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Hydrogels are classic examples of biomaterials that have found

its niche in biomedical and allied fields. Here, we describe

examples of peptide-based and protein-based hydrogels with

a focus on smart gels that respond to various stimuli including

temperature, pH, light, and ionic strength. With the recent

advancements in computational modeling, it has been possible

to predict as well as design peptide and protein sequences that

can assemble into hydrogels with unique and improved

properties. We briefly discuss coarse grained and atomistic

simulations in designing peptides that can form hydrogels. In

addition, we highlight the trends that will influence the future

design and applications of hydrogels, with emphasis on

bioadhesion, exosomes delivery, tissue and organoids

engineering, and even intracellular production of gels.
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Introduction
Hydrogels are attractive biomaterials comprised of three-

dimensional (3D) networks of polymeric chains [1]. The

3D network, attributed to its porous microstructure, is

formed either by physical or chemical crosslinking of

synthetic, natural or hybrid polymers [1]. Although syn-

thetic polymers exhibit superior mechanical properties,

there is an emerging paradigm shift toward developing

peptide-based and protein-based hydrogels, owing to

their biocompatibility and tunable properties [1]. Pep-

tide-based and protein-based hydrogels are a promising
www.sciencedirect.com 
class of biomaterials as they can respond to external cues

such as temperature, pH, as well as light and small

molecules [2]. There are several ways to classify pep-

tide-based and protein-based hydrogels (Scheme 1).

Wang et al. have recently reviewed domain-based engi-

neered hydrogels comprised of a single domain, multi-

domain or two component hydrogel systems [3]. Other

examples include physically and chemically crosslinked

hydrogels and those bearing non-canonical amino acids

and metal ions [3]. Hydrogels can also be classified based

on the source of protein, secondary structural elements,

methods of assembly, and routes of delivery [1]. Self-

assembly of proteins into fibers and micelles also dictate

the classification of hydrogels into fibrous or micellar

based hydrogels, respectively [4�,5].

Of the various hydrogels reported in literature, stimuli-

responsive hydrogels have a distinct advantage as they

can precisely control assembly and disassembly as a

function of an external trigger [3]. In the following

section, we highlight some of the recent examples of

stimuli-responsive hydrogels. The examples are chosen

to represent the structural diversity present in peptide-

based and protein-based hydrogels. In an effort to

develop hydrogels with better mechanical and functional

properties, de novo protein design has gained considerable

interest. Significant advances in computational methods

and synthetic biology have identified protein sequences

that can mimic or even surpass the properties of natural

proteins [6]. In this minireview, we present a brief over-

view of computational approaches used in the design of

hydrogel forming peptides. Due to their versatility and

modular nature, peptide-based and protein-based hydro-

gels have found wide-ranging applications in biomedical

fields including tissue engineering, drug and gene deliv-

ery, as well as other fields, paving the way for emerging

applications [2]. Here, we present some of the elegant

applications of hydrogels and its future prospects.

Stimuli-responsive hydrogels
Peptide-based and protein-based hydrogels that undergo

sol-gel transition in response to external stimuli such as

temperature, pH, and ionic strength are referred as stimuli-

responsive or ‘smart’ hydrogels [7]. A great deal of effort has

been devoted todevelopingthermoresponsivehydrogels as

temperature can dynamically modulate protein properties,

enabling hydrogels with spatiotemporal control [1]. A

majority of thermoresponsive hydrogels are comprised of

protein polymers that show sol-gel transition at a critical

temperature. Hydrogels exhibiting upper critical solution
Current Opinion in Structural Biology 2020, 63:97–105
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Classification of peptide-based and protein-based hydrogels.
temperature (UCST)-behavior are miscible at higher tem-

peratures and solidify when cooled below their UCST [7].

Recently, Hill et al. have reported a coiled-coil protein

hydrogel based on a rationally designed Q protein

(Figure 1a, Table 1) that exhibits UCST-type behavior

[4�]. Q is an engineered variant of the coiled-coil domain of
Figure 1
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Stimuli-responsive hydrogels. (a) Schematic representation of hierarchical a

8.0. Reproduced with permission [4�]. (b) Structure of diblock (EC and CE) a

mechanical properties. Reproduced with permission [22]. (c) Schematic rep

with permission [14]. (d) Gelation of AFD36 and AFD19 as a function of pH 

states for AFD36 (top) and aggregate state for AFD19 (bottom). Reproduced

induced by light. The G’ and G’’ of the CarHC hydrogel were monitored at a

with permission [20�].
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cartilage oligomeric matrix protein (COMPcc) that self-

assembles into fibers [8]. These fibers can physically cross-

link and form a hydrogel at low temperatures. When the gel

is bound with small hydrophobic molecules, it is stable at

physiological temperature for 17–18 days, imparting utility

for drug delivery applications [4�].
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ssembly of Q protein hydrogel that assembles at 4�C and pH

nd triblock polymers (ECE and CEC) with their characteristic

resentation of Rec-1 with both LCST and UCST behavior. Reproduced

and molecular charge. Inset: photographs of sol, gel, and aggregate

 with permission [18]. (e) Gel-sol transition in CarHC hydrogels

 fixed shear rate frequency of 1 rad/s and strain of 5%. Reproduced
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Table 1

Amino acid sequences of peptides and proteins that assemble into hydrogels

Nomenclature Sequence Ref.

Q MRGSHHHHHHGSIEGRVKEITFLKNTAPQMLRELQETNAALQDVREL [4�]
MAX3 VKVKVK T KVDPPTKVK T KVKV [10]

MAX1 VKVKVK V KVDPPTKVK V KVKV [10]

Ac-VES3-RGDV Ac-VEVSVSVEVDPPTEVSVEVEVGGGGRGDV [11]

EC MRGSH6GSKPIAASA-E5-LEGSELA(AT)6AACG-C-LQA(AT)6AVDLQPS [12]

CE MRGSH6GSACELA(AT)6AACG-C-LQA(AT)6AVDKPIAASA-E5-LEGSGTGAKL [12]

ECE MRGSH6GSKPIAASA-E5-LEGSELA(AT)6AACG-C-LQA(AT)6AVDKPIAASA-E5-

LEGSGTGAKLN

[12]

CEC MRGSH6GSACELA(AT)6AAC-C-LQA(AT)6AVDKPIAASA-E5-LEGSGT-C-LQALSI [5]

E5 [(VPGVG)2VPGFG(VPGVG)2]5VP [12]

C GDLAPQMLRELQETNAALQDVRELLRQQVKEITFLKNTVMESDASG [12]

ELP1-H1-25% [(VPGVG)15G(A)25]4 [13��]
ELP1-H2-25% [(VPGVG)15GK(A)25K]4 [13��]
ELP1-H3-25% [(VPGVG)15GK(AAAA)5K]4 [13��]
ELP1-H5-25% [(VPGVG)15GD(A)25K]4 [13��]
ELP1-H5-12.5% [(VPGVG)35GD(A)25K]2 [13��]
Rec-1 resilin MHHHHHHPEP PVNSYLP PSDSYGAPGQSGP GGRPSDSYGAPGGGN

GGRPSDSYGAPGQGQGQGQGQGGYAGK PSDSYGAPGGGNGN

GGRPSSSYGAPGGGN GGRPSDTYGAPGGGN

GGRPSDTYGAPGGGGNGN GGRPSSSYGAPGQGQGNGN

GGRPSSSYGAPGSGN GGRPSDTYGAPGGGN GGRPSDTYGAPGGGNN

GGRPSSSYGAPGGGN GGRPSDTYGAPGGGNGNGS

GGRPSSSYGAPGQGQGGF GGRPSDSYGAPGQNQK PSDSYGAPGSGNGN

GGRPSSSYGAPGSGP GGRPSDSYGPPASG

[14]

RZ10-RGD M-MASMTGGQQMG-HHHHHH-DDDDK-LDHMRTLS

-(AQTPSSKQFGAPAQTPSSQFGAP)-KWADRHGGMR-GGTVYAVTGRGDSPASSGGG-LE

[16�]

AFD19 Ac-LKELAKV LHELAKL VSEALHA-CONH2 [17]

AFD36 Ac-LKELAKV LHELAKL VKEALHA-CONH2 [18]

PEP-1 FALNLAKD [19�]
SpyCatcher-ELP-

CarHC-

ELP-SpyCatcher

MKGSSHHHHHHVDIPTTENLYFQGAMVDTLSGLSSEQGQSGDM

TIEEDSATHIKFSKRDEDGKELAGATMELRDSSGKTISTWISDGQVKDFYL

YPGKYTFVETAAPDGYEVATAITFTVNEQGQVTVNGKATKGDAHIDGPQ

GIWGQLEGHGVGVPGVGVPGVGVPGEGVPGVGVPGVGVPGVGVP

GVGVPGEGVPGVGVPGVGVPGVGVPGVGVPGEGVPGVGVPGVGEL

PEDLGTGLLEALLRGDLAGAEALFRRGLRFWGPEGVLEHLLLPVLREVGEAW

HRGEIGVAEEHLASTFLRARLQELLDLAGFPPGPPVLVTTPPGERHEIGAM

LAAYHLRRKGVPALYLGPDTPLPDLRALARRLGAGAVVLSAVLSEPLRALP

DGALKDLAPRVFLGGQGAGPEEARRLGAEYMEDLKGLAEALWLPRGPEKE

AITSVPGVGVPGVGVPGEGVPGVGVPGVGVPGVGVPGVGVPGEGVPGVG

VPGVGVPGVGVPGVGVPGEGVPGVGVPGVGVPGGLVDIPTTENLYFQGA

MVDTLSGLSSEQGQSGDMTIEEDSATHIKFSKRDEDGKELAGATMELRDSS

GKTISTWISDGQVKDFYLYPGKYTFVETAAPDGYEVATAITFTVNEQGQVT

VNGKATKGDAHIDGPQGIWGQLEWKK

[20�]

SpyTag-ELP-CarHC-

ELP-SpyTag

MKGSSHHHHHHVDAHIVMVDAYKPTKLDGHGVGVPGVGVPGVGVPGEG

VPGVGVPGVGVPGVGVPGVGVPGEGVPGVGVPGVGVPGVGVPGVGVP

GEGVPGVGVPGVGELPEDLGTGLLEALLRGDLAGAEALFRRGLRFWGPEGV

LEHLLLPVLREVGEAWHRGEIGVAEEHLASTFLRARLQELLDLAGFPPG

PPVLVTTPPGERHEIGAMLAAYHLRRKGVPALYLGPDTPLPDLRALARRL

GAGAVVLSAVLSEPLRALPDGALKDLAPRVFLGGQGAGPEEARRLGAE

YMEDLKGLAEALWLPRGPEKEAITSVPGVGVPGVGVPGEGVPGVGVPG

VGVPGVGVPGVGVPGEGVPGVGVPGVGVPGVGVPGVGVPGEG

VPGVGVPGVGVPGGLLDAHIVMVDAYKPTKLE WKK

[20�]

Peptide-1

(Troponin C)

H-VEQLTEEQKNEFKAAFDIFVLGA [21]

Tripeptides KYF

KYY

KFF

KYW

[25]

LNK1 (Nal)K(Nal)KAKAK-VDPPT-KAKAK(Nal)K(Nal) [28]

ELPs (GVGVP)3
(GVGVP)6
(GVGVP)(GKGVP)(GVGVP)

[30�]

SELP [(GVGVP)4(GYGVP)(GVGVP)3(GAGAGS)]14 [31]

www.sciencedirect.com Current Opinion in Structural Biology 2020, 63:97–105
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Table 1 (Continued )

Nomenclature Sequence Ref.

(TM3)3-ELP2 H6-TM-RGD-ELP-TM-RGD-ELP-TM-RGD

(TM3 (GRKYY), TM5-1 (GYKKYY) or TM5-2 (KKYYYKY)

ELP = (VPGXG)n; n = 15, X = V/E at 4:1 ratio

[39]

(ELY)16 M-MASMTGGQQMG-HHHHHH-DDDDK-LDGTL-(PGYGVPGKGVPGVGV)16-

PVADRGMRLE

[33��]

ELP (patterned) MASMTGGQQMG-HHHHHH-DDDDK-TVYAVTGRGDSPASSAA-[(VPGIG)2VPGKG

(VPGIG)2]3VP

[45]

Spider silk protein

eADF4-(C16)

(GSSAAAAAAAASGPGGYG PENQGPSGPGGYGPGGP)16 [<span

class="xps_reflinkin
Peptide-based and protein-based hydrogels can also

exhibit lower critical solution temperature (LCST)-

behavior. Such hydrogels are miscible at low tempera-

tures and undergo gelation above their LCST [9]. The

LCST-type hydrogels are often designed to self-assemble

by varying the hydrophilic and hydrophobic content of

the protein. For example, the MAX3 peptide (Table 1)

comprised of alternating hydrophilic and hydrophobic

residues, folds to form a ß-hairpin structure that self-

assembles to form a hydrogel network [10]. MAX3

hydrogel exhibits an LCST at 60�C. The transition

temperature of MAX3 can be tuned by varying the

hydrophobic residues. Replacement of threonine with

valine results in MAX1 peptide (Table 1), which exhibits

a LCST of 25�C [10]. Within the past two decades,

Schneider and Pochan groups have developed a series

of MAX peptides that have potential applications in

encapsulating and delivering small molecules, growth

factors, DNA and cells [11]. More recently, Schneider

and colleagues et al. have created anionic ß-hairpin
peptides (Table 1) that form hydrogels under physiologi-

cal conditions [11]. These hydrogels offer new opportu-

nities in cell engraftment, especially in CAR-T cell

immunotherapy.

Another common strategy to generate LCST hydrogels is

to combine blocks of similar or different self-assembling

domains within a polymeric chain. Hydrogels based on

elastin-like polypeptides (ELP) classically exhibit LCST

behavior. These hydrogels have been extensively

reviewed by several research groups [1,3]. Montclare

and colleagues et al. have engineered a series of constructs

combining short ELPs (E) with the coiled-coil domain of

cartilage oligomeric matrix protein (C) [5,12]. The

diblock and triblock polymers, EC and CEC (Table 1),

exhibit elastic behavior while CE exists as a viscous

solution (Figure 1b, Table 1) [5,12]. Interestingly, the

triblock polymer, ECE displays properties that are in

between EC and CE polymers (Table 1), exhibiting a

viscoelastic behavior [12]. The elastic properties of CEC

hydrogels are further modulated upon binding to curcu-

min, a small hydrophobic chemotherapeutic agent that

confers structural stability to C domain [5]. Their studies

demonstrate that length and order of the blocks can

modulate self-assembly and mechanical properties.
Current Opinion in Structural Biology 2020, 63:97–105 
Analogous to EC, Chilkoti and coworkers have reported

partially ordered polymers (POP) composed of ELP with

polyalanine helices (Table 1) [13��]. These peptides are

designed to exhibit LCST at physiologically relevant

temperatures. The POP self-assemble to form porous,

elastic networks with ELP1-H5 (Table 1) capable of

creating stable depots, promoting vascularization and

wound healing, when injected in vivo. These peptide-

based hydrogels provide an attractive design strategy for

producing injectable systems for regenerative medicine

[13��].

Rec-1, a resilin-mimetic polymer enriched with repeats of

(GGRPSDSYGAPGGGN), a motif based on the first

exon of the Drosophila CG15920 gene, is one of the

few examples that exhibit both UCST and LCST-type

behaviors (Figure 1c, Table 1) [14]. Below 6�C and above

70�C, the UCST and LCST respectively, the protein

forms a turbid hydrogel, whereas between these tempera-

tures, Rec-1 exists as a transparent solution. Studies have

focused on tuning the critical temperatures of resilin to

more physiologically relevant temperatures by either

combining it with other proteins or by utilizing resilin-

like polymers derived from other species [15,16�]. Apart

from thermoresponsiveness, resilin hydrogels have also

been evaluated for their ability to assemble under differ-

ent stimuli. Recently, Su et al. have developed redox-

responsive hydrogels based on a resilin-like protein

derived from Anopheles gambiae [16�]. The engineered

protein, RZ10-RGD (Table 1), is crosslinked using a

redox-responsive crosslinker, 3,30-dithiobis(sulfosuccini-
midyl propionate) (DTSSP) that rapidly degrades under

reducing conditions. These gels show different drug

release profiles under reducing and non-reducing envir-

onments, offering applications in targeted drug delivery

and tissue engineering [16�].

pH-sensitive hydrogels are another widely studied sys-

tem. Fletcher et al. have designed an a-helical peptide,

AFD19 (Table 1) that is capable of forming a pH-

sensitive coiled-coil fibril-based hydrogel [17]. These

hydrogels are composed of fibers that self-assemble at

pH 6. A single point variation of AFD19 results in

AFD36 that gels at physiological salt and pH conditions

(Figure 1d, Table 1) [18]. AFD36 hydrogels can support
www.sciencedirect.com
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fibroblast growth and can be employed as drug and cell

carriers [18]. pH responsive hydrogels are, in particular,

suited for tumor-targeted drug delivery applications as

tumor tissues typically have lower pH relative to normal

healthy tissues. Ghosh et al. have monitored the release

of a water-soluble drug, calcein under two different pH

conditions, using a hydrogel composed of PEP-1 peptide

(Table 1), a variant of a natural ß-sheet forming galectin-

1 protein [19�]. PEP-1 forms a stable hydrogel at pH

7.4 that disassembles at pH 5.5. pH triggered gel-to-sol

transition enables faster release of encapsulated drug at

pH 5.5 with minimal release observed at physiological

pH [19�].

Other examples of stimuli-responsive protein-based

hydrogels include light sensitive hydrogels comprised

of ELP fused to adenosylcobalamin (AdoB12)-dependent

photoreceptor C-terminal adenosylcobalamin binding

domain (CarHC) [20�]. This domain undergoes oligomer-

ization in dark and forms hydrogels (Figure 1e, Table 1)

mediated by SpyTag-SpyCatcher chemistry. These

hydrogels are capable of light-induced release and recov-

ery of encapsulated cells and globular proteins [20�].
Another interesting example of stimuli-responsive hydro-

gel is reported by De-Leon Rodriguez et al., who identi-

fied a fragment of human cardiac troponin C that exists as

an a-helix in its native state but adopts a ß-sheet confor-

mation when isolated from its parent sequence [21]. The

fragment, referred as peptide-1 (Table 1), self-assembles

to form ß-sheet fibrils. These fibrils undergo physical

crosslinking to form hydrogels as a function of pH and

ionic strength [21]. To further improve the properties of

these hydrogels, efforts are being made to design protein

polymers that respond to multiple stimuli. Such multi-

responsive hydrogels are well suited for drug delivery

applications and offer great promise in a variety of bio-

medical fields.

Computational driven design of hydrogel
forming peptides and proteins
Employing computational methods to design hydrogel

forming peptides and proteins through simulations has

attracted considerable attention in recent years. Com-

puter simulations can be divided into two major types of

coarse grained (CG) [23] and all-atom [24] models. Coarse

grained models treat a group of atoms as a single ‘bead’ in

order to reduce the complexity of the system [23]. In

simulations involving a large number of biomolecules, for

example, peptide and protein self-assembly and hydrogel

formation, these simplified representations have the

advantage of higher computational efficiency compared

to atomistic models. In contrast, atomistic simulations

represent each atom in the system individually and pro-

vide more accurate explanations of how small variations in

the sequence affect the self-assembly and resulting struc-

ture of peptides or proteins.
www.sciencedirect.com 
Many computational studies on hydrogels focus on the

design of sequences capable of forming gels. Using CG

models, Tuttle and colleagues et al. have performed a

systematic search of all the possible combinations of

dipeptide and tripeptide sequences and discovered four

new tripeptides (KYF, KYY, KFF and KYW) (Table 1)

that form hydrogels [25,26]. Another study by Moreira

et al. has employed Martini force field to design systems

that form hydrogels by co-assembly of di-peptides and tri-

peptides. CG simulations reveal that aromatic amino

acids promote co-assembly of tripeptide-dipeptides

[27��].

Sathaye et al. have performed all-atom molecular dynam-

ics simulations to elucidate the effects of non-canonical

amino acids on assembly and gelation properties of MAX1

fibrils [28]. LNK1 (Table 1) is obtained from MAX1

peptide by substituting the non-turn valines by 2-

naphthylalanine (Nal) and alanine residues. The simula-

tions show that Nal and alanine sidechains form a ‘lock

and key’ hydrophobic core packing, which assists in

stabilization of the self-assembled LNK1 structure.

Higher stability of LNK1 restricts the fibril from branch-

ing, resulting in weaker hydrogels compared to MAX1

gels [28]. In addition, Miller et al. have investigated the

network morphology of MAX1 hydrogels through atom-

istic simulations, indicating that MAX1 peptide prefers

the ß-hairpin conformation, rather than the amyloid-like

beta-arch structure [29]. The simulations also demon-

strate that mechanical rigidity of MAX1 hydrogel is due to

short persistence length of the fibrils.

Hydrogels based on ELPs have been computationally

designed by Buehler and coworkers [30�]. Employing all-

atom molecular dynamics, they have investigated the

effects of ionic concentration and mutation on ELPs

(Table 1). Tarakanova et al. have demonstrated that ions

promote intra-peptide hydrogen bonds by disrupting the

hydrogen-bonded network of water molecules in the

nearest hydration shell of the ELP. This phenomenon

facilitates the folding of the ELP with increasing tem-

peratures, resulting in higher stability of the peptide. The

study also reveals that a single point mutation of valine to

lysine at the seventh position of the peptide increases the

solvent accessible surface area, which prevents a struc-

tural collapse at higher temperatures and renders the

protein unstable [30�].

In another study by the same group, mechanical functions

of a silk-elastin-like peptide (SELP) (Table 1), capable of

forming hydrogels, have been probed by atomistic simu-

lations [31]. At a single molecule scale, SELP experiences

a structural collapse at temperatures higher than its tran-

sition temperature. The computational results were sup-

ported experimentally. These results were also applicable

at the macroscale, where hydrogel undergoes shrinkage

phenomenon with an increase in temperature [31].
Current Opinion in Structural Biology 2020, 63:97–105
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Figure 2
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(a) Schematic illustration of ELP-based underwater adhesive. Reproduced with permission [33��]. (b) Schematic showing the effect of implanting

silk fibroin hydrogel bearing miR-675, a microRNA packaged within the exosomes. Reproduced with permission [34�]. (c) Photopatterning of

gelatin hydrogels with caged CMPs. Reproduced with permission [35]. (d) Schematic illustration of 3D-printed silk hydrogels. The cells can either

be cultured on the scaffolds or encapsulated during printing. Reproduced with permission [36].
Atomistic simulations provide insights on stability of the

sequences that are known to self-assemble, whereas

coarse grained simulations have been generally used to

predict the peptide and protein self-assembly behavior.

Therefore, a combined approach of utilizing coarse

grained models to design new candidates, experimentally

validating such peptides and proteins and using all-atom

simulations to fine-tune the structures would lead to new

biomaterials with improved properties. Such materials-

by-design approaches have produced significant results

and are becoming more common in the field of bioma-

terials [30�,31,32].

Novel applications of peptide-based and
protein-based hydrogels
Hydrogels are widely used for delivery of cells and a

range of therapeutics. The abovementioned examples of

hydrogels have potential applications in providing sus-

tained or targeted therapeutic delivery, rendering them

excellent candidates as drug delivery vehicles, cell car-

riers and tissue engineering substrates [4�,5,11,12,20�].
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New hydrogels with improved properties and functions

are continuously being developed that extend their use in

a range of applications. Here, we describe some of the

recent trends that we believe will influence the future

design and applications of hydrogels.

Hydrogels with bioadhesive properties have high

potential in biomedical applications, serving as tissue adhe-

sives, hemostatic agents or tissue sealants. Inspired by the

adhesion mechanism of marine mussel foot protein (Mfp),

several groups are developing hydrogels that can adhere to

wet surfaces [37]. Mfps are rich in catechol-bearing

non-natural amino acid, 3,4-dihydroxyphenyl-L-alanine

(DOPA), which can undergo oxidative self-polymerization,

giving thema high adhesive strength [38]. Several strategies

have been utilized to introduce DOPA within the protein

polymers. A common strategy is to employ tyrosinase, an

enzyme capable of converting tyrosine residues to DOPA

[39]. Sun and colleagues et al. have designed three protein

polymers, (TM3)3-ELP2, (TM5-1)3-ELP2 and (TM5-2)3-

ELP2 (Table 1), comprising of short peptide fragments
www.sciencedirect.com
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derived either fromMfp-3orMfp-5, two repeatsofELPand

cell adhesive RGD motifs [39]. Upon oxidation with tyrosi-

nase, these protein polymers form hydrogels at room tem-

perature that exhibit good adhesiveness and cytocompat-

ibility [39]. Although studies have suggested a vital role of

Mfps in governing the mechanical properties of hydrogels

[39], these motifs are not required for wet adhesion. Bren-

nan et al. have utilized tyrosinase-modified ELPs (Table 1)

to design smart underwater adhesives (Figure 2a). These

hydrogels demonstrate better adhesion strength when com-

pared with a commercially available fibrin sealant [33��].

In recent years, an unprecedented amount of scientific

work has been published on the use of exosomes in

therapeutic applications. Exosomes are small extracellu-

lar vesicles that participate in cell to cell communication.

They have an immense therapeutic potential and since

they can be readily packed with functional proteins,

nucleic acids, lipids and small molecules, they serve as

excellent delivery vehicles [40]. One of the major chal-

lenges in delivering exosomes is its rapid clearance from

target organ [41], thus there is a critical need to develop

formulation strategies that can increase the retention time

of exosomes at the desired organ. Peptide-based and

protein-based hydrogels are increasingly being used to

prolong the exosome retention [34�,42]. A notable exam-

ple includes the use of silk fibroin hydrogel for sustained

delivery of microRNA (miRNA) packaged into stem cell-

derived exosomes in preventing vascular aging

(Figure 2b) [34�]. The use of protein-based hydrogels

for exosome delivery is anticipated to witness a growth in

the years to come.

Another interesting application of protein-based hydro-

gels includes their production within the living cells.

Nakamura et al. have developed a non-invasive strategy,

referred as iPOLYMER (intracellular production of

ligand yielded multivalent enhancers) composed of two

proteins, FK506 binding protein (FKBP) and the FKBP-

rapamycin binding protein (FRB), which undergo dimer-

ization and gelation upon addition of rapamycin [43��].
This approach has been tested in silico by Monte Carlo

simulations and confirmed experimentally by tracking the

expression and rapamycin-induced gelation of fluorescent

labeled FKBP and FRB proteins within the cells. The

intracellular hydrogel mimics RNA granules and func-

tions as molecular sieves that allow protein molecules to

pass through but prevent diffusion of large vesicles [43��].
The use of this approach in future for high-throughput

production and characterization of hydrogels is promising,

eliminating the need to purify proteins at early stages of

development.

Hydrogels are appealing scaffold materials in tissue engi-

neering applications and have been used to emulate the

extracellular matrix (ECM). In order to mimic the

dynamic 3D microenvironment of ECM, techniques such
www.sciencedirect.com 
as molding and photoactivated patterning are being used

to engineer protein-based hydrogels [44]. Paul et al. have

used poly(dimethylsioxane) molds to create micro-sized

and nano-sized wavy patterns on ELP (Table 1) hydro-

gels [45]. These hydrogels can support and orient stem

cells along their patterns. On the other hand, Li et al. have

developed a strategy to create 2D-photopatterns and 3D-

photopatterns of collagen mimetic peptides (CMPs) on

gelatin hydrogels (Figure 2c) [35]. This method utilizes

nitrobenzyl bearing caged CMPs, which cannot bind to

gelatin due to steric hindrance. However, upon photo-

activation, nitrobenzyl group is cleaved, triggering triple

helix hybridization of CMPs with gelatin chains. These

patterned hydrogels have promising applications in ocular

drug delivery and tissue replacement therapies. Another

area gaining traction is fabricating ECM-mimicking scaf-

folds using 3D printing [46]. Hydrogels based on recom-

binant spider silk proteins (Table 1) have been used as

bioinks to print scaffolds (Figure 2d) that can maintain

cell viability of human fibroblasts [36]. Apart from ECM,

there is a growing interest in using hydrogels for devel-

oping organoids or organs-on-a-chip system [47].

Although peptide-based and protein-based hydrogels

may suffer from poor mechanical properties and long-

term instability issues, novel sequences can be designed

that offer promising opportunities in organoids formation.

Conclusions and future prospective
Hydrogels have revolutionized the field of biomaterials,

with peptide-based and protein-based systems emerging

as versatile platforms for a wide range of applications.

Here we have presented a brief overview of stimuli-

responsive hydrogels, described the role of computational

modeling in designing peptides and proteins that can

undergo gelation, and discussed the latest trends in the

use of hydrogels. There are still many new avenues being

explored in the field, for example: the development of

hydrogels for oral delivery of proteins and peptides [48];

the use of novel chemical and enzymatic approaches to

design hydrogels [49]; and 4D patterning and bioprinting

of hydrogels [50]. New strategies that combine proteins

with synthetic polymers are also on the rise; such hybrid

systems can provide the desired mechanical rigidity to

hydrogels, making them ideal for many biomedical

applications.

While substantial progress has been made in the field of

peptide-based and protein-based hydrogels, there is still a

long way to fully realize the clinical potential of these

systems. There is a need to design hydrogels with pre-

dictable and tunable properties and reduce the inherent

high costs of protein production. Advanced technologies

that can improve scalability, and together with new

computational methods, will enable the generation of

future hydrogels that can move beyond the clinical trial

phase toward approval by the Food and Drug
Current Opinion in Structural Biology 2020, 63:97–105
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Administration, resulting in successful clinical translation

of peptide-based and protein-based hydrogels.
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1. Jonker AM, Löwik DWPM, van Hest JCM: Peptide- and protein-
based hydrogels. Chem Mater 2012, 24:759-773.

2. Kopecek J: Hydrogel biomaterials: a smart future? Biomaterials
2007, 28:5185-5192.

3. Wang Y, Katyal P, Montclare JK: Protein-engineered functional
materials. Adv Healthc Mater 2019, 8:e1801374.

4.
�

Hill LK, Meleties M, Katyal P, Xie X, Delgado-Fukushima E, Jihad T,
Liu CF, O’Neill S, Tu RS, Renfrew PD et al.: Thermoresponsive
protein-engineered coiled-coil hydrogel for sustained small
molecule release. Biomacromolecules 2019, 20:3340-3351.

This paper describes a thermo-responsive protein-hydrogel based on a
single coiled-coil protein, which exhibits sol-gel transition at low tem-
peratures. These gels can bind and encapsulate small hydrophobic
molecules, thereby improving the gel’s thermostability and mechanical
properties and providing a sustained release of the drug at physiological
temperature.

5. Olsen AJ, Katyal P, Haghpanah JS, Kubilius MB, Li R,
Schnabel NL, O’Neill SC, Wang Y, Dai M, Singh N et al.: Protein
engineered triblock polymers composed of two SADs:
enhanced mechanical properties and binding abilities.
Biomacromolecules 2018, 19:1552-1561.

6. Huang PS, Boyken SE, Baker D: The coming of age of de novo
protein design. Nature 2016, 537:320-327.

7. Ebara M, Kotsuchibashi Y, Uto K, Aoyagi T, Kim Y-J, Narain R,
Idota N, Hoffman JM: Smart hydrogels. In Smart Biomaterials.
Edited by Ebara M, Kotsuchibashi Y, Narain R, Idota N, Kim Y-J,
Hoffman JM, Uto K, Aoyagi T. Japan: Springer; 2014:9-65.

8. Hume J, Sun J, Jacquet R, Renfrew PD, Martin JA, Bonneau R,
Gilchrist ML, Montclare JK: Engineered coiled-coil protein
microfibers. Biomacromolecules 2014, 15:3503-3510.

9. Parodi A, Khaled S, Yazdi I, Evangelopoulos M, Toledano
Furman N, Wang X, Urzi F, Hmaidan S, Hartman K, Tasciotti E:
Smart Hydrogels. . Edited by 2015:1-13.

10. Pochan DJ, Schneider JP, Kretsinger J, Ozbas B, Rajagopal K,
Haines L: Thermally reversible hydrogels via intramolecular
folding and consequent self-assembly of a de novo designed
peptide. J Am Chem Soc 2003, 125:11802-11803.

11. Yamada Y, Patel NL, Kalen JD, Schneider JP: Design of a
peptide-based electronegative hydrogel for the direct
encapsulation, 3D culturing, in vivo syringe-based delivery,
and long-term tissue engraftment of cells. ACS Appl Mater
Interfaces 2019, 11:34688-34697.

12. Haghpanah JS, Yuvienco C, Roth EW, Liang A, Tu RS,
Montclare JK: Supramolecular assembly and small molecule
recognition by genetically engineered protein block polymers
composed of two SADs. Mol Biosyst 2010, 6:1662-1667.

13.
��

Roberts S, Harmon TS, Schaal JL, Miao V, Li KJ, Hunt A, Wen Y,
Oas TG, Collier JH, Pappu RV et al.: Injectable tissue integrating
Current Opinion in Structural Biology 2020, 63:97–105 
networks from recombinant polypeptides with tunable order.
Nat Mater 2018, 17:1154-1163.

The authors have created partially ordered polypeptides (POPs) by
combining intrinsically disordered protein, elastin with polyalanine
helices. The POPs exist as solution at lower temperatures and arrange
itself to form stable porous network at body temperature 37℃. The new
biomaterial has potential use in tissue engineering and wound healing
applications.

14. Dutta NK, Truong MY, Mayavan S, Choudhury NR, Elvin CM,
Kim M, Knott R, Nairn KM, Hill AJ: A genetically engineered
protein responsive to multiple stimuli. Angew Chem Int Ed Engl
2011, 50:4428-4431.

15. Whittaker JL, Dutta NK, Knott R, McPhee G, Voelcker NH, Elvin C,
Hill A, Choudhury NR: Tunable thermoresponsiveness of resilin
via coassembly with rigid biopolymers. Langmuir 2015,
31:8882-8891.

16.
�

Su RS, Galas RJ Jr, Lin CY, Liu JC: Redox-responsive resilin-
like hydrogels for tissue engineering and drug delivery
applications. Macromol Biosci 2019, 19:e1900122.

Resilin has been known to exhibit dual phase-transition behavior char-
acterized by both lower (LCST) and upper critical solution temperatures
(UCST). The authors have broadened the versatility of resilin-like hydro-
gels in this paper by developing redox-responsive hydrogels by utilizing a
crosslinker that degrades under reducing environment, allowing a faster
release of encapsulated dextran molecules.

17. Fletcher NL, Lockett CV, Dexter AF: A pH-responsive coiled-coil
peptide hydrogel. Soft Matter 2011, 7:10210-10218.

18. Dexter AF, Fletcher NL, Creasey RG, Filardo F, Boehm MW,
Jack KS: Fabrication and characterization of hydrogels formed
from designer coiled-coil fibril-forming peptides. RSC Adv
2017, 7:27260-27271.

19.
�

Ghosh G, Barman R, Sarkar J, Ghosh S: pH-Responsive
biocompatible supramolecular peptide hydrogel. J Phys Chem
B 2019, 123:5909-5915.

pH-sensitive drug delivery systems have gained considerable attention in
targeted drug delivery and tumor therapy. The authors describe a pep-
tide-based hydrogel system that can self-assemble to form a fibrillar
hydrogel at pH 7.4. The hydrogel system can selectively release encap-
sulated dye under mildly acidic condition (pH 5.5) mimicking tumor
microenvironment.

20.
�

Wang R, Yang Z, Luo J, Hsing IM, Sun F: B12-dependent
photoresponsive protein hydrogels for controlled stem cell/
protein release. Proc Natl Acad Sci U S A 2017, 114:5912-5917.

The authors have created light-sensitive hydrogels composed of B12-
dependent photoreceptor C-terminal adenosylcobalamin binding domain
(CarHC). Upon exposure to light, the protein undergoes gel-sol transition,
enabling the release of encapsulated cells and protein therapeutics.

21. De Leon-Rodriguez LM, Kamalov M, Hemar Y, Mitra AK,
Castelletto V, Hermida-Merino D, Hamley IW, Brimble MA: A
peptide hydrogel derived from a fragment of human cardiac
troponin C. Chem Commun 2016, 52:4056-4059.

22. Katyal P, Meleties M, Montclare JK: Self-assembled protein- and
peptide-based nanomaterials. ACS Biomater Sci Eng 2019,
5:4132-4147.

23. Saunders MG, Voth GA: Coarse-graining methods for
computational biology. Annu Rev Biophys 2013, 42:73-93.

24. Wang J, Wolf RM, Caldwell JW, Kollman PA, Case DA:
Development and testing of a general amber force field. J
Comput Chem 2004, 25:1157-1174.

25. Frederix PW, Scott GG, Abul-Haija YM, Kalafatovic D, Pappas CG,
Javid N, Hunt NT, Ulijn RV, Tuttle T: Exploring the sequence
space for (tri-)peptide self-assembly to design and discover
new hydrogels. Nat Chem 2015, 7:30-37.

26. Frederix PW, Ulijn RV, Hunt NT, Tuttle T: Virtual screening for
dipeptide aggregation: toward predictive tools for peptide
self-assembly. J Phys Chem Lett 2011, 2:2380-2384.

27.
��

Moreira IP, Scott GG, Ulijn RV, Tuttle T: Computational
prediction of tripeptide-dipeptide co-assembly. Mol Phys 2019,
117:1151-1163.

The paper describes a computational high-throughput screening of
dipeptide-tripeptide co-assembly. The authors introduced an
www.sciencedirect.com

http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0005
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0005
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0010
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0010
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0015
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0015
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0020
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0020
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0020
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0020
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0025
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0025
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0025
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0025
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0025
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0030
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0030
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0035
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0035
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0035
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0035
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0040
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0040
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0040
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0045
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0045
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0045
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0050
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0050
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0050
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0050
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0055
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0055
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0055
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0055
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0055
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0060
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0060
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0060
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0060
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0065
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0065
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0065
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0065
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0070
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0070
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0070
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0070
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0075
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0075
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0075
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0075
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0080
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0080
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0080
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0085
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0085
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0090
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0090
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0090
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0090
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0095
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0095
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0095
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0100
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0100
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0100
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0105
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0105
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0105
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0105
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0110
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0110
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0110
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0115
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0115
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0120
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0120
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0120
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0125
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0125
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0125
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0125
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0130
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0130
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0130
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0135
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0135
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0135


Trends in peptide and protein hydrogels Katyal, Mahmoudinobar and Montclare 105
aggregation propensity score and developed a set of design rules to
promote aggregation and hydrogelation in co-assembled systems.

28. Sathaye S, Zhang H, Sonmez C, Schneider JP, MacDermaid CM,
Von Bargen CD, Saven JG, Pochan DJ: Engineering
complementary hydrophobic interactions to control b-hairpin
peptide self-assembly, network branching, and hydrogel
properties. Biomacromolecules 2014, 15:3891-3900.

29. Miller Y, Ma B, Nussinov R: Polymorphism in self-assembly of
peptide-based beta-hairpin contributes to network
morphology and hydrogel mechanical rigidity. J Phys Chem B
2015, 119:482-490.

30.
�

Tarakanova A, Huang W, Weiss AS, Kaplan DL, Buehler MJ:
Computational smart polymer design based on elastin protein
mutability. Biomaterials 2017, 127:49-60.

The authors report a virtual library of elastin-like polypeptides. They
studied correlations between atomic interactions and macroscopic prop-
erties of an ELP-based hydrogel by performing all-atom replica exchange
molecular dynamics simulations. This computational approach can iden-
tify sequences that are experimentally useful.

31. Tarakanova A, Huang W, Qin Z, Kaplan DL, Buehler MJ: Modeling
and experiment reveal structure and nanomechanics across
the inverse temperature transition in B. mori silk-elastin-like
protein polymers. ACS Biomater Sci Eng 2017, 3:2889-2899.

32. Ling S, Kaplan DL, Buehler MJ: Nanofibrils in nature and
materials engineering. Nat Rev Mater 2018, 3:18016.

33.
��

Brennan MJ, Kilbride BF, Wilker JJ, Liu JC: A bioinspired elastin-
based protein for a cytocompatible underwater adhesive.
Biomaterials 2017, 124:116-125.

The authors have created a mussel-inspired elastin-based adhesive that
outperforms an FDA-approved sealant. Tyrosinase enzyme has been
utilized to convert tyrosines present within ELP to 3,4- dihydroxypheny-
lalanine, or DOPA, which confers stronger adhesion, even in wet
environment.

34.
�

Han C, Zhou J, Liu B, Liang C, Pan X, Zhang Y, Zhang Y, Wang Y,
Shao L, Zhu B et al.: Delivery of miR-675 by stem cell-derived
exosomes encapsulated in silk fibroin hydrogel prevents
aging-induced vascular dysfunction in mouse hindlimb. Mater
Sci Eng C Mater Biol Appl 2019, 99:322-332.

Exosomes are natural carriers that participate in cell-to-cell communica-
tion. They are being recognized as potential therapeutics capable of
carrying drugs and nucleic acids. This paper combines the use of protein-
based hydrogels to deliver both exosomes and microRNAs (miRNA),
providing sustained release of exosomes and enhancing the overall
stability of miRNA.

35. Li Y, San BH, Kessler JL, Kim JH, Xu Q, Hanes J, Yu SM: Non-
covalent photo-patterning of gelatin matrices using caged
collagen mimetic peptides. Macromol Biosci 2015, 15:52-62.

36. Schacht K, Jungst T, Schweinlin M, Ewald A, Groll J, Scheibel T:
Biofabrication of cell-loaded 3D spider silk constructs. Angew
Chem Int Ed Engl 2015, 54:2816-2820.

37. Rahimnejad M, Zhong W: Mussel-inspired hydrogel tissue
adhesives for wound closure. RSC Adv 2017, 7:47380-47396.
www.sciencedirect.com 
38. Yu M, Hwang J, Deming TJ: Role of l-3,4-
dihydroxyphenylalanine in mussel adhesive proteins. J Am
Chem Soc 1999, 121:5825-5826.

39. Park BM, Luo J, Sun F: Enzymatic assembly of adhesive
molecular networks with sequence-dependent mechanical
properties inspired by mussel foot proteins. Polym Chem 2019,
10:823-826.

40. Ha D, Yang N, Nadithe V: Exosomes as therapeutic drug
carriers and delivery vehicles across biological membranes:
current perspectives and future challenges. Acta Pharm Sin B
2016, 6:287-296.

41. Yamashita T, Takahashi Y, Takakura Y: Possibility of exosome-
based therapeutics and challenges in production of exosomes
eligible for therapeutic application. Biol Pharm Bull 2018,
41:835-842.

42. Han C, Zhou J, Liang C, Liu B, Pan X, Zhang Y, Wang Y, Yan B,
Xie W, Liu F et al.: Human umbilical cord mesenchymal stem
cell derived exosomes encapsulated in functional peptide
hydrogels promote cardiac repair. Biomater Sci 2019,
7:2920-2933.

43.
��

Nakamura H, Lee AA, Afshar AS, Watanabe S, Rho E, Razavi S,
Suarez A, Lin YC, Tanigawa M, Huang B et al.: Intracellular
production of hydrogels and synthetic RNA granules by
multivalent molecular interactions. Nat Mater 2018, 17:79-89.

This paper describes an interesting approach to develop hydrogels in
living cells. The authors describe a strategy, referred as iPOLYMER that
combines two different proteins, forming a hydrogel upon addition of a
small molecule.

44. Geckil H, Xu F, Zhang X, Moon S, Demirci U: Engineering
hydrogels as extracellular matrix mimics. Nanomedicine (Lond)
2010, 5:469-484.

45. Paul A, Stührenberg M, Chen S, Rhee D, Lee WK, Odom TW,
Heilshorn SC, Enejder A: Micro- and nano-patterned elastin-like
polypeptide hydrogels for stem cell culture. Soft Matter 2017,
13:5665-5675.

46. Gungor-Ozkerim PS, Inci I, Zhang YS, Khademhosseini A,
Dokmeci MR: Bioinks for 3D bioprinting: an overview. Biomater
Sci 2018, 6:915-946.

47. Liu H, Wang Y, Cui K, Guo Y, Zhang X, Qin J: Advances in
hydrogels in organoids and organs-on-a-chip. Adv Mater 2019:
e1902042.

48. Sharpe LA, Daily AM, Horava SD, Peppas NA: Therapeutic
applications of hydrogels in oral drug delivery. Expert Opin
Drug Deliv 2014, 11:901-915.

49. Madl CM, Heilshorn SC: Tyrosine-selective functionalization for
bio-orthogonal cross-linking of engineered protein hydrogels.
Bioconjug Chem 2017, 28:724-730.

50. Vijayavenkataraman S, Yan WC, Lu WF, Wang CH, Fuh JYH: 3D
bioprinting of tissues and organs for regenerative medicine.
Adv Drug Deliv Rev 2018, 132:296-332.
Current Opinion in Structural Biology 2020, 63:97–105

http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0140
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0140
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0140
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0140
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0140
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0145
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0145
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0145
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0145
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0150
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0150
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0150
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0155
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0155
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0155
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0155
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0160
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0160
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0165
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0165
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0165
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0170
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0170
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0170
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0170
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0170
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0175
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0175
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0175
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0180
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0180
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0180
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0185
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0185
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0190
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0190
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0190
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0195
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0195
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0195
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0195
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0200
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0200
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0200
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0200
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0205
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0205
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0205
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0205
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0210
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0210
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0210
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0210
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0210
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0215
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0215
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0215
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0215
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0220
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0220
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0220
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0225
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0225
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0225
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0225
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0230
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0230
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0230
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0235
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0235
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0235
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0240
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0240
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0240
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0245
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0245
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0245
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0250
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0250
http://refhub.elsevier.com/S0959-440X(20)30070-1/sbref0250

	Recent trends in peptide and protein-based hydrogels
	Introduction
	Stimuli-responsive hydrogels
	Computational driven design of hydrogel forming peptides and proteins
	Novel applications of peptide-based and protein-based hydrogels
	Conclusions and future prospective
	Conflict of interest statement
	References and recommended reading
	Acknowledgements


