrosine linkages, leaving various contents of unreacted
tyrosine residues, as shown in Scheme 1. The absence of
physical crosslinking points was confirmed by FT-IR
measurements. Namely, the formed ChemSF displayed amide |
absorption at 1640 emtor higher wavenumber regions (Figure
S9), indicating that the SF scaffold adopted a random
conformation as a major structure.”®

Next, the mechanical properties of ChemSF were evaluated
by compression tests to clarify whether the difference in tg
affects its toughness or not (Figure S10). As poly(GPGgy-r-Y,o)
did not effectively accelerate gelation, the ChemSF samples
obtained by using poly(GPGo-r-Yeo) and poly(GPG,o-r-Ygo)
crosslinkers were tested by compressing the samples at 10
mm/min. Figure 4 summarizes the mechanical properties,
including the Young’s modulus (E), strain at break, compressive
strength, and fracture energy. As a result, the E of ChemSF was
approximately 20-50 kPa, which was similar to the previous
report by Partlow et al”® Itincreased significantly by increasing
the amount of poly(GPG,y-r-Yeo) and reached a maximum at
0.38 wt%, while a further increase had a negative influence.
Notably, this value was even lower than that of the original
ChemSF, which was obtained without adding poly(GPG,-r-Y,,).

6 | J. Name., 2012, 00, 1-3

E=3(v—pkeT (2)""7

where v, u, kg, and T are the number density of the network
strands, that of the crosslinks, Boltzmann constant, and
absolute temperature, respectively. In this study, a four-
functional junction point, which has two network strands, is
formed by assuming that the crosslinking reaction occurs
ideally. Then, v and u are described as follows:

V = 2(Cerosslinker/ Merossiinker) (3@)
U = Cerossiinker/ Mcrossiinker ~ (3D)

where Crossiinker N Merossiinker are the concentration and molar
mass of poly(GPG,-r-Y,,), respectively. In this study, Mg cssiinker
of poly(GPG,o-r-Yeo) and poly(GPG,y-r-Ygo) was determined as
178 and 170 g/mol respectively, based on the average
molecular weights of their repeating units. As ChemSF
possesses chemical crosslinking by HRP even in the absence of
poly(GPG,-r-Y,,), equation (2) is modified as follows:

E= 3(V— I-l)kBT+ Eoriginal (4)

This journal is © The Royal Society of Chemistry 20xx
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where Eiginal Was experimentally estimated to be 27.3 kPa by
compression tests of ChemSF sample, which was prepared in
the absence of poly(GPG,-r-Y,,). By substituting equation (3a)
and (3b) into (4), equation (4) can be rewritten as follows.

E= 3[2(Ccrosslinker/mcrosslinker) - (Ccrosslinker/mcrosslinker)]kBT + Eoriginal
= 3kBTCt:rosslinker/r‘ncrosslinker + Eoriginal (5)

The simulated E was represented as the solid line in Figure 5
based on Equation (5). The model prediction was in good
agreement with the experimental values in the low crosslinker

a b

@e ®e
50 50

g0 g w0

2 30 2 30

X X

W ool 4 W

-
o
T
1
—
(=]
T
1

1 1 1 1 1 1 1 1
02 04 06 08 1.0 02 04 06 08 1.0
Peptide amount (wt%) Peptide amount (wt%)

Figure 5. Relationships between E and peptide amount for (a)
poly(GPG,4g-r-Ygo) and (b) poly(GPG,p-r-Ygo). The red-colored
data points with error bars were measured values by
compression tests. The black solid line was estimated by
equation (5). Mgossiinker Of POIY(GPG4-r-Ygo) and poly(GPGyg-r-
Ygo) was determined as 178 and 170 g/mol, respectively. Eqiginai
was experimentally estimated to be 27.3 kPa. T = 298 K, kg =
1.38x 10 JK™.

concentration region (~0.38 wt%), suggesting that the
crosslinking points were introduced effectively by the addition
of poly(GPG,o-r-Yeo) in this range. On the other hand, in the
high crosslinking concentration region above 0.50 wt%, E was
lower than the prediction, which suggests that the excess
amount of poly(GPG,y-r-Yeo) prevented effective crosslinking
formation (Figure 5a). The excessive acceleration of tg by
adding a lot of peptide crosslinkers might enhance the
formation of inhomogeneous network structure. A similar
tendency was observed for poly(GPG,o-r-Ygo). It seems that the
E value reached the maximum by adding a lower amount of
poly(GPG,g-r-Ygo) than of poly(GPGsp-r-Yg,) (Figure 4b). In
addition, disagreement with the prediction model was
observed in the lower range (Figure 5b) because the increase
in the Y ratio led to the enhancement of the hydrophobicity of
poly(GPG,-r-Y,,). This enhancement induced the aggregation of
the poly(GPG,-r-Y,,) crosslinker in aqueous-rich medium, which
inhibited the formation of ideal network structures. It could be
concluded that poly(GPG,-r-Y,,) contributed to the formation
of the dense network structure and improved the toughness of
ChemSF, at least in the range in which the acceleration of tg
was observed (0 to 0.38 wt%).

Meanwhile, cycle tests were performed to evaluate the
resilience of ChemSF. As mentioned above, the introduction of
a flexible GPG sequence has the potential to improve the

This journal is © The Royal Society of Chemistry 20xx
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resilience of ChemSF. Typical loading-unloading compressive
tests were performed for ChemSF at 10 mm/min. As shown in
Figure S11, ChemSF showed negligible energy loss, unlike
PhysSF, especially over a small strain range, indicating the
absence of a change in the network structures at this
deformation range. Figure 6 summarizes the resilience
percentages of ChemSF using poly(GPG,o-r-Yeo) at different
strains, whose values were calculated by equation (1).5%° The
resilience values of ChemSF with 0.5 and 1 wt% poly(GPG,o-r-
Ye0) Were omitted in Figure 6, as the theoretical model
prediction implied that poly(GPG,y-r-Yeo) Was not incorporated
into the network structure effectively at these weight
amounts.

(@ (b)
100 - 3
Poly(GPGiyoYgo) Poly(GPGy-rYgo)
(wt%e) (Wi%)
(M) 0 (SF only) \ (M) 0 (SF only)
95l (m)0.25 E \ (M) 0.25
3 (W) 0.38 \ (M) 0.38
]
g ] \ :
5 e
i
[ Tm
80 1 Il 1 1 1 1
0 20 40 60 80 20 40 60 80
strain (%) strain (%)
Figure 6. Resilience of ChemSF obtained by using (a)

poly(GPG,4o-r-Ygo) and (b) poly(GPG,p-r-Ygo).

ChemSF with 0 to 0.38 wt% poly(GPG4y-r-Ye,) showed
comparable resilience to elastin in the small to medium strain
range (<40%),66' 3 whereas 80% resilience remained even in
the larger strain range (>40%). Slight improvement of the
resilience was observed by the addition of poly(GPG4g-r-Yep),
especially at a larger strain range. For instance, ChemSF in the
absence of poly(GPG,y-r-Yeo) showed 83% resilience at 66%
strain (red line in Figure 6), while it was increased to 87% at
61% strain and 86% at 60% strain by adding 0.25 wt% and 0.38
wt% of poly(GPG,o-r-Yeo), respectively (blue and green line).
Similar improvement was observed for poly(GPG,y-r-Ygo)
(Figure 6b), indicating that the flexible GPG sequence in
poly(GPG,-r-Y,,) was assumed to contribute to enhancing the
elastic properties of ChemSF.

Finally, we evaluated the cell viability of ChemSF using an
MTS assay. A cell viability of 100% was calculated from the cell
culture seeded on ChemSF in the absence of peptide
crosslinker after incubation for 48 h as a control. Then, the
obtained data was analyzed by one-way ANOVA with Tukey’s
multiple

(a) (b)

140 140 n.s.

ns. 4
< 120 2 5120 ?
&\, $ e © 2\_/ L ]
2 % 2 Q ?
5 100 E 5100 @ E&] el
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8 80 l T 8 sof | '$ .
.
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o
D
o
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peptide amount (wt%)
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Figure 7. Cell viability of HEK cells seeded on ChemSF in the
presence of (a) poly(GPGap-r-Yeo) and (b) poly(GPG,o-r-Ygo). It
was determined from the absorbance at 490 nm measured
using the cell cultures after incubation for 48 h. A cell viability
of 100% was calculated from a control, namely, the cell culture
seeded on ChemSF in the absence of peptide crosslinkers. The
horizonal line in the box plot represents the average value and
the box is drawn from 25% to 75% quartiles (n = 6). A one-way
ANOVA was performed with Tukey’s multiple comparison test
to compare the values in each pair. N.s. indicates the samples
are not significantly different at p < 0.01.

comparison test to compare the values in each pair. As results,
there was no significant difference at p < 0.01 between the
samples. All ChemSF samples showed similar cell viability and
no clear trend depending on the amount and composition of
peptide crosslinkers was observed in the measuring range.
Further increase of peptide crosslinker might show negative
effects for the cell viability because the slope of the
approximate straight line was negative, however, we did not
conduct above 1wt% crosslinker condition in terms of
mechanical toughness. Briefly, gradual decrease of mechanical
toughness of ChemSF was suggested by compression tests
with the addition of above this amount of peptide crosslinkers.

Conclusions

Chemoenzymatic copolymerization of the GPG tripeptide and
Y was successfully achieved to give random copolypeptides
[poly(GPG,-r-Y,,)]. The structures of the formed poly(GPG,-r-Y,,)
were fully characterized by NMR, MALDI-TOF, CD analysis and
FT-IR measurements. Covalently crosslinked SF hydrogels,
ChemSFs, were prepared via an HRP-catalyzed reaction using
synthesized poly(GPG,-r-Y,) as a crosslinker. Both the
acceleration of gelation and the improvement of resilience of
ChemSF were simultaneously achieved with the use of
poly(GPG,-r-Y,,). The knowledge obtained in this study is
expected to contribute to the development of practical elastic
silk materials in the biomedical and bioengineering fields.
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