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Poly(amino acid)s/polypeptides as potential functional
and structural materials

Keiji Numata

Poly(amino acids) and polypeptides have the potential to contribute significantly to a biomass-based and sustainable society,

due to their biomass origin, functionality, and unique physical properties. To realize amino acid-based polymers as eco-friendly

alternatives for petroleum materials, the synthesis of poly(amino acid)s/polypeptides through an environmentally friendly process

is needed. In this focus review, the author summarizes the recent progress of chemo-enzymatic polymerization, which is a

green and atom-economical reaction that provides new insight into the design of materials from polypeptides. Additionally,

polypeptides can be designed to serve as functional and structural materials. The use of peptides as carriers of nucleic acids for

delivery into target cells and organelles is one important application of such functional materials. Studies on polypeptides as

structural materials are also reviewed.
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POLY(AMINO ACID) AS AN ECO-FRIENDLY MATERIAL

Eco-friendly polymeric materials have been designed and processed
primarily from bio-based polyesters such as poly(hydroxyalkanoate)1

and poly(lactic acid),2,3 due to their plasticity, excellent workability,
and biomass origin.4–12 Poly(hydroxyalkanoate) has several advantages
such as the ability to be directly synthesized from various types of
biomass, including lignin and carbon dioxide,13–17 and excellent
biodegradability.18,19 However, because of a lack of toughness, this
biopolyester has limited use and application. Development of an
engineered biopolymer such as a biomass-derived polyamide is an
emerging interest in the field of sustainable chemistry and materials
engineering. Biopolyamides (for example, nylon 4) have been
investigated as candidates for biomass-based engineering plastics, but
their narrow processing window for thermo-forming currently
prevents them from being considered for practical purposes.20 Natural
high-performance materials, including spider silk and mussel-derived
adhesive (Figure 1), are mainly composed of poly(amino acid)s and a
small amount of short peptides, suggesting that poly(amino acid)s
could serve as an alternative to the petroleum-derived polymers in
support of a sustainable society. Although spider dragline silk is a
benchmark in terms of tough materials, scientific and technological
advances still cannot produce an artificial dragline silk. To create and
develop biomass-based tough polymers like this silk, the synthesis and
design of materials from poly(amino acid)s is being investigated.
A poly(amino acid) is a polymer composed of amino acids as

monomeric units. Structural and functional proteins, polypeptides,
peptides and polymers derived from amino acids, that is,
poly(β-alanine) and ε-poly(lysine), are classified as poly(amino acid)s.
The use of poly(amino acid)s as functional materials has been widely
studied, resulting in the development of polypeptides that are bioactive

and that can have biological applications such as in tissue engineering,
regenerative medicine and drug/gene delivery systems. Poly(amino
acid)s are further endowed with remarkable biological functionality
such as a target specificity, and their degradation products can be
readily metabolized. Due to those functions, various hybrid poly
(amino acid)s with synthetic polymers have also been studied as
functional materials.21 In contrast, the use of poly(amino acid)s as
structural materials is still limited and challenging, due to a lack of
understanding of the structure–function relationship of poly(amino
acid)-based materials that contain multiple types of water molecules.
The role of water molecules in thermal stability and the biological and
mechanical properties of poly(amino acid)s have been characterized
using X-ray and differential scanning calorimetry.22 However, this
information has not been sufficient to develop artificial poly(amino
acid) materials with the desired thermal stability and toughness.
Furthermore, a major drawback of poly(amino acid)-based materials
is the limited repertoire of synthesis methods. To synthesize
polypeptides and poly(amino acid)s, current synthesis techniques,
such as solid-phase peptide synthesis and recombinant DNA
techniques, still have limitations in their production capacity, atom
economy and sequence regulation.23–25 Synthesis through an
environmentally friendly process will be needed to establish
poly(amino acid) as bio-based materials.

CHEMO-ENZYMATIC SYNTHESIS OF POLY(AMINO ACID)S

To establish poly(amino acid)s as functional and structural materials,
enantiomerically pure, high-yield, low-cost, atom-economical
synthesis strategies are needed. Chemo-enzymatic synthesis is one
possible solution for the efficient synthesis of poly(amino acid)s, with
respect to yield, reaction time and atom economy (Figure 2a).26
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Amino-acid ligases, as well as proteases, have been shown to mediate
the formation of peptide bonds between α-amino acid monomers27,28

and artificial enzymes that catalyze such a reaction may also be
developed in the near future.29,30 In the case of proteases, the amide-
forming reaction is either a thermodynamically or a kinetically
controlled process. The latter reaction is more selective in that the
enzyme needs to react with an ester compound to form an acyl-
enzyme intermediate. Competing with water molecules for hydrolysis
to proceed, the enzyme will react with an amino acid-derived
nucleophile and form a new peptide bond.31,32 Compared with other
synthetic methods, such as solid-phase peptide synthesis, ring-opening
polymerization of the α-amino acid N-carboxyanhydride, and recom-
binant DNA methods,23–25 chemo-enzymatic synthesis demonstrates a
relatively high yield without the need for multiple purifications, has a
short reaction time, is atom-economical, and requires only mild
reaction conditions. However, the disadvantage of chemo-enzymatic
synthesis is that there is less control over the molecular weight and
amino-acid sequence of the polypeptide/poly(amino acid) produced.
Catalysts for the chemo-enzymatic polymerization of amino acids

are generally proteases and peptidases, because of their chemical and
physical stability. Papain, a cysteine protease that exhibits endo-
peptidase, amidase and esterase activities and that originates from
the latex of the tropical papaya fruit (Carica papaya), has been used as
an enzymatic catalyst for chemo-enzymatic polymerization of amino
acids.33,34 Papain is stable and active under a wide range of conditions,
namely, from pH 4 to pH 10 and at temperatures up to 80 °C.33,34 The
chemo-enzymatic synthesis of hydrophobic amino acids is essential to
design and develop bulk materials from poly(amino acid)s. Papain is
capable of polymerizing L-alanine ethyl ester, one of the major
components of spider dragline silk, as well as a key amino acid to
realize artificial structural poly(amino acid)s by chemo-enzymatic

polymerization.35 The reactions carried out at an alkaline pH cause a
higher degree of polymerization than those carried out at a neutral pH.
Moreover, papain has demonstrated the ability to polymerize
alkyl ester of L-tyrosine,36 L-glutamic acid,37 L-lysine,38 L-leucine
and L-valine.39 In addition to the synthesis of homopolypeptide,
copolymerization of amino acids is first achieved by papain using
L-glutamic acid ester and various amino acid esters as co-substrates.40,41

Interestingly, L-aspartic acid diethyl ester and alanine ethyl ester were
not subjected to the papain-catalyzed homopolymerization; rather,
they were copolymerized in the presence of L-glutamic acid and
papain.42 Diblock and random co-oligopeptides of L-lysine and
L-alanine were successfully synthesized by papain.43 Alternating
oligopeptides were synthesized by papain-mediated catalysis using
the dipeptide monomer, alanine-glycine ethyl ester.44 Papain-catalyzed
oligomerization of L-lysine protected at the side chain with a
tert-butoxycarbonyl or carboxybenzyl group ensures a higher yield
and a simpler purification process owing to the precipitation-driven
reaction derived from the hydrophobicity of the protected group.45

Thus, papain is powerful, and the most-studied protease for chemo-
enzymatic synthesis of various types of peptides.
As described above, papain, an endo-type cysteine protease, is

widely used for chemo-enzymatic polymerization of peptides, whereas
serine proteases should be studied as catalysts to understand the
reaction mechanism and to develop the chemo-enzymatic synthesis of
peptide/poly(amino acid). Proteinase K, originating from Tritirachium
album Limber, is a highly active serine protease that shows very broad
substrate specificity, allowing the cleavage of peptide bonds next to the
carboxyl group of aliphatic and aromatic amino acids as well as
polyesters.46 Its hydrolytic activity is maintained up to 60 °C, as well as
across a broad pH range from 7.5 to 12.0.46 These stable biochemical
properties of proteinase K are ideal for chemo-enzymatic reactions.

Figure 1 Typical structural and functional proteins in nature. (a) Silk of Nephila clavata, (b) spider dragline silk, (c) various types of silkworm silk and (d)
blue mussels adhered to sea stones.
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Until now, proteinase K-catalyzed peptide synthesis has been reported
in linear and branched oligo(L-phenylalanine),31 oligo(L-lysine) and
oligo(L-arginine), using tris(2-aminoethyl)amine as the branching
terminator.47 In addition to cysteine proteases, exo-type proteases
are ideal catalysts for polymerization. This is because exo-type
protease-mediated hydrolysis proceeds only from the chain ends,
which can reduce the hydrolysis as well as enhance aminolysis that
results in peptides and not hydrolysis of synthesized peptides.
To synthesize and prepare poly(amino acid)-based materials via

chemo-enzymatic polymerization, the author and co-workers focused
on the blue mussel (Mytilus edulis) foot protein 5 (Mefp-5), one of the
adhesive proteins derived from the mussel, which can be found at the
surface of adhesive plaques and is mainly composed of L-glycine,
L-lysine and 3,4-dihydroxy- L-phenylalanine (DOPA) (Figure 2b).48,49

According to the previous studies on recombinant proteins and
synthetic polymers containing DOPA, the redox chemistry of DOPA
is primarily responsible for adhesion.50–52 In addition to DOPA,
Mefp-5 is composed of L-lysine (approximately 20mol%), which is
necessary to form a network of structures between catechol and amine
groups.50,52 Accordingly, we synthesized adhesive peptide containing
DOPA and L-lysine via two enzymatic reactions, namely, chemo-
enzymatic synthesis of L-tyrosine and L-lysine by papain as well as
tyrosinase-mediated conversion from tyrosine to DOPA.53 On the
basis of adhesion tests using the synthesized peptides consisting

DOPA, L-lysine and L-tyrosine at various pHs, with different
protonation/deprotonation states, we proposed a mechanism whereby
deprotonated DOPA can interact with surface materials, thus
functioning as an adhesive molecule, while on the other hand, the
primary amine group of lysine induces molecular networks under
deprotonated conditions. Thus, the combination of multiple
enzymatic reactions, including chemo-enzymatic polymerization,
increases the efficiency of synthesizing new types of peptide-based
materials such as Mefp-5-mimicking adhesive peptides.

POLY(AMINO ACID)/POLYPEPTIDE AS FUNCTIONAL

MATERIALS: TARGET-SPECIFIC GENE CARRIERS

Gene delivery into mammalian cells
As a functional material, poly(amino acid)s including polypeptides
and peptides can be applied to various value-added materials,
that is, stimuli-responsive, self-assembling, nano-scale and self-healing
materials. Another example that demonstrates the advantage of
peptides is target-specific delivery of bioactive molecules into
plant/animal cells and organelles. Such delivery systems would be
even more advantageous if they were biodegradable, biocompatible
and mechanically durable, and could be prepared and processed under
ambient aqueous conditions to avoid the loss of bioactivity of the
molecules to be delivered. Poly(amino acid)s have the potential to
meet these demands because their robustness and stability can be
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Figure 2 Chemo-enzymatic synthesis of peptide/poly(amino acid)s. (a) Schematic illustration of chemo-enzymatic synthesis of peptide/poly(amino acid)s from
amino-acid esters using a protease as a catalyst. The reaction is performed in a buffer solution under a mild reaction temperature and pH. Successful
syntheses of several types of homo, random, block and branched peptides have been reported. (b) Reaction schemes for the enzymatic synthesis of
poly(L-tyrosine-r-3,4-dihydroxy-L-phenylalanine-r-L-lysine) (P(Tyr-DOPA-Lys)), via poly(L-tyrosine-r-L-lysine) (P(Tyr-Lys)), from L-tyrosine ethyl ester (Tyr-Et) and
L-lysine ethyl ester (Lys-Et). Figures modified from Numata et al.53
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controlled by varying their amino-acid sequences and secondary
structures, such as β-sheet and alpha-helix structures.54 Currently,
chemo-enzymatic synthesis of peptides is not applicable to this type of
materials.
Silk, a structural protein, can help address these needs, due to

its properties of self-assembly, mechanical toughness, processing
flexibility, biodegradability and biocompatibility, and therein presents
considerable utility for a number of human therapeutic
interventions.55 Spider dragline silk-based block copolymers have
been designed and prepared via genetic engineering and used for
gene delivery and tissue engineering (Figure 3a).56–60 The addition of
cationic components into silk-based copolymers allows efficient gene
delivery due to membrane destabilizing, DNA condensing and pH
buffering properties. Molecular transporters such as cell penetrating
peptides (CPPs) are 10–50 amino-acid sequences that vary signifi-
cantly in sequence, electrical charge, hydrophobicity, polarity, and
have a remarkable capacity for membrane translocation. Signal
peptides and partial sequences of antibody are capable of delivering
molecules and chemicals to specific targets. We previously reported
various recombinant silk-like peptides containing ligand molecules
that facilitated selective delivery to target cells.56,61–66 Complexes of
recombinant silk molecules containing one of the CPPs, ppTG1
peptide, with plasmid DNA (pDNA) were designed for pDNA
delivery.62 The peptide composed of dimeric ppTG1 and a cationic
sequence formed a globular pDNA complex of o100 nm in hydro-
dynamic diameter that was as efficiently transfected as the transfection
regent Lipofectamine 2000. Additionally, the silk-based pDNA com-
plexes with greater β-sheet structure demonstrated higher DNase
resistance and efficient release of the pDNA by enzymes that degrade
the silk proteins. Accordingly, the secondary structure of the peptide
in the pDNA complexes is capable of controlling the enzymatic
degradation rates of the complexes, and hence can regulate the release
profile of genes from the complexes.
In the case of gene ddelivery for cancer treatment, recombinant silk

molecules with tumor-homing peptides have also been prepared to

add target specificity into the silk-based gene delivery systems.63,64

The pDNA complexes of recombinant silk with F3 tumor-homing
peptide showed target-specific transfection of tumorigenic cell lines
MDA-MB-231 and MDA-MB-435, whereas they did not show useful
transfection efficiency in healthy cells, MCF10A (Figure 3b). In vivo
transfection experiments were also carried out using the same
complex, which showed the highest transfection efficiency in MDA-
MB-231 tumor cells. Bioluminescent images of live tumor-bearing
mice at 3 days, 1 week and 4 weeks after injection of the pDNA
complexes were captured to evaluate the luciferase expression
(Figure 3c). The expression level increased slightly for 4 weeks,
while the control mice did not show significant expression. More
importantly, no significant toxicity was observed in the mice. On the
basis of these limited in vivo results, the pDNA complexes containing
F3 tumor-homing peptide have the potential to treat tumors
specifically, without toxic side effects. Clearly, a more comprehensive
study will be required to clarify the potential of this new system and
the longevity of the transfection. However, it is also clear that the
bioengineered silk-based gene delivery vehicles with functional
peptides, such as CPP and the tumor-homing peptides, have the
potential for controlled-release and target-specific gene delivery.

Gene delivery into plant cells
Plant gene delivery has been a less studied topic in comparison with
gene delivery to treat human diseases. Although several methods to
introduce genes into intact plant and cultured plant cells have been
reported, each technique has its disadvantages, such as a limitation in
the applicable plant types and low transfection efficiency.67 To
establish a new gene delivery system for plants, we developed a
peptide-based plant gene delivery system, which has ionic complexes
of pDNA with designed peptide carriers, each of which combined a
CPP with a polycation (Figure 4a).68 The fusion peptides consisting of
nona-arginine (R9) and histidine-lysine (KH)9 polycationic sequences
as well as CPP such as BP100 and Tat2 were mixed with pDNA
encoding Renilla luciferase (RLuc) to form ionic complexes.68

Figure 3 A peptide-based gene delivery system for mammalian cells. (a) Schematic of the formation of the pDNA complexes with recombinant silk protein
SL-F3, a Histag-silk-poly(L-lysine)-tumor homing peptide F3 block copolymer. (b) In vitro transfection results in the loading of pDNA complexes with
recombinant silk proteins and Lipofectamine 2000 in MDA-MB-435, MDA-MB-231 and MCF10A cells. Lipofectamine 2000 was used as a positive control.
Data are shown as means± standard deviations (n=4). *A difference between two groups was considered as statistically significant at Po0.05. (c) In vivo
transfection results in the loading of pDNA complexes with SL-mF3 in MDA-MB-231 tumor cells in mice (i, ii, iii) and in control experiments without tumor
cells (iv, v, vi). Typical bioluminescent images at 3 days (i, iv), 1 week (ii, v) and 4 weeks (iii, vi) of luciferase expression in mice. Figures modified from
Numata et al.64 A full color version of this figure is available at Polymer Journal online.
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The complexes were injected into leaves of model plants, namely
3-week-old Arabidopsis thaliana and Nicotiana benthamiana, and RLuc
gene expression was quantified for up to 144 h. The best complexes
had globular shapes with hydrodynamic diameters ranging from
300 to 400 nm and negatively charged surfaces, and showed the
highest RLuc activity at 12 h after infiltration to A. thaliana and
N. benthamiana for all the fusion peptides. This system, incorporating
designed peptides, demonstrated rapid and efficient transfections in
intact leaf cells of N. benthamiana and A. thaliana without protoplast
preparations.
In addition to pDNA, other nucleic acids such as double-stranded

RNA (dsRNA) and linear DNA can be delivered to the plant cytosol
via the peptide-based gene carrier.69 Fast and facile transient RNA
interference is one of the most valuable biotechnologies for analyzing
plant gene functions. Furthermore, the introduction of RNA without
any degradation is an essential technique to realize an efficient genome
editing system, such as the CRISPR (clustered regularly interspaced
short palindromic repeats) associated Cas9 system. To establish a
novel dsRNA delivery system for plants, we developed an ionic
complex of synthetic dsRNA with a carrier peptide in which a CPP
is fused with a polycation sequence as a gene carrier. Infiltration of the
complex into intact leaf cells of A. thaliana as well as the poplar tree
successfully induced rapid and efficient downregulation of exogenous
and endogenous genes such as yellow fluorescent protein and chalcone
synthase.70 This method allowed quick and local gene silencing in
specific tissues and/or organs in plants. With this dsRNA delivery

system, a new, efficient genome editing system is under investigation
and will be reported soon.

Gene delivery to specific organelles
Organelles have important roles in cellular metabolic pathways at
various life stages. Specifically, trafficking of biological compounds
between organelles is a key mechanism of cellular activity that must be
understood to create artificial metabolic pathways. However, the
limitation of current transfection techniques for organelles prevents
an understanding of the function and role of organelle genes, as well as
prevents the use of organelles as a reaction site for producing value-
added biomolecules. Major challenges in mitochondrial transfection
are the double membrane, small size, and surprisingly motility of
mitochondria, in addition to its large population size in cells. To date,
no routinely successful method has been developed for introducing
foreign genes into the mitochondria of intact, vascular plants. We
recently reported the intracellular delivery of exogenous DNA localized
to the mitochondria of A. thaliana by a combination of mitochondria-
targeting peptide (MTP) and CPP (Figure 4b).71 Low concentrations
of peptides were sufficient to deliver pDNA into the mitochondria and
expression of imported pDNA reached detectable levels within 12 h.
We found that electrostatic interaction with the cell membrane is not a
critical factor for complex internalization. Instead, improved intra-
cellular penetration of mitochondria-targeted complexes significantly
enhanced gene transfer efficiency. The combination of CPP and MTP
mediated significant levels of GFP expression (Figure 4c), as evident

Figure 4 A peptide-based gene delivery system for plant cells and organelles. (a) The negatively charged pDNA and peptides designed with a polycation and
CPP form an ionic complex. The pDNA complex penetrates through the cell wall and the cell membrane, and then the pDNA is expressed throughout the
cell, including in the nucleus. (b) A combination of MTP and CPP as a vector for delivery of pDNA into leaves localized to the mitochondria. (c) Confocal
laser scanning microscope observation of epidermal cells of a leaf previously infiltrated with the pDNA complexes containing MTP and CPP. Enlarged images
of several mitochondria with GFP expression are shown in the extreme right panel. Scale bars indicate 10 μm. (d) Western blot analysis of crude
mitochondrial extracts from leaves previously infiltrated with naked pDNA (i), or complexes containing only MTP (ii) or containing CPP and MTP with pDNA
(iii). An arrowhead denotes a band corresponding to the molecular weight of GFP. Lane (M) is a molecular weight marker. Figures modified from Lakshmanan
et al.68 and Chuah et al.71
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from the 27-kDa band corresponding to GFP (Figure 4d). Confocal
laser scanning microscopy provided visual confirmation of GFP
expression, localized in the mitochondria of epidermal cells of leaves
transfected using the peptide–pDNA complex. These results delineate
a simple and reproducible peptide-based method as a starting point
for the development of more sophisticated and practical plant
mitochondrial transfection strategies. The present peptide-based gene
delivery system will be a key biotechnology in the production of
various bio-fuel and bio-products, as well as functional food and
pharmaceutical compounds using plants as a factory.

POLY(AMINO ACID)/POLYPEPTIDE AS STRUCTURAL

MATERIALS: CRYSTAL TO MICRO-STRUCTURES CONSISTING

OF STRUCTURAL PROTEINS

Formation of β-sheet crystals with a key role of stabilizing
structures
Spider draglines and webs are well-known and typical poly(amino
acid)-based structural materials. In the crystalline region of silk fibers,
the anti-parallel β-pleated sheet is a fundamental and predominant
secondary structure that has a key role in stabilizing these proteins via
physical cross-links. In terms of β-sheet structure, silk fibrils were
reported to be similar to amyloid fibrils on a molecular level,72,73 and
to enhance amyloidosis of amyloid protein due to cross-seeding effects
as a disease mechanism.74 However, silk nanofibrils and nanofilaments
composed of β-sheets were reported to show no significant cytotoxi-
city in neuronal cells in vitro.75 Contrary to amyloid fibrils, silk
β-sheets composed of Gly and Ala did not express significant
cytotoxicity, most likely because of a lack of electrical charge.
Nano-assembly of silk β-sheets produced microfibrils after incubation
for 72 h (Figure 5a), and formation of the nano-assembly was faster
than that of Aβ(12–28), Aβ(28–42) and full-length Aβ(1–42) because
of the greater hydrophobicity of the silk β-sheet.76,77 The control of
silk β-sheet formation is key the assembly needed to create artificial
tough polymeric materials; however, this control has not yet been
established because β-sheets assemble via hydrophobic interactions too
quickly to regulate in solution. Even in solid state, such as the spinning
of silk, the control of β-sheet formation remains a challenging
component to the design and creation of artificial tough materials
composed of poly(amino acid)s.
The formation of silk fibrils in concentrated solution results in the

gelation of a silk solution with micro-fibrillar network formation. An
increase in the β-sheet content, which can be induced by a pH change,
sonication, shear stress or hydrophobic interactions, was reported as
the major factor causing the gelation of silk solution.78–83 We also
developed a quick and easy method to prepare silk hydrogels using
ethanol to induce phase separation, and analyzed the gelation
behavior, state of water, secondary structure and mechanical
properties of the resulting hydrogel.22 The sample prepared at a silk
concentration of 7 g l−1 (silk solution/ethanol= 1/9) showed a slight
decrease in loss modulus G″ just before the gelation (Figure 5b), which
is unusual and distinct from that of synthetic polymers.84 Such a
rheological property indicates the aggregation of silk molecules
through the formation of β-sheet structures and the subsequent
gelation of aggregated silk molecules. On the basis of the structural
and morphological characteristics of the silk hydrogels by Fourier
transform infrared spectroscopy (FTIR), wide-angle X-ray scattering
and differential interference contrast microscopy (Figure 5c), the silk
molecules were assembled to form fibrillar and heterogeneous net-
works with β-sheet structures, which are prerequisites for gelation.
Additionally, in differential scanning calorimetry measurements, it is
noteworthy that the peaks originating from the bound water seemed

to contain two peaks, implying that there might be two types of bound
water in the silk hydrogel, namely water bound to micro-scale
networks and water intercalated in the β-sheet assembly. The state
of water with silk molecules is known to affect the mechanical and
biological properties of materials including not only silk but also poly
(amino acid)s. The state of water in the silk hydrogel was controllable
by adjusting the β-sheet content and network density, which is one of
the quantitative studies demonstrating a clear relationship between
water and the structural properties of poly(amino acid)s.22

To enhance the mechanical properties of silk hydrogels with
physical fibrillar network structures, we hybridized silk fibrils with
silk nanoparticles and pectin, that is, a charged hydrophilic
polysaccharide.85,86 The silk-pectin hydrogel is composed of a hetero-
geneous network, which is different from the fiber-reinforced,
interpenetrated networks and double-network hydrogels. A silk
concentration of over 15 wt% is critical in constructing interacting
silk-pectin networks, which result in strong, elastic hydrogels.
Furthermore, the release of water during compression, which was
observed in silk-pectin as well as silk hydrogels, is not characteristic of
synthetic polymer-based hydrogels, but of tissues found in nature, for
example, cartilage and plant cell walls. The silk-pectin hydrogel is
therefore considered to have a network structure that contains water
molecules and that is different from the network structures of
pre-existing synthetic polymer-based hydrogels. The hydrogel of
hydrophobic structural proteins demonstrates a different water state
in comparison with synthetic polymer-based hydrogels that makes it
more difficult to design and create a tough material containing both
free and bound water molecules.

Structures revealed by degradation of β-sheet crystals
Contrary to β-sheet formation, an insight into the mechanisms of anti-
parallel β-pleated sheet degradation will clarify how the β-sheet crystals
influence structural profiles, biological remodeling and physical
properties of materials. We have proposed a mechanism for enzymatic
degradation of anti-parallel β-pleated sheets, and showed the series of
steps involved in digesting Bombyx mori silk structures into fibrils and
subsequently into nanofibrils (2 nm thick and 160 nm long). The
degradation of the fibril-like polymer crystals by enzymes has been
reported in the case of lamellar crystals of poly(hydroxyalkanoic
acid).87–92 In a crystalline biopolyester, tight and loose chain-packing
regions form lamellar crystals. The loose chain-packing region is a
disordered crystalline region that degrades faster than the highly
crystalline domains. In the case of silk β-sheet crystals, we proposed a
model of enzymatic degradation of silk crystalline regions due to
protease activity based on atomic force microscopy observations,
infrared radiation and wide-angle X-ray measurements (Figure 5f).
The tight chain-packing regions and looser chain-packing regions exist
randomly in the silk crystalline region, and the crystal can be degraded
into nanofibrils. This report was the first to observe and recognize
nanofibrils around 2 nm thick and 160 nm long, which consisted of a
few β-sheet layers according to the crystal structure,93 in the crystalline
region of silk fibroin films. The nanofibrils assemble and form fibrils,
playing a role as nucleators of the crystalline regions, a novel and
important feature of the system that can be exploited to design
silk-based structural materials with predictable biodegradability and
mechanical properties. This structure–function relationship including
the nanofibrils is fundamental in structural material design, where the
sizes of crystals can define the mechanical properties of bulk polymers.
Thus, the degradation model provides new insights concerning both
the fundamental mechanisms of β-sheet structure formation, as well as
for the formation of silk-based structural materials.
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SUMMARY

Poly(amino acid)s/polypeptides have the potential to accelerate a
biomass-based and sustainable society, since these naturally high-
performance materials can replace some petroleum-based materials.
Biopolymers composed of amino acids have been recognized as
bioactive and functional materials according to a large number of
studies conducted around the world; however, the use of those

biopolymers as structural materials is still challenging. As mentioned
in this focus review, one of the major drawbacks of poly(amino acid)-
based materials is the limited synthesis methods that are currently
available. It is my view that chemo-enzymatic polymerization has the
potential to address this problem, but we still need a breakthrough to
control the molecular weight and amino-acid sequence of the poly
(amino acid)s. Furthermore, to realize poly(amino acid)-based

Figure 5 Structural characteristics of silk fibers and β-sheet crystals. (a) Atomic force microscopy (AFM) height images of nano-assemblies and nanofibrils of
spider silk β-sheets before (i) and after incubation for 24 (ii), 48 (iii) and 72 h (iv). The peptides were prepared by solid-phase synthesis. Each scale bar
denotes 5 μm. The color scale represents a 100-nm height. (b) The storage modulus (G′) and the loss modulus (G″) during gelation of the silk solution
(38 g l−1) induced with ethanol were measured at 37 °C. The value of G′ was under the detection limit of the rheometer below 570 s. (c) Differential
interference contrast images of the silk hydrogel with a homogeneous network structure prepared at a silk concentration of 32 g l−1. Scale bars denote 10 μm.
(d) Typical AFM amplitude image of silk crystals before the enzymatic degradation. The white broken line denotes nanofibrils composed of the crystals.
(e) Line profile data of the crystals are indicated by the white solid line in (d). (f) Model of enzymatic degradation of crystalline regions of silk fibroin.
(a) Crystalline region of silk fibroin. Tight and loose chain-packing regions coexist in the crystalline region. (b) Crystalline nanofibril composed of the tight
chain-packing regions after degradation of the loose-chain packing region by protease XIV. (c) Nanofilament composed of β-sheets and soluble fragments
containing a β-sheet structure after enzymatic degradation by protease XIV. (d) Crystalline region and soluble fragments without β-sheet structure after
degradation of the edges and ends of the loose-chain packing region by alpha-chymotrypsin. Figures modified from Numata et al.22,75,77 A full color version
of this figure is available at Polymer Journal online.
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structural materials, we need to understand the solid-state structures
of the biopolymers with water molecules, especially during the
deformation process. The role of water molecules in the thermal
stability, mechanical properties, optical character and biological
behavior of structural proteins and poly(amino acid)s is a challenging
research target that must also be clarified to use these biopolymers as
tough structural materials. We will continue to perform research
aimed at clearing these critical challenges to use poly(amino acid)s
more widely for the development of bio-materials.
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