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ABSTRACT: In this paper, the contribution of nonpeptido small molecular linkers
to the properties of sequence-deﬁned peptidocopolymers was investigated. We
synthesized four novel bioinspired peptidocopolymers (P1−P4) based on elastin
motif pentapeptide (Gly-Pro-Gly-Gly-Ala) by step growth polymerization. Small
molecular linkers, including tetraethylene glycol (M1), adipic acid (M2), isophthalic
acid (M3), and terephthalic acid (M4) with diﬀerent length and ﬂexibility are
employed to tune the conformation, physical, and mechanical properties of the
corresponding peptidocopolymers P1−P4 respectively. Raman spectroscopy, solid
state NMR, and circular dichroism spectroscopy were used to characterize the
conformation of the four peptidocopolymers. The experimental results were further
conﬁrmed by molecular dynamics simulation of typical P2 and P4 with diﬀerent
repeating units. High ratio of β-turn conformation was observed in P2 due to
ﬂexible linker M2; while aﬀected by the hydrophobic and rigid M4 linker, P4
retained less β-turn conformation and showed drastic diﬀerence on macroscopic
properties. These simple step growth synthesis techniques provide an eﬃcient approach toward a broad range of bioinspired
peptidocopolymers, which takes a further insight into the signiﬁcant eﬀect of nonpeptido linkages toward chemical-synthesized
peptidocopolymers.

■

of polypeptide.13−16 The resulted peptide copolymers showed
similarity to native proteins not only in their conformation, but
also in macroscopic properties. Similar approaches had also
been used in preparing elastin-mimic hybrid polymers, which
also showed promising potential as candidate scaﬀolds for
tissue engineering.3 However, by such polymer synthetic
approach, the existence of nonpeptido species in the ﬁnal
products can hardly be avoided. Because a slight change of an
amino acid on a certain position may largely inﬂuence protein
conformation and usually results in diﬀerent properties and
functionality, the presence of the nonpeptido units in the
copolymers may cause even larger eﬀects.17−19 Although their
conformation similar to native protein was reported in most of
pervious reported peptide copolymers, the eﬀect of the
nonpeptido species such as small molecular linker and ﬁvemembered triazole ring were seldom mentioned.10
The conformation of peptides or proteins may be aﬀected by
their chemical environment.20 Among them, dynamic β-turn
structure formed by intramolecular hydrogen bond is a
vulnerable one. β-turns are one of the most common types of
nonrepetitive structure in proteins, which provide a direction
change of the peptide chain and key sites of molecular

INTRODUCTION
Biomaterials based on peptides are promising for biomedical
applications,1,2 including tissue engineering scaﬀold,3,4 drug
carriers5 and gene delivery agents,6,7 due to their great
biocompatibility, degradability8 and functionality.9 There are
mainly two types of peptide-based materials, polypeptides and
sequence-controlled peptides. The former are synthetic
polymers made by polymerization of amino acid monomer,
while the latter are synthesized via recombinant DNA
technique10 or solid phase peptide synthesis.11 Both of these
techniques have achieved great success. By using living
polymerization, polypeptides can be easily made to a large
molar mass in a large scale, which is a solid basis for their
further applications in biomaterials.12 However, the type of
amino acids in the resultant polypeptide is limited, which is far
from the natural state of proteins. To synthesize sequencecontrolled peptide materials that are more similar to their
natural analogues, step-by-step biological or chemical methods
have been employed. Unfortunately, both of them still suﬀer
from labor-consuming and low yielding problems.
In order to synthesize sequence-deﬁned peptidomaterials in a
relatively high scale, Guan et al. proposed an elegant way to
combine traditional polymer synthesis and step-by-step peptide
synthesis techniques. By using step-growth polymerization via
click chemistry, sequence-deﬁned oligopeptide monomers were
successfully polymerized, generating a new type of copolymers
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Scheme 1. Synthesis Steps of the Four Peptidocopolymers P1−P4 (DIPEA: N,N-Diisopropyl Ethylamine)

recognition.21 Among diﬀerent types of β-turn found in
proteins, type I and II are commonly found in nature
(Supporting Information Figure S1), of which typical internal
hydrogen bonds were formed by H(1)···O(5) and H(4)···O(2) of
the standard pentapeptide repeating unit.24 Among many βturn rich proteins, the elastins, which conferring elasticity to
tissues and organs, have mostly been studied in recent years.22
More speciﬁcally, they are featured by repeating unit VPGVG
(Val-Pro-Gly-Val-Gly) and GPGGA (Gly-Pro-Gly-Gly-Ala) in
mammal or silk ﬁbers23,24 (Supporting Information Figure S2).
As reported by previous works, these repeating units are
expected to adopt β-turn conformation in most conditions
regardless of their chemical environment.10,25−27 However,
considering the vulnerable nature of β-turns, one may wonder
that after polymerization whether such pentapeptide still adopts
the previous local conformation in solution and bulk state or is
aﬀected by diﬀerent nonpeptido small molecular linkers.
Herein, to study the conformation of β-turn pentapeptide
after step-growth polymerization, sequence-deﬁned copolymers
based on the elastin motif GPGGA and diﬀerent small
molecular linkers were synthesized and studied with emphasis
on the eﬀect of the nonpeptide component on peptide
conformation. Four typical small molecular linkers, that is,
tetraethylene glycol (TEG), adipic acid, isophthalic acid and
terephthalic acid with diﬀerent length, ﬂexibility, and
conformation, are employed to link the pentapeptide
GPGGA. All of the four small molecular linkers are wildly
used in polymer material synthesis, among which TEG and
adipic acid were chosen as polar and ﬂexible linkers between
peptide units with diﬀerent length. In contrast, isophthalic and
terephthalic acid were more rigid, hydrophobic with strong
π−π interaction. The resulting hybrid copolymers were named
peptidocopolymer, which is featured by the well-deﬁned peptide
sequence in the presence of the chemical linkers. An advantage

of the peptidocopolymer is the employment of metal-free stepgrowth28−30 copolymerization to avoid copper ions, which were
believed to have some unavoidable eﬀect on conformation of
synthetic peptides.10 Taking advantage of Raman spectroscopy
and solid state NMR, conformation of four peptidocopolymers
was characterized, and the results were further conﬁrmed by
molecular dynamics (MD) simulation. The macroscopic
properties of the peptidocopolymers were also studied by
stress−strain analysis to demonstrate diﬀerent contributions of
the nonpeptido linkers to mechanical performance of the ﬁnal
material.

■

EXPERIMENTAL METHODS

Materials. All chemicals including 1-(3-(dimethylamino)propyl)-3ethylcarbodiimide hydrochloride (EDC), 1-hydroxybenzotriazole
(HOBT), ethyldiisopropylamine (DIPEA), pentaﬂuorophenol (PFp),
and all modiﬁed amino acids were purchased from J&K Chemical, TCI
and GL Biochem (Shanghai) and used without further puriﬁcation.
Anhydrous solvent were distilled after stirring with calcium hydride for
more than 4 h.
Characterization Methods. 1H and 13C NMR spectra were taken
on 400 MHz Bruker AVANCE III HD, and the acquired NMR data
were analyzed with MestRe Nova software. Chemical shift values were
referenced using the solvent peak at DMSO-d6 (2.50) or CDCl3
(7.27). Gel permeation chromatography (GPC) was carried out on a
system comprising a Waters 1515 HPLC pump, TOSOH TSK gel α3000 and α-2500 columns in series at 80 °C, Waters 2414 refractive
index detector and Wyatt DAWN HELEOS II 18-angle laser light
scattering detector. The eluent was DMF with 0.2% LiBr and ﬂow rate
was 1.0 mL/min. DSC measurements were performed on TA Q2000
diﬀerential scanning calorimeter at −20−160 °C in nitrogen
atmosphere with the heating rate of 10 °C/min. Raman spectra
were recorded using HORIBA JobinYvon XploRA spectrometer. The
Spectra Physics model 164 argon ion laser was operated at 758 nm.
Scattered light at right angle was analyzed on single spectrograph
conﬁguration with 1800 grooves/mm holographic grating and a
holographic notch ﬁlter. The analysis of amide I band regions of
B
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Table 1. Physical Properties of Peptidocopolymers P1−P4
copolymer

Mn (kDa)

Mw (kDa)a

DP

Mw/Mn

conversion %

M0
P1
P2
P3
P4

11.0
6.7
8.6
7.7

0.47
15.9
11.8
9.7
9.7

21
22
18
18

1.44
1.76
1.13
1.25

95
96
94
94

Tg (°C, DSC)b
112
42

a
Absolute molar mass was measured by GPC-MALS, the corresponding dn/dc was measured by refractive index detector (RI). bDSC were
performed under nitrogen atmosphere (temperature increasing speed: 10 °C per min).

Raman spectra was performed by curve ﬁtting using mixtures of
Gaussian and Lorentzian functions by PeakFit v4.12 software, and
second derivative was used as a complementary approach to determine
the location of the components. 13C CPMAS NMR were carried out
on prepared membranes using Bruker 400WB AVANCE III operated
at 400 MHz with cross-polarization contact time of 4 ns, pulse repeat
time of 2 s, accumulation of 800 scans, and high-power 1H-decoupling
of 62.5 kHz during signal acquisition with a 1H 90° pulse width of 4.0
us. Sample was spun at a rate of 10 kHz in a 4 mm spin rotor. The
NMR peak was deconvoluted using mixtures of Lorentzian and
Gaussian functions by PeakFit v4.12 software. Circular dichroism was
performed on Chirascan-SF.3 CD-Stopped ﬂow under 25 °C.
Mechanical test was taken on CMT4104 Mechanical Test I
instrument.
General Procedure of the Amino Acid Coupling. Typically, a
solution of Boc-Gly-OH (6.00 g, 34.3 mmol), EDC (7.90 g, 41.2
mmol), HOBT (5.56 g, 41.2 mmol) in 150 mL of anhydrous
dichloromethane (DCM) was cooled to −10 °C in ice-salt bath. To
this solution, DIPEA (21.2 mL, 123.6 mmol) was slowly added, and
then H-Pro-OMe (5.68 g, 34.3 mmol) was added. The solution was
allowed to warm to room temperature and stirred overnight. Then the
solution was washed with 30 mL of 2 M HCl and 30 mL of brine. The
organic layer was dried over MgSO4, and removed the solvent under
reduced pressure. The crude product was puriﬁed by silica gel
chromatography (2:1 ethyl acetate/hexane) to give 8.8 g (90%) BocGly-Pro-OMe.
General Procedure for Cleavage of the Methyl Group.
Typically, Boc-Gly-Pro-OMe (8.8 g, 32.8 mmol) was dissolved in 50
mL of methanol, and then 30 mL of H2O was added and cooled to 0
°C. To this solution, LiOH·H2O (6.17 g, 154.3 mmol) was added. The
mixture was allowed to warm to room temperature and stirred for 4 h.
The solution was neutralized by adding 2 M KHSO4 until pH 4−5.
The methanol was removed under reduced pressure, and the aqueous
solution was extracted with DCM (50 mL × 3). The organic layers
were combined and dried over MgSO4. The solvent was removed
under reduced pressure to give 7.95 g (95%) of Boc-Gly-Pro-OH
without further puriﬁcation.
General Procedure for Deprotection of the Boc Group.
Typically, Boc-Gly-Ala-OMe (8.2 g, 31.6 mmol) was cooled to 0 °C
and 50 mL of 4 M HCl solution in ethyl acetate was added. The
mixture was kept at 0 °C for a further 20 min while a large amount of
white precipitates formed. The precipitate was ﬁltered and washed
with ethyl acetate several times to give 5.93 g (96%) of H-Gly-AlaOMe.
General Procedures for PFp Activated Ester Synthesis.
Typically, adipic acid (1.46 g, 10 mmol) and EDC (4.6 g, 24 mmol)
was dissolved in 50 mL of DCM. The solution was allowed cool to 0
°C in an ice bath after which pentaﬂuorophenol (PFp, 4.0 g, 22 mmol)
that dissolved in 5 mL of DCM was added. The solution was allowed
to warm to room temperature and was stirred for 5 h. After removal of
the solvent under reduced pressure, the crude product was puriﬁed by
silica gel chromatography (1:2 ethyl acetate/hexane) to give 4.5 g of
M2 (94%) (Scheme 1).
General Procedure for Polymerization. Typically, to a 10 mL
vial was added the GPGGA pentapeptide monomer M0 (0.472 g, 1
mmol, Scheme 1), DIPEA (1.0 mL, 6 mmol), and 2 mL of anhydrous
DMSO. The mixture was allowed to stir at room temperature for 10
min after which M1 (0.726 g, 1 mmol, Scheme 1) was added. The

mixture was stirred at room temperature for 2 h, and 2 mL of
methanol was added to dilute the viscous solution. The polymer was
precipitated in ethyl ether, ﬁltered, and dried under vacuum at 40 °C
for 48 h to remove solvents to give 0.56 g P1 (86%).
Molecular Dynamics Simulation. For MD simulation, the
pentapeptide monomer M0 (Scheme 1) was ﬁrst set as the repeating
unit, and a series of peptidocopolymers composed of up to four
repeating units (n = 1,2,4) were modeled independently in order to
systematically investigate the conformational preferences of these
copolymers integrated with diﬀerent linkers M2 and M4. For clarity,
abbreviations P2 and P4 are continuously used in this part for the
corresponding copolymers. The AMBER 03 force ﬁeld31 was used for
the major part of this study, followed by a number of comparative
simulations with the CHARMM 36 force ﬁeld.32 MD simulations were
conducted with two simulation packages, Gromacs v. 4.5.533,34 and
Amber 11,35 that complied with the same explicit water model
TIP3P.36 MD simulations with implicit solvent were also conducted
for comparison. More simulation details are shown in Supporting
Information.

■

RESULTS AND DISCUSSION
Design, Synthesis, and Characterization of Peptidocopolymers. To polymerize GPGGA pentapeptide, the end
alanine was ﬁrst extended with ethylenediamine to have amine
at both of the pentapeptide ends (Scheme 1). For convenience,
its hydrochloride salt was generated and used as the
peptidomonomer (M0) in the step-growth copolymerization.
To integrate ﬂexible linkers (TEG and adipic acid) the reaction
between pentaﬂuorophenol (PFp) active ester and primary
amine was used for copolymerization because of its high
eﬃciency under mild condition. Thus, PFp-PEG4-PFp (M1)
and PFp-Adipic-PFp (M2) were used as the nonpeptido part to
generate copolymer P1 and P2, respectively. Because of the
poor solubility of terephthalic and isophthalic PFp active esters
in the most common solvent, interfacial copolymerization
between their corresponding acyl chloride (terephthaloyl
chloride, M3; Isophthaloyl chloride, M4) and amino endgroup of pentapeptide were used to obtain P3 and P4. Molar
mass of the resulting polymers (P1 to P4) was measured by gel
permeation chromatography with multiangle light scattering
detector (GPC-MALS) in DMF. P1, P2, P3, and P4 gave
absolute molar mass (Mw) as 15.9, 11.8, 9.7, and 9.7 kDa
(Table 1, the dn/dc showed in Supporting Information Figure
S3). The corresponding degree of polymerization (DP) of the
four copolymers was listed in Table 1. Figure 1 and Supporting
Information Figures S4−7 showed GPC traces of the four
peptidocopolymers. P1 and P2 showed high solubility in water
and other polar solvents due to their noncrystalline and
hydrophilic nature. After integration with the hydrophobic and
stiﬀ aromatic rings in P3 and P4, poor water solubility of the
two polymers was observed, although they still can be dissolved
in solvents with high polarity, such as DMF and DMSO. All
copolymers began to decompose around 220 °C without
melting as shown in their diﬀerential scanning calorimetry
C
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adipci chain (M2). No obvious Tg was found in P3 and P4,
mainly due to the stiﬀness induced by terephthalic (M3) and
isophthalic (M4) linkers.
Raman Spectroscopy of Peptidocopolymer in Bulk.
The conformation-sensitive amide I bands (1600−1700 cm−1)
in Raman spectroscopy have been widely used in studying the
secondary structure of proteins.37 The amide I bands of the
four peptides P1 to P4 and monomer M0 were observed
around 1650−1670 cm−1 (Supporting Information Figure S13).
The board and asymmetric peaks indicated that the amide I
bands were composed of several components representing
diﬀerent secondary structures. Thus, spectral decomposition
was performed for further study. Typically for M0, three major
components located near 1649, 1669, and 1691 cm−1 were
generated by the procedure described in Supporting

Figure 1. GPC traces of the four peptidocopolymers P1-P4 monitored
by MALS detector.

(DSC) curves (Supporting Information Figures S8−12). The
glass transition (Tg) of M0 appeared around 120 °C, while
lower Tg of P1 and P2 at 54 and 78 °C was detected, which
may be attributed to the ﬂexible linkers of TEG (M1) and

Figure 2. Raman spectra of pentapeptide monomer (a) M0 and (b−e) peptidocopolymers P1-P4 in bulk and (f) the spectral decomposition result.
D
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Figure 3. (a) Solid-state 13C CP/MAS NMR spectra and peak ﬁtting results of (b) M0 and (c−f) peptidocopolymers P1−P4 in bulk. The peaks in
the red square in (a) have been enlarged in (b−f). The samples were lyophilized or dried under vacuum, the sample spinning rate was 10 kHz.

The dramatically reduced content of both type I and type II βturn in P3 and P4 indicated that the short and stiﬀ hybrid
linker inﬂuenced the secondary structure of peptidocopolymer
more signiﬁcantly than the previous ﬂexible ones, while the
structure of hybrid blocks (isophthalic for 180° linkage and
terephthalic for 120°) showed no obvious inﬂuence. We
supposed that the secondary structure change in P3 and P4
might due to the increasing rigidity of main chain, which might
restrict the mobility of GPGGA block and therefore disrupt the
formation of β-turn.
Solid-state 13C NMR of Peptidocopolymer in Bulk.
Figure 3 showed the solid-state cross-polarization magic angle
spinning carbon-13 nuclear magnetic resonance (CP/MAS 13C
NMR) of the peptidocopolymers. The chemical shifts of the
peptidocopolymers were mostly in agreement with those of
reported (GPGGA)6 polypeptide synthesized by solid-phase
chemistry.42 The Ala Cβ signal (red circled in Figure 3a) is
sensitive to conformational change and its chemical shift has
been widely used in peptide conformation determination.43−46
In this study, the Ala Cβ chemical shift of the four
peptidocopolymers was assigned at 18.25, 17.87, 16.68, and
17.03 ppm in Figure 3, which indicated diﬀerent conformation
between the four polymers.
To further determine the conformation diﬀerence between
the four peptidocopolymers, spectral decomposition of their
13
C CP/MAS signal was performed with the results shown in
Figure 3b−f. The deconvolution of Ala Cβ yielded two major
components around 16.8 and 18.6 ppm with diﬀerent
intensities. Similar to the pervious reported results of β-turn
in silk, the 13C Ala Cβ chemical shift would switch to lower
ﬁeld due to the formation of intramolecular hydrogen bond in
β-turn, which was assigned to the peak around 18.6 ppm.27
Then the broad peak around 16.8 ppm was assigned to random
coil conformation. When the integration area of each
component was normalized according to the total Ala Cβ
signal (12−22 ppm), it was found that the component assigned

Information. Compared to natural silk with complicated
composition,38,39 31-helix and β-sheet conformations are less
likely to occur in the proline abundant GPGGA pentapeptide.
As a result, β-turn conformation can be located directly from
amide I band aﬀected by less overlapping with other
components. Speciﬁcally, the location of type I, II β-turns
was found around 1691 and 1669 cm−1, respectively.40,41 The
component found around 1649 cm−1 was likely to arise from
disordered conformation or random coil according to previous
studies.23 Similarly, the three peaks were preserved after
polymerization (from P1 to P4) with only slight shifts (Figure
2). Assignments of these peaks are listed in Supporting
Information Table S1.
On the basis of the spectral peak-ﬁtting results, the areas of
each component were normalized according to their total
amide I band in order to evaluate the amount of secondary
conformations of the four peptidocopolymers. Speciﬁcally,
constant β-turn components of both type I and II (30% and
25%, respectively) were found in the short and ﬂexible adipic
acid-linked P2 compared to those of M0, indicating the
conformation of P2 in bulk state remained similar to the elastin
pentapeptide monomer. In TEG-linked copolymer P1,
dramatic decrease of type I β-turn component compared to
M0 was observed from about 30% to less than 10%. However,
the type II β-turn conformation in P1 increased to more than
40%, even higher than that in P2, resulting similar total β-turn
conformation ratio in both P1 and P2. In short, the short and
ﬂexible adipic acid linkage in P2 showed little inﬂuence on the
secondary structure of peptidocopolymer in bulk, while the
long and ﬂexible TEG linkage limited the formation of type I βturn, although the total β-turn conformation remained
constant.
In contrast, in P3 and P4 when even shorter but stiﬀ
isophthalic and terephthalic linkers were introduced, the type I
β-turn peak almost disappeared, while the type II β-turn peak
decreased dramatically. Meanwhile, the random coil conformation increased to more than 60% in P3 and even 70% in P4.
E
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as β-turn signiﬁcantly decreased in P3 (40%) and P4 (32%)
compared to those in P1 (65%) and P2 (55%). Although the
percentage of β-turn conformation obtained in solid state NMR
was diﬀerent from that in Raman spectra, similar tendency was
observed. In bulk, the procedure of solvent casting allowed the
peptide units to arrange their conformation and possible
intramolecular hydrogen bond might form. However, the linker
with high rigidity and strong π−π interaction in P3 and P4
limited the rearrangement of the pentapeptide unit, which may
be one of the reasons of the decreased β-turn component.
The Peptidocopolymers Conformation Analysis in
Polar Solvents. Water is a solvent with high polarity that
largely aﬀects secondary structure of peptide due to strong
solvation eﬀect.47,48 Here Raman spectroscopy was again
employed to study the peptide secondary structure in water
with the obtained results overlaid and normalized with their
corresponding results in bulk (Supporting Information Figure
S14). The amide I band of the four peptidocopolymers were
observed around 1650−1670 cm−1 in water, similar to those in
bulk. Speciﬁcally, the peaks of amide I band of P2, P3, and P4
shifted to lower wavenumber, compared to their own
corresponding peaks in bulk. The shift indicated that when
dissolved (or fully saturated) in water, the β-turn structure was
aﬀected by solvation eﬀect and resulted in increase of random
coil conformation, which will be further supported by MD
simulation result. However, no obvious peak shift was found in
the amide I band of TEG-linked P1. The polar and hydrophilic
TEG linker might act as “solvent”, while the elastin
pentapeptide was more likely to be “dissolved” in TEG,
which made the conformation of pentapeptide in bulk and in
water similar.
To gain further information on local conformation in high
polarity solvent, circular dichroism (CD) spectra data were
collected for the four peptidocopolymers in triﬂuoroethanol
(TFE) due to the poor solubility of P3 and P4 in water. The
structural feature of M0 were reﬂected in the measured CD
spectra by a distinct absorption at 197 nm (π−π* transition)
and a medium absorption at 218 nm (n−π* transition) at room
temperature, which were the characteristic peaks of random coil
and β-turn structures, respectively.49,50 Peptidocopolymer P1
and P2 showed similar CD spectrum to M0 but with a less
obvious peak at around 220 nm, indicating less β-turn
conformation in polar solvents. However, strong UV absorption
of aromatic ring on the main chain largely aﬀected the CD
signal from 180 to 230 nm, which resulted in very low signal-tonoise ratio (Figure 4) and little information can be obtained
from the spectra of P3 and P4.
Molecular Dynamics Simulation. Conformation of M0 in
explicit solvent was ﬁrst characterized by Ramachandran plots
with dihedral angles Φ2 and Ψ2, Φ3 and Ψ3 (deﬁnition shown
in Supporting Information Figure S1) as reaction coordinates,
as shown in Figure 5. The deﬁnition of β-turn used for MD
simulation was shown in Supporting Information.24,25 Because
populations of the diﬀerent states of M0 inferred from MD
sampling were in good agreement in explicit and implicit
solvents (Supporting Information Table S2), implicit solvent
was employed for the simulation of peptidocopolymers to allow
suﬃcient sampling. Simulation results of M0 showed type I and
type II β-turn components around 14% and 28% respectively
(Supporting Information Table S2), which was then consistent
to the previous experimental results, showing the validity of
simulation method used in this paper. As shown in Figure 5a,
due to the steric restriction of the Pro ﬁve-membered ring Φ2

Figure 4. CD spectra of M1, P1−P4 in triﬂuoroethanol (TFE).

mainly distributed around −120−0°, and Ψ2 distributed
around −50∼10° for type I β-turn (Figure 5c) and
120∼180° for type II β-turn (Figure 5d). Similarly, Φ3
distributed around −50∼10°, Ψ3 distributed around
−60∼10° for type I β-turn structure (Figure 5c), and
−20∼60° for type II β-turn structure (Figure 5d) are also
shown in Figure 5b. Typical conformation in Figures 5c and 4d
as well as the random coil one in Figure 5e came from the MD
simulation.
As a control, polypeptides (GPGGA)n (n = 1, 2, 4) (for
clarity, abbreviated as P0) without any synthetic linker were
simulated, showing that the sum of type I/II β-turn possessed
around 50% population among all kinds of secondary structures
in which the population of type II β-turn was obviously larger
than that of type I, and the total β-turn population slightly
increased with the increase of repeating unit. (Figure 6a,b).
Diﬀerent phenomenon was found when M2 and M4 were
integrated. From the simulation results, P2 showed similar type
I β-turn component compared to P0, which slightly decreased
from 17 to 13% during the increase of repeating unit. Similar to
P0, the type II β-turn component in P2 also increased from 12
to 20% with the increase of repeating unit from 1 to 4. In
contrast, both type I/II β-turn component in P4 decreased
dramatically compared to P0 and P2. More speciﬁcally for P4,
with the increase of repeating unit type I β-turn component
decreased from 17 to 9%, and type II β-turn decreased from 18
to 12%. The above MD simulation results showed good
agreement with the Raman and solid state NMR results in this
paper. It is also worth to mention that the result indicates that
the population of secondary structure for more repeating units
(2 and 4 in the MD simulation) could better describe the
corresponding conformation rather than one simple monomer,
especially when nonpeptido elements were introduced. From
the captured relatively stable conformation in MD simulation
(Figure 7), P2 showed β-turn conformation in the two
repeating units, indicating less eﬀect from the ﬂexible linker
M2 (Figure 7a); while P4 only retained one β-turn
conformation, aﬀected by the hydrophobic and rigid M4 linker,
which might block the intramolecular hydrogen bond and thus
destabilize β-turn conformation (Figure 7b).
Mechanical Properties. Because the four peptidocopolymers shared similar chemical composition but tunable
secondary structure, a useful insight would be provided by
the investigation of their bulk mechanical properties. Films with
thickness around 0.5 mm for P1, P2, P3, and P4 were cast by
compression molding around 90−120 °C depending on
F
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Figure 5. Ramanchandran plots for (a) Φ2-Ψ2 and (b) Φ3-Ψ3 pairs in M0. Simulated possible conformation of M0 (c) type I β-turn, (d) type II βturn, and (e) random coil. Labels of the β-turn conformational states, denoted as c and d correspondingly, have been placed in their respective
minima.

Figure 6. Conformation content of (a) type I β-turn, (b) type II βturn occupancy in P0 (black), P2 (red) and P4 (blue) in MD
simulation. (Standard deviations less than 1%.)
Figure 8. True stress−strain curves for the four peptidocopolymers in
dry (inserted) and hydrated forms (a) dry P1; (b) dry P2; (a′)
hydrated P1 and (b′) hydrated P2 with 5% water; (c) dry P3; (d) dry
P4; (c′) P3 and (d′) P4 that were prepared with hydrated P1 and P2
under the same condition.

P4, respectively, with the maximal strains were all less than 3%.
The hydrated samples were prepared by equilibrating the
compressed ﬁlms in air with humidity around 50−60% for
about 24 h and the water content was about 5% (depending on
air humidity and the time control of hydration). For P1 and P2,
which were easily hydrated in air, about 5% (w/w, weight of
absorbed water to weight of the dry ﬁlm) hydrated ﬁlms were
much more extensible than the dry state. While hydrated, the
Young’s moduli of P1 and P2 decreased dramatically to ∼40
and ∼10 MPa, respectively, while their extensibility were
signiﬁcantly increased to ∼100 and ∼150%, respectively. The
synthetic P1 and P2 show similar properties as nature silk
protein such as easily hydrated and highly elastic. However, due
to the limitation of molar mass and lack of physical and
chemical cross-linking, the pulled ﬁlms can hardly be recovered,
and the mechanical properties are much weaker then natural
proteins (such as silk). In contrast, P3 and P4 were hardly

Figure 7. Snapshots of relativity representative conformation of (a) P2
and (b) P4 (n = 2).

diﬀerent polymers, and their tensile mechanical properties were
tested in both dry and hydrated forms. Figure 8 showed the
stress−strain curves of the peptidocopolymers. The dry form
meant that the ﬁlm was immediately subjected to mechanical
testing after compress molding and vacuum drying. The four
ﬁlms were brittle with relatively high moduli but little
extensibility. Speciﬁcally, the Young’s moduli for the dry
samples were 1.26, 0.58, 0.65, and 0.75 GPa for P1, P2, P3, and
G
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■

CONCLUSION
In summary, four novel bioinspired peptidocopolymers based
on elastin motif pentapeptide with diﬀerent small molecular
linkers have been synthesized by metal-free step growth
polymerization. The results indicated that the conformation,
physical, and mechanical properties of the four synthesized
copolymers can be tuned by diﬀerent linkers. It was found that
the ﬂexible linker resulted in similar conformation and
mechanical properties compared to the native protein; while
the hydrophobicity and rigidity of the linker caused
conformation change. The eﬀect of diﬀerent linkers to peptide
conformation was further explained by MD simulation. This
step-growth synthesis technique can be further applied to a
broad range of monomers to achieve a simple approach toward
complicated peptidocopolymer synthesis.

hydrated under the same condition but exposure in air for more
than 48 h led to less than 0.2% (w/w) hydration of P3 and P4.
The Young’s Moduli of “hydrated” P3 and P4 ﬁlms were 0.48
and 0.46 GPa, similar to those in dry state, and low maximal
trains around 3−4% were found.
Interestingly, we found that the hydrated P1 and P2 bulk
material were self-healable without pressure at room temperature (Figure 9). The 5% (w/w) hydrated P1 and P2 samples
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Figure 9. Self-healing behavior of 5% hydrated from P2 at ambient
temperature. (a) Five percent hydrated cube of P2 (colored by
Rhodamine); (b) gently brought the two pieces back to contact; (c)
24 h and (d) 48 h without any outside intervention; (e) self-healed
peptidocopolymers stretched by hands.
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