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Abstract: Biomolecular self-assembly provides a potential way for the design and synthesis of
functional biomaterials with uniform structure and unique properties, in which the self-assembly of
peptide molecules is especially important ascribed to the controllable structural design and functional
tailoring of peptide motifs. The self-assembly of peptides can be instructed by internal and external
physical, chemical, and biological stimulations. Compared to both physical and chemical
stimulations including light/thermal treatment, pH/ionic strength adjustment, and others, the
biological mediation with enzymes exhibited great advantages due to its high bioactivity, excellent
biocompatibility, high specificity, and in vivo reaction. Herein we summarize the advance in the
enzyme-instructed peptide self-assembly for biomedical applications. For this aim, we introduce and
discuss the self-assembly of peptide that controlled by both kinetics and dynamics, and then
demonstrate the enzyme-induced preparation of peptide nanostructures such as nanofibers, nanotubes,
vesicles, networks, and hydrogels. Finally, the biomedical applications of enzyme-induced
self-assembled peptide nanomaterials for cancer diagnostics, cancer therapy, bioelectronic devices,
and biosensors are presented. It is expected this work will inspire more studies on the using of
bioactive enzymes for triggering the self-assembly of peptides to create various novel
bionanomaterials, which could extend this interesting research field to others such as tissue
engineering, biocatalysis, energy storage, and environmental science.
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1. Introduction

The self-assembly of molecules is a simple, effective, and controllable process to form
functional nanostructures and nanomaterials with various dimensions, in which molecules are
combined each other spontaneously through both external and internal interactions [1-4]. In nature, a
lot of biomolecules such as DNA, protein, peptide, virus, and biopolymers have shown unique
characteristics to self-assemble into nanostructure, inspiring the design, synthesis, and applications of
self-assembled biomaterials in the fields of nanotechnology, biomedicine, tissue engineering, energy
storage, environmental science, and others [5-8].

Recently, more attentions have been attracted onto the structural design, functional tailoring,
and applications of self-assembled peptide nanomaterials due to a few advantages of peptide-based
nanomaterials [9-13]. For instance, the structure and function of peptides can be tailored easily by
designing functional amino acid sequences, the self-assembly of peptides into nanofibers, nanotubes,
nanosheets, and hydrogels can be controlled by adjusting experimental conditions, and the formed
peptide nanomaterials have excellent bioactivity and biocompatibility [9].

Many strategies can be utilized for promoting the self-assembly of peptide molecules into
desired nanomaterials [14-17]. Compared with physical and chemical regulations that initiate the
self-assembly of peptides, including adjusting the concentration of self-assembly components,
solvents, temperature, pH value, ionic strength, metal ions, physical stimulations, and ligand-receptor
interactions [18], the enzyme-instructed self-assembly of peptides has exhibited obvious advantages
and potentials due to its combination with bio-mediated self-assembly and highly related biomedical
applications [19-23]. In addition, enzyme-instructed peptide self-assembly has other advantages of
good biocompatibility and mild reaction conditions, which can convert monodispersed peptide
precursors into self-assembled building blocks under constant conditions, which can better control
the self-assembly process and carry out biomedical applications [21,24]. Meanwhile, the enzymes
produced by living cells have high specificity and catalytic performance on their substrates [25].
Therefore, the self-assembly systems with specific biological functions could be obtained by using
specific enzymes to guide the self-assembly of peptides [26], which make it possible to prepare
highly complex biomimetic nanomaterials through controlling the formation of nanostructures with
enzymatic instruction.

Inspired by the naturally occurring self-assembly systems, peptides with self-assembly
functions have been widely used to construct various functional nanomaterials [27-31]. Previously
studies indicated that peptide with different conformations could self-assemble into different
nanostructures under enzymatic guiding. For instance, a-helix is the most common conformation in
peptides, and the peptides with a-helix conformation can form stable nanofibers and hydrogels by
controllable self-assembly. Wang et al. found that the enzyme provided a unique way to assist
peptides to self-assemble into o-helix conformation, and the self-assembly of the o-helix
conformation resulted in the formation of peptide nanomaterials with stable nanostructure, strong
cell uptake, and high inhibition efficiency towards cancer cells and tumors [32]. In another study,
Yang et al. explored further the advantage of enzyme-induced peptide self-assembly to form
polypeptide hydrogels, which could in-situ trigger the self-assembly of peptides [22]. Therefore,
when a specific enzyme was overexpressed in the sites that needs medical treatment, it can
immediately promote the synthesis of peptide nanomaterials, thus improving the selectivity and
efficiency of therapy.
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To present the progress of enzyme-instructed self-assembly of peptide and the formation of
functional biomaterials for various applications, here we would like to contribute a review to
summarize the enzyme-induced peptide self-assembly, kinetics/dynamics control, self-assembled
structures, and bio-applications of the formed peptide nanomaterials. It is expected this work could
provide useful information for readers to understand the unique properties of enzymes for assisting
the self-assembly of peptide and other biomolecules to create novel bionanomaterials for biomedical
and tissue engineering applications.

2. Enzyme-instructed self-assembly of peptides

In this section, the self-assembly of peptides by using enzymes in both extracellular and
intracellular situations is introduced and discussed.

2.1. Enzyme-induced extracellular self-assembly of peptides

Phosphatase is widely found in cells, tissues, and organs, and it can hydrolyze the phosphate
groups of molecules and make them self-assemble to form various nanostructures through the
cleavage of P-O bond [33]. Paclitaxel is a widely used antineoplastic drug, which shows significant
activity towards the treatment of cancers of lung, breast, colorectal, ovarian, and bladder. However,
because paclitaxel is a highly hydrophobic drug, it needs to be converted into water-active form
without harming its biological activity. To overcome this problem, Gao et al. synthesized a hydrogel
precursor (named as 5a) as shown in Figure 1a, which was composed of a self-assembly sequence, an
enzyme cutting group, a linker, and a paclitaxel molecule [34]. Under the hydrolysis of alkaline
phosphatase, the precursor was converted into a hydrogel-forming agent (named as 5b), which could
self-assemble into nanofibers and provide supramolecular hydrogels of paclitaxel derivatives [34]. It
was found that no peptide nanofibers were formed without the enzymatic treating (Figure 1b),
however, the addition of enzyme into the peptide solution for 5 min induced the formation of peptide
nanofibers quickly (Figure 1c). After overnight incubation, the enzyme-treated peptides formed
hydrogels through the molecular linking between the formed self-assembled nanofibers, as shown in
Figure 1d. The formed peptide nanofibers could slowly release paclitaxel derivatives into the water
media, thus achieving in the purpose of cancer therapy. In another case, they demonstrated for the
first time the self-assembly of phosphatase-hydrolyzed peptides containing serine phosphate. It was
found that the supramolecular hydrogels could be used as potential soft biomaterials for cell culture
and tissue engineering [35]. Besides, Gazit and co-workers have reported that the enzymatic
activation of self-immolative dendrimers mediated the controlled assembly of peptide molecules to
form uniform nanotubes [36].
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Figure 1. Enzyme-induced extracellular self-assembly of peptide to form nanofibers and
hydrogels: (a) self-assembly mechanism, (b) peptide without enzyme treating, (c) mixed
peptides, and (d) peptide with enzyme treating. (Reproduced images with permission
from Ref. 34, copyright 2009, American Chemical Society).

With the help of enzymes, peptide precursors without the self-assembly ability could be induced
to form self-assembled nanostructures through the breakage of chemical bonds [37], which could
promote the connection of two precursors through the formation of catalytic bonds to create a
suitable hydrogel-forming agent under the catalysis of enzymes [38]. For instance, Toledano et al.
used thermal hemolysin to couple two peptide derivatives into hydrogel precursors, which
self-assembled into three-dimensional (3D) nanofiber network and peptide hydrogels [39].

The above introduced studies indicated that the peptide self-assembly can be triggered by using
hydrolase to tailor the conformation and structure of peptide molecules. Gao and co-workers found
the first example of using tyrosinase oxidase to trigger the gel-sol phase transition of small molecular
hydrogels [40]. The tetra-peptides produced by the hydrolysis of phosphate in tetra-peptide
derivatives by phosphatase could self-assemble into peptide nanofibers and hydrogels. In the
preparation process of peptide hydrogels, targeted drug molecules could be incorporated into the
peptide hydrogel firstly. Oxidative tyrosinase could convert tyrosine in tetrapeptides into quinones,
which leads to the loss of n-n interactions between phenol rings, resulting in the gel-sol phase
transition. As a result, the corresponding drug molecules were released with the solvation of
hydrogels. In addition, the drug releasing was controllable by using different amounts of tyrosinase.
Due to the increase of tyrosinase activity in malignant melanoma, the formed enzyme-triggered
peptide hydrogels with reactive activity towards tyrosinase could be used potentially to treat the
malignant melanoma [41].

2.2. Enzyme-induced intracellular self-assembly of peptides
In addition to extracellular enzyme-induced molecular self-assembly, people have also explored

the intracellular enzyme-induced molecular self-assembly [42—-44]. For peptides, the first step is to
form non-self-assembled polypeptide precursors outside the cells. After that polypeptide precursors
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are transported into living cells through the cell membrane to form self-assembly construction under
the action of enzymes, and then form self-assembled nanostructure such as nanofibers after
self-assembly, thus affecting the cell functions [45-47].

For some peptides that are difficult to enter into cells, strategies have been utilized to increase
their uptake by combining with other substances. For example, D-peptide is an important molecular
platform for biomedical applications due to its high biological activity and stability. However,
because of its hydrolytic resistance of protein, it is lack of interaction with endogenous transporters,
so it is difficult to enter into cells [48]. Fortunately, D-peptide can combine with natural amino acid,
taurine, to form ester conjugate, which could greatly increase the cellular uptake of small D-peptide
by mammalian cells [49].
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Figure 2. Enzyme-induced intracellular formation of peptide nanofibers for killing
cancer cells. The CES mediated the conformation transition of peptide precursors to
hydrogelators for intracellular self-assembly. (Reprinted image with permission from Ref.
50, copyright 2015, Wiley VCH).

In order to solve the problem of the resistance of anti-tumor drugs, Xu and co-workers
conducted the first study on the combination of intracellular enzyme-induced self-assembly and
cisplatin for the treatment of drug-resistant ovarian cancer [50]. As shown in Figure 2, two peptide
precursors with mirrored structure (L-1 ad D-1) were utilized to prove their hypothesis, in which the
addition of carboxylesterase (CES) to transfer the precursors to L-2 and D-2 peptides with
self-assembly abilities. After the self-assembly of both L-2 and D-2 in one system for the formation
of peptide nanofibers, the created nanofibers could interact with actin to inhibit the growth of cancer
cells. In addition, the co-culture of cancer cells and normal cells confirmed that due to the
over-expression of carboxylesterase in cancer cells, the self-assembly process is selective to cancer
cells. Therefore, by introducing non-cytotoxic components to combine with cisplatin, the
enzyme-induced peptide nanomaterials not only inhibited the growth of tumor cells, but also
exhibited neglected effects on normal cells.
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3. Self-assembly control and nanostructures

In this section, the self-assembly control by the trigger of enzymes and the formation of
corresponding peptide nanostructures will be introduced.

3.1. Self-assembly control
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Figure 3. Kinetic control of enzyme-induced peptide self-assembly: (a) Chemical
structures peptide precursors before and after enzyme catalysis, and (b) kinetics in the
processes of forming different nanostructures. (Reprinted images with permission from
Ref. 53, copyright 2018, American Chemical Society).

The self-assembly of peptide molecules can be controlled by both kinetics and dynamics to
produce relatively stable components. Ulijn et al. have investigated the self-assembly of aromatic
short peptide derivatives that catalyzed by nonspecific endoprotease by studying the change of the
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free energy of the amide hydrolysis process [51]. It was found that the formation of amide was not
helpful for mediating the thermodynamic reaction, but the change of the free energy was very small.
For the self-assembly of aromatic peptide derivatives, in the process of the formation of
self-assembled nanostructures, the created free energies were followed as AGseis-assembly-AGamide
nydrolysis < 0. Therefore, the whole process is more conducive to the formation of amide structure, and
this type of reversible system was carried out under the control of thermodynamics. In addition,
because the system was completely reversible, the self-tuning could be carried out in the process of
forming self-assembled structure, and the components for self-assembly could be selected to form
stable self-assembled nanostructures. In another study, they further studied the sequence-structure
relationships in the formation of aromatic dipeptide hydrogels, and found that the enzyme-induced
self-assembly of peptides was controlled by the thermodynamics [52].

In addition, Li et al. analyzed the kinetics of intracellular enzymatic self-assembly [53]. Three
stereoisomers of dipeptide precursors (LD-1-SO3, DL-1-SO3, and DD-1-SO3) were designed and
synthesized for studying the self-assembly that controlled by kinetics. After the hydrolysis by
carboxylesterase (CES), these precursors produced corresponding hydrogel agents (Figure 3a).
Because the formed hydrogel agents have different stereochemistry, the morphology of the
self-assembled peptide nanofibers was also different. The precursors of DL-1-SO3 and DD-1-SO3
have the lowest and highest inhibitory activities on cancer cells respectively, which was inversely
proportional to their reaction rates on the formation of hydrogels in PBS buffer. To further
understand the enzyme-instructed self-assembly of peptide molecules, they selected three key
processes to reflect the interactions between peptide drug and cancer cells, including the exchange of
enzymatic self-assembled molecules inside and outside the cell, the chemical mechanism of
supramolecular assembly through carboxylesterase, and the interaction between self-assembled
nanostructures and cancer cells. Correspondingly, three kinetic parameters, the molecular transport
coefficients of in and out cells (Ki/Kou), the Michaelis constant (Ky), and the hydrogelation rate
constant (K¢/Ks), were analyzed, as indicated in Figure 3b. The obtained results proved that the
stereochemistry of precursors affected the morphology of the final nanostructures, and the
cytotoxicity of intracellular enzymatic self-assembly to cancer cells was mostly determined by the
inherent characteristics of peptide molecules. This study provided a potential strategy to enhance the
self-assembly ability of biomolecules by using the stereochemistry of precursors, and meanwhile
proved that it is possible to optimize intracellular enzyme-induced self-assembly of peptides by
weakening the extracellular hydrolysis of molecules.

3.2. Self-assembled nanostructures

Under the control of kinetics and dynamics, peptides with designed sequences could be
catalyzed under enzymes to form various self-assembled nanostructures such as nanofibers,
nanotubes, vesicles, networks, and hydrogels. Here we would like to make a brief introduction on
these self-assembled nanomaterials.

The Stupp group studied the formation of amphiphilic peptide nanofibers with enzyme response
nanostructures for the first time [54], in which a pair of reversible enzymes were utilized to promote
the assembly and disassembly of peptide amphiphilic (PA) nanostructures (Figure 4a). In their study,
the used PA contained a common substrate sequence that is specific to the protein kinase A (PKA).
After the treating with PKA, the PA molecules were phosphorylated, resulting the disassembly of PA
nanofibers with high aspect ratio. After adding alkaline phosphatase (AP) into the disassembled
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peptide solution, filamentous nanostructures were reorganized by removing phosphate groups, as
shown in Figure 4b. The interesting properties of the designed peptide could be utilized to fabricate
enzymatic biosensors with high sensitivity and selectivity. In addition, the formed peptide nanofibers
could be used for targeted drug delivery. PKA is mainly concentrated in the environment of cancer
cell lines and it is a biomarker of extracellular cancers. Therefore, anticancer drugs could be
integrated into PA to release drugs in the presence of cancer cells.
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Figure 4. Enzyme-induced assembly and disassembly of peptide: (a) Peptide sequences
after reacting with PKA and AP enzymes, (b) disassembly and assembly mechanism of
peptide nanofibers. (Reprinted images with permission from Ref. 54, copyright 2015,
Wiley VCH).

Aromatic dipeptide nanotubes are a kind of unique organic nanostructures. Under mild
conditions, peptide nanotubes with high water-solubility and biocompatibility could be formed by
using cheap starting materials, and the formed nanotubes had good chemical and thermal stability as
well as high mechanical strength, and therefore peptide nanotubes have been widely used in
biological and nanotechnological fields [55-57]. To enhance the control over the assembly process in
the preparation of self-assembly of peptide nanotubes, Adler-Abramovich et al. proposed to use
self-immolative dendritic system as a platform for controllable assembly of peptide nanotubes [36].
As shown in Figure 5a, a dendritic macromolecule 1 (AB3) was catalyzed by the penicillin G
amidase (PGA) enzyme to disassemble to form amine intermediate (1a), which was further
disassembled through triple elimination to release three drug units. Based on this mechanism, a novel
self-immolative dendritic system by combining diphenylalanine (FF) and a PGA-specific trigger was
designed for the formation of peptide nanotubes (Figure 5b). When the content of specific activating
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enzyme in malignant tissue was low, the advantage of this system was especially significant [58].
The designed AB3 dendritic system had also a significant advantage as an effective carrier for
controlled formation of FF nanotubes. When the peptide was attached, it prevented the formation of
any tissue structure. After the activation by enzyme, the dendritic peptide disassembled into three FF
groups, which could be released quickly when the trigger was broken. In addition, the system
allowed the release of terminal groups through a variety of triggers, and finally peptide nanotubes
were formed through the self-assembly of terminal groups.
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Figure 5. Enzyme-induced self-assembly formation of nanostructures: (a,b) peptide
nanotubes: (a) enzymatic cleavage of dendritic system, (b) FF-based dendritic system
after enzymatic cleavage for the formation of FF nanotubes. (Reprinted images with
permission from Ref. 36, copyright 2007, Wiley VCH. (c) enzyme-induced disassembly
of peptide vesicles for drug delivery. Reprinted image with permission from Ref. 62,
copyright 2019, Royal Society of Chemistry. (d) formation of peptide nano-network for
inhibiting cancer cell growth. Reprinted image with permission from Ref. 63, copyright
2014, Wiley VCH).

Peptide vesicles play an important role as drug delivery carriers and stimulus response
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materials [59-61]. For example, for the fat-soluble anti-cancer drug doxorubicin (DOX), an
amphiphilic peptide AgK, with the self-assembly properties has been designed to form peptide
vesicles for drug delivery application [62]. As the out membrane of most tumor cells is negatively
charges, the designed positively charged peptide could interact with the cell membrane via the
electrostatic interaction, promoting the transport of DOX-coated peptide vesicles into tumor cells
through the endocytosis, as indicated in Figure 5c. It was found that the plasma amine oxidase (PAO)
and lysine oxidase (LO) can oxidize two charged lysine residues in the designed peptide molecule,
inducing the degradation of self-assembled peptide vesicles to release DOX, and the vesicles were
dissembled into nanofibers. The drug loading and releasing experiments indicated that the formed
peptide vesicles were useful for long-term slow releasing of drugs and could be used as
high-performance nanocarriers for treating diseases that needs long period.

In addition to causing cancer cell apoptosis through the self-assembly of enzymatic peptides,
Kuang et al. observed that small D-peptide derivatives in the space around the cells could be
phosphorylated by phosphatase on the cell surface, thus triggering the self-assembly of peptides to
form nanoscale networks on the cell surface, as shown in Figure 5d [63]. Due to the over-expression
of phosphatase around cancer cells, the formed hydrogels and nano-networks were formed on the
surface of cancer cells selectively. In addition, the created nano-networks prevented the cancer cells
from exchanging substances, thus inhibiting the growth of cancer cells and eventually inducing the
death of cancer cells. In another study, Criado-Gonzalez and co-workers found that enzyme could
catalyze the activity of a tripeptide to generate chemical hydrogels by self-assembly, resulting the
formation of a supramolecular nano-network structure inside the covalent host material [64].

Besides the self-assembled nanostructures introduced above, peptide can also be instructed by
the activation of enzymes to form 3D hydrogels, and the corresponding studies can be found in a
very recent review by us [13].

4. Biomedical applications

In this part, the biomedical applications of enzyme-instructed self-assembly of peptide
molecules for the cancer diagnostics, cancer therapy, bioelectronic devices, and biosensors are
demonstrated.

4.1. Cancer diagnostics and therapy

How to achieve selective inhibition of cancer cells is still a major challenge in chemotherapy.
Recently, a new concept based on enzyme-instructed self-assembly of peptides has been applied in
supramolecular chemistry and chemical biology, especially in the development of a multi-step cancer
treatment. As a new scheme, enzyme-instructed self-assembly of peptides consists of two processes:
enzymatic reaction and self-assembly, which can achieve selective targeting of cancer cells. This
process can achieve the combination of enzyme catalysis and molecular self-assembly, relying on
local molecular self-assembly, thus disrupting multiple cellular processes [63].

Based on this, Zhou and co-workers synthesized two tetrapeptides, which contain one or two
phosphate tyrosine residues, whose N-terminal is blocked by naphthyl [21]. Tetra-peptides form
self-assembled molecules after enzymatic dephosphorylation. In their experiment, it was found that
the phosphorylated p-tetrapeptide showed excellent inhibitory effect on cancer cells compared with
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the unphosphorylated p-tetrapeptide. Moreover, the comparison of monophosphorylated
p-tetrapeptide and bisphosphorylated p-tetrapeptide also showed a better effect. The obtained results
suggested that cancer cells with higher levels of expression are more likely to be inhibited by
precursors, as shown in Figure 6. This strategy can also be used in other enzymes and self-assembly
molecules or systems to explore supramolecular assembly in the cellular environment [65],

exhibiting a potential highly effective method for cancer therapy.
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Figure 6. Enzyme-instructed peptide self-assembly for killing cancer cells. (Reprinted
image with permission from Ref. 21, copyright 2016, American Chemical Society).

Alkaline phosphatase (AP) is an enzyme overexpressed in stem cells and some cancer cells. In
the body, it can convert ATP into adenosine, causing diseases such as cancer. In the previous research
methods, the method of inhibiting the activity of AP was usually used to organize the occurrence of
this process, but the efficiency was not very satisfactory. It has been found that enzyme-guided
peptide self-assembly can effectively Kkill cancer cells that overexpress AP [66,67]. Peptide
assemblies were formed selectively in cancer cells and within cells, inducing the death of cancer
cells by activating exogenous cell death receptors or producing intracellular cellular stress. For
instance, Feng et al. further confirmed that AP guidance could effectively inhibit the peptide
self-assembly of osteosarcoma tumors in vivo [68]. In animal experiments, it was found that AP
produced peptide assemblies through the process of dephosphorylation catalyzed by precursors. This
process inhibited the tumor growth in in-situ osteosarcoma mouse model without damaging other
normal tissues of the body, thus would be highly valuable for developing an enzyme-guided peptide
assembly as functional nanomaterials for in vivo cancer therapy.

In addition to direct Kkilling cancer cells, self-assembled peptide nanostructures can also be
utilized as drug carriers to deliver anti-tumor drug to kill the cancer cells. Small molecules can be
self-assembled to form some molecular hydrogels through noncovalent interactions, which makes
them have potential applications in drug delivery and tissue engineering [69]. Especially in drug
delivery, small molecules that can respond to external stimuli have great potential. Gao et al.
reported the synthesis of small molecular hydrogel of Ac-YYYY-OMe and speculated that the gel-sol
phase transition may be triggered by tyrosinase oxidase [40]. Three structural compounds were
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further synthesized using phenylalanine (F) instead of tyrosine (Y) as a comparison. In the process of
synthesizing supramolecular hydrogels, the drug molecules were added into the structure and the
encapsulated drugs were released by different amount of tyrosinase to achieve in the cancer therapy
in this way.

4.2. Bioelectronic devices and hiosensors

The stacking structure of aromatic rings in some organic molecules can self-assembled to form
nanoscale wires, which makes it possible to be used in optical and bioelectronic devices [70-72].
Although researchers have synthesized some electronic materials based on the self-assembly of
peptides [73], the electrical conductivity of peptide-based nanomaterials has not been measured
directly. The measurement of the charge transport through some other methods, such as spectroscopy,
undoubtedly leads to errors in the measurement of electrical conductivity.

It has been found that the enzyme-triggered peptide self-assembly was easy to control and can
better transform the unassembled premise into self-assembled construction modules. Different
conditions in the process of self-assembly, changing its chemical composition or the properties of
self-assembled components can not only change the morphology of its nanostructure, but also further
affect its electrical conductivity [74]. Xu et al. further studied the formation of n-p peptide nanotube
network by enzyme-triggered self-assembly initiated by aromatic peptide amphiphiles, which
showed significant charge transfer [75]. The team further measured the minimum thin layer
resistance of macromolecular peptides that can achieve 0.1 MQ/sq in air and 500 MQ/sq in vacuum
at room temperature. The synthesized nanomaterials are expected to be used in biology, such as
biosensors, intelligent biomaterials and some biological photovoltaic devices.
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Figure 7. Enzyme-instructed peptide nanomaterials for biosensor application: (a) Peptide
design and phase transition mechanism by glucose metabolism. (b) relationship of phase
transition time vs glucose concentration, (c) gelator 1 after adding GOx and fructose, and
(d) gelator 2 after adding GOx and fructose. (Reproduced images with permission from
Ref. 76, copyright 2012, Wiley VCH).
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In addition to the applications in electronic nanomaterials, the enzyme-induced peptide
nanomaterials can also be used for the fabrication of biosensors. For instance, Zhang and co-workers
reported the glucose metabolism-induced peptide self-assembly for colorimetric detection of
glucose [76]. As shown in Figure 7a, glucose oxidase (GOx) mediated the glucose metabolism and
promoted the self-assembly of peptide-based building blocks. When glucose and GOx were added
into the peptide-based gelator 1 and gelator 2 systems, the glucose metabolism systems were created
and the metabolic products triggered the formation and decomposition of hydrogels (Figure 7b).
Therefore, the phase transition of gelator 1 (sol-gel) and 2 (gel-sol) could be used as indicator for
colorimetric sensing glucose. This method was simple, highly sensitive, and selective for the
detection of glucose, as indicated in Figure 7c and 7d, the addition of GOx and fructose into the
gelator 1 and 2 did not cause their phase transition within 24 h.

Ulijn et al. developed the synthesis of peptide hydrogels through the enzyme-triggered reverse
hydrolysis by using thermolysin [39]. In their experimental process, they found that the
enzyme-triggered gelation of peptides could be utilized for the detection of protease activity. In
another study, Bremmmer and co-workers further demonstrated that artificial blood clots could be
triggered in human blood plasma by using enzyme-induced peptide gel formation [77].

5. Conclusions and outlooks

Overall, in this review we presented the case studies on the self-assembly of peptide molecules
triggered by enzymatic catalysis. It is clear that enzyme-instructed peptide self-assembly exhibited
advantages for controllable formation of various peptide nanostructures and function-specific
biomedical applications, especially for the in-situ cancer diagnostic and therapy. To help readers to
understand the enzyme-induced formation of peptide nanostructures, we introduced the
self-assembly kinetics and dynamics of peptides in both extracellular and intracellular conditions. In
addition, the formation mechanisms of enzyme-induced peptide nanostructures from nanofibers to
nanotubes, nanovesicles, network, and hydrogels are introduced and discussed.

Peptide self-assembly has been a very interesting and hot research field currently, however the
enzyme-triggered peptide self-assembly was only conducted by several famous groups, which should
attract more attentions by more researchers as this topic is showing high potential in a few aspects.
First, more attention can be focused on the application of enzyme-induced peptide nanomaterials for
tissue engineering, for instance the in-situ enzyme-mediated formation of peptide 2D or 3D
nanomaterials for tissue repair and hemostasis. Second, more efforts could be done to synthesize
other novel peptide nanostructures by using enzymatic catalysis, such as nanobelts and nanosheets.
Meanwhile, the created peptide nanomaterials can be further fabricated to functional hybrid
nanomaterials via biomimetic and bioinspired synthesis strategies, which will be useful for energy
and environmental science applications. Third, it is also interesting to use enzyme to trigger the
assembly and disassembly of peptide-drug conjugates with reversible reactions in vivo, in order to
achieve in controllable, highly effective drug loading and releasing. Fourth, other kind of biomimetic
enzymes such as artificial nanozymes could be used to replace natural enzymes to induce the peptide
self-assembly, which could promote the exploration of novel synthesis techniques and the
development of functional hybrid nanomaterials through a one-step reaction.
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