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Abstract

Enzymatic noncovalent synthesis (ENS), a process that integrates enzymatic reactions and 

supramolecular (i.e., noncovalent) interactions for spatial organization of higher-order molecular 

assemblies, represents an emerging research area at the interface of physical and biological 

sciences. This review provides a few representative examples of ENS in the context of 

supramolecular soft matter. After a brief comparison of enzymatic covalent and noncovalent 

synthesis, we discuss ENS of man-made molecules for generating supramolecular nanostructures 

(e.g., supramolecular hydrogels) in cell-free conditions. Then, we introduce ENS in a cellular 

environment. To illustrate the unique merits for applications, we discuss intercellular, peri- or 

intracellular, and subcellular ENS for cell morphogenesis, molecular imaging, cancer therapy, and 

targeted delivery. Finally, we provide an outlook on the potential of ENS. We hope that this review 

offers a new perspective for scientists who develop supramolecular soft matter to address societal 

needs at various frontiers.

Introduction

Enzymatic synthesis refers to chemical transformations catalyzed by enzymes. For example, 

enzymes catalyze the synthesis of glucose from carbon dioxide and water under the 

irradiation of light, the synthesis of adenosine triphosphate (ATP) from the oxidation of 

glucose, and the synthesis of proteins from amino acids according to genetic codes by 

ribosomes. Besides serving as the essential process of life, enzymatic synthesis has found 

applications in industrial transformation, such as the synthesis of antibiotics and 

intermediates for drugs. Enzymatic synthesis falls in the category of enzymatic covalent 

synthesis because it uses enzymes to catalyze the formation of covalent bonds to generate 

individual molecules as the desired products.

In addition to enzymatic reactions, supramolecular (i.e., noncovalent) interactions are also 

an inherent feature of life.1 Thus, nature has evolved processes that integrate enzymatic 

reactions and supramolecular (i.e., noncovalent) interactions for spatial organization of 

higher-order molecular assemblies. For example, noncovalent interactions between tubulins 

and enzymatic hydrolysis of guanine triphosphate (GTP) drive the formation of 
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microtubules,2 enzymatic phosphorylation and dephosphorylation regulate the dynamics of 

inflammasome filaments,3 and a protease cleaves certain segments from procollagen to form 

collagens, which assemble via noncovalent interaction to form collagen fibers4 (Figure 1A). 

We refer to such processes as enzymatic noncovalent synthesis (ENS) because the key 

features of these processes are (1) enzymatic reaction(s) and (2) the formation of 

supramolecular (or noncovalent) assemblies of molecules.

Although enzymatic covalent synthesis is a well-established dogma in biology and has 

already found applications in industrial transformation,7 the exploration of ENS is just 

beginning. Interestingly, ENS has advanced most rapidly in the context of supramolecular 

chemistry, especially supramolecular soft matter, such as hydrogels,8 resulting from 

supramolecular nanofibers that are made by an enzymatic reaction (Figure 1B). Thus, the 

aim of this review is to present progress and the potential of ENS. Here, we provide a few 

representative examples of ENS in the context of supramolecular soft matter. Because 

enzymatic reactions are most useful for living organisms and enzymatic reactions of proteins 

are well documented, we emphasize ENS of small molecules in a cellular environment with 

a long-term goal in biomedicine. By discussing intercellular, peri- or intracellular, and 

subcellular ENS for cell morphogenesis, molecular imaging, cancer therapy, and organelle-

targeted delivery, we illustrate the potential applications of ENS for biomedical applications. 

We also provide a perspective on the potential of ENS and hope this review is useful for 

scientists who develop supramolecular soft matter to address societal needs at various 

frontiers. We would like to apologize to researchers whose work9–25,26–54 is not discussed in 

more detail due to space limitations.

ENS for Making Soft Matter: Supramolecular Hydrogels

Enzymes catalyze many kinds of reactions in life. Over the years, the use of enzymes in 

modulating the formation of various nanostructures for possible biomedical applications has 

attracted increasing research efforts. In this section, we show the use of various enzymes to 

facilitate bond breaking and forming noncovalent interactions to yield supramolecular 

hydrogels. We focus on the cases of enzyme-catalyzed bond breaking because noncovalent 

interactions are indispensable for the formation of hydrogels, which are easily 

distinguishable from the conventional hydrogels made of covalent polymeric networks,55 

including the covalent polymeric networks made by enzymes.56 Moreover, the last few 

decades have witnessed rapid progress in supramolecular hydrogels made of small 

molecules,8 especially peptides.57 We start the discussion with the use of ENS to form 

supramolecular hydrogels that consist of small molecules.

Alkaline Phosphatase-Catalyzed Self-Assembly

The First Abiological ENS of Small Molecules.—Although ENS is ubiquitous in 

biology, the application of this concept to small organic molecules occurred only 15 years 

ago. The first example of integrating an enzymatic reaction with self-assembly of small 

molecules involved alkaline phosphatase (ALP) and self-assembly of a derivative of an 

aromatic amino acid.58 In this case, ALP converts an ionic and water-soluble precursor, 

Fmoc-tyrosine phosphate (Fmoc-Yp, 1), into a hydrogelator (Fmoc-tyrosine, 2) by 
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dephosphorylation (Figure 2A). After enzymatic cleavage of the phosphate group from the 

tyrosine residue, the aromatic interactions between fluorene-fluorene, fluorene-O-hydroxyl-

phenyl, or O-hydroxyl-phenyl-O-hydroxyl-phenyl groups enhance intermolecular hydrogen 

bonding of the Fmoc-tyrosine in water. Thus, these hydrogelators self-assemble to form a 

nanofibrillar network that immobilizes water. This work illustrates the feasibility of using 

ALP for ENS to form supramolecular hydrogels. This concept is applicable for other small 

molecules,59 even when the small-molecule precursors aggregate, in a concentration-

dependent manner, before enzymatic dephosphorylation60 or in the presence of other self-

assembling molecules (co-assembly).37 Because hydrogelation is a simple assay, ALP has 

received the most extensive exploration for ENS, such as regulating reversible gel-sol 

transitions, controlling peptide secondary structures, kinetics, and a host of other functions.

Reversible Gel-Sol Phase Transition.—Reversibility of hydrogelation is beneficial 

because it allows hydrogels to respond to enzymes in different organs and tissues, which 

ultimately may provide a way for control and adaptability of materials in situ. A facile 

strategy for controlling the states of a supramolecular hydrogel uses an enzymatic switch 

made of kinase and phosphatase.6 Nap-FFGEY (3) forms a hydrogel in less than 1 wt %. 

After adding tyrosine kinase to the gel in the presence of ATP, Nap-FFGEYp (4) is formed. 

Phosphorylation disrupts the self-assembled network of 3, thereby inducing a gel-sol 

transition. Treating the newly formed solution with ALP turns the solution to the gel again 

(Figure 2B). Given that many diseases overexpress kinases and phosphatases, using these 

enzymes as controllable switches is important, because it uses natural biological responses 

to control hydrogelation instead of external stimuli that may be conducive to the biological 

environment.

A Photo-Switchable Gel.—Further use of ALP in gel-sol transitions is to form photo-

switchable hydrogels.64 Displaying cis-trans isomerization upon light irradiation, an 

azobenzene derivative has low solubility in water. Based on that many biological organisms 

use enzymatic reactions to regulate the solubility of proteins, a facile approach is to attach an 

azobenzene moiety to a known hydrogelator, Nap-FFKYp,65 to form the precursor. Upon 

enzymatic cleavage of phosphate from the precursor, the hydrogel forms. UV irradiation 

results in gel-sol transitions. The use of ENS should be applicable for making other light-

responsive gels if the low solubility of the hydrogelator prevents hydrogelation. In fact, ENS 

is a general approach for making hydrogels that are difficult to make due to the low aqueous 

solubility of the hydrogelators.66,67

Modulating Secondary Structures of Peptides.—Post-translational modification is a 

strategy used by nature for controlling the secondary structures of proteins. Similarly, ALP-

based ENS is able to select the secondary structures of homotypic and heterotypic 

assemblies of peptides.61 Phosphorylation of LREYFY-pyn (5) yields 6, which exhibits 

mainly unordered conformation from an α-helix dominant conformation. KLIQFS-pyn (7) 

exists in a β-strand dominant conformation. The direct assembly of 5 and 7 yields 

assemblies with both α-helix and β-strand conformations, and treating a mixture of 6 and 7 
with ALP generates assemblies of 5 and 7 with predominantly β-strand conformation 

(Figure 2C). The relatively strong binding (Kd = 30.9 μM) and the selection of a single 
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conformation, formed via ALP-catalyzed dephosphorylation, demonstrate the feasibility of 

using ENS to direct the final secondary structure of conformationally flexible peptides in 

supramolecular assemblies. Shi et al. demonstrated the use of a protein phosphatase to 

control the conformational landscape of self-assembling peptides.18

Spontaneous Alignment of Supramolecular Nanofibrils.—Whereas soft matter 

made by nature is usually anisotropic, supramolecular hydrogels made by synthetic 

molecules are largely isotropic. Surprisingly, ALP is able to direct the assembly of certain 

small peptides to form a spontaneously aligned supramolecular hydrogel, as revealed by the 

birefringence of the hydrogels.62 Birefringence is a property found in anisotropic materials 

that results in the refraction of light along different directions. The polarization of light 

changes due to a differential phase shift in two orthogonal polarized components. The 

retardance (i.e., the differential phase shift between two wave fronts of the orthogonal 

components of a birefringent material) and transmission electron microscopy (TEM) images 

of the hydrogels confirm the spontaneous alignment of supramolecular nanofibrils resulting 

from ENS. As shown in Figure 2D, the hydrogel of 8b formed by ALP-catalyzed 

dephosphorylation exhibits more directional order than the hydrogel of 8b formed by 

changing the pH. This result demonstrates the uniqueness of ENS and underscores the 

importance of aromatic-aromatic interactions in water, because the hydrogels of 9b (having 

one less phenylalanine than 8b) remain isotropic regardless of whether they are produced via 

ENS or by changing the pH. This work implies that ENS should be a useful way to develop 

anisotropic soft matter, which is much less explored.68

Ligand-Receptor Interactions Regulating ENS.—Ligand-receptor interactions are 

important for cell signaling, drug targeting, and a host of other biological and non-biological 

functions, including modulating soft matter. For example, noncovalent interactions between 

vancomycin (Van) and D-Ala-D-Ala are able to weaken or reinforce supramolecular 

hydrogels.69,70 Such ligand-receptor interactions are also able to regulate the supramolecular 

assemblies formed by ALP-catalyzed self-assembly.63 As shown in Figure 2E, a small 

peptide, Nap-FFYGGaa (“a” represents D-alanine), self-assembles to form nanofibrils after 

adding ALP to a solution of Nap-FFYpGGaa. The co-addition of vancomycin and ALP 

results in supramolecular assemblies that depend on the concentration of vancomycin. 

Although 1 equiv of vancomycin hardly disrupts the nanofibrils formed by the 

dephosphorylation of Nap-FFYpGGaa, higher concentrations of vancomycin eventually 

prevent the formation of the nanofibrils. This relatively simple experiment indicates the 

complexity and versatility of combining specific ligand-receptor interactions with ENS, 

which may help us understand the emergent behavior of sophisticated supramolecular 

systems that have multiple and parallel processes.

Other Examples of Various Substrates for ALP.—Conjugating various informational 

biomolecules to small peptides may provide insight on different biological interactions and 

exert control over cellular processes in vitro and in vivo. The conjugation of nucleobases 

(e.g., adenine, thymine, guanine, and cytosine) to the ALP-responsive self-assembling motif, 

FFKYp, creates a hydrogelator that self-assembles upon enzymatic cleavage of ALP.71 The 

use of nucleosides to create assemblies introduces additional versatility for interacting with 
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biological molecules, because nucleobases are essential building blocks of life. An example 

is attaching Nap-FF to adenosine monophosphate (AMP).72 Conjugating non-informational 

molecules, such as cholesterol, to a tyrosine phosphate generates a substrate of ALP. These 

phosphor-tyrosine conjugates selectively kill cisplatin-resistant ovarian cancer cells.73,74 In 

another study reported by Pires et al.,75 adding a phosphate group to a self-assembling 

carbohydrate results in a substrate of ALP that inhibits osteosarcoma (Saos-2) cancer cells. 

These works and other related studies on ALP-based ENS indicate that ALP may be a 

ubiquitous enzyme in various cancers so that ALP can be exploited to catalyze the formation 

of supramolecular assemblies for developing therapeutics for cancer (see later).

Other Useful Enzymes for ENS

Enterokinase-Catalyzed Self-Assembly.—The cleavage of phosphate groups is only a 

small fraction of the many reactions that enzymes catalyze. It is worthwhile exploring ENS 

by enzymes other than phosphatases. Enterokinase (ENTK) is an enzyme involved in 

digestion, discovered by Pavlov.76 ENTK catalyzes cleavage of the sequence DDDDK off 

protrypsin, leading to the development of FLAG tag (DYKDDDDK)77 for protein 

purification and sometimes for identifying the proteins in cells. Using ENTK to cleave 

FLAG tag leads to the formation of supramolecular hydrogels by ENS. Figure 3A shows the 

structure of the molecule, L‐1TFLAG (11), which is a substrate of ENTK. Before the addition 

of ENTK, L‐1TFLAG forms a solution containing micelles. After the addition of ENTK at 

physiological pH in PBS, nanofibers form because ENTK cleaves the FLAG segment 

(Figure 3B).78 Using ENTK to catalyze the transition from the micelles to the nanofibers 

may lead to an application in drug delivery.79

ENS can also utilize other enzymes that facilitate bond breaking to generate self-assembled 

nanostructures. As shown in Figure 3C, carboxylesterases (CESs) cleave the ester bond of 

12 to form butyric diacid (13) and a hydrogelator (14) to form hydrogels.80 β-Lactamase 

catalyzes the opening of β-lactam rings to result in hydrogelation, which acts as an assay for 

screening the inhibitors of β-lactamases or reporting β-lactam antibiotic-resistant pathogens 

(Figure 3D).81 β-Galactosidase hydrolyzes the glycosidic bond between galactose and 

phenol to form aglycone (20), which further self-assembles to form a hydrogel.82 Figure 3F 

shows the use of matrix metal-loproteinase-9 (MMP-9), an enzyme overexpressed in various 

malignancies, to catalyze the synthesis of the hydrogel made of 23.83 Such a 

metalloprotease-catalyzed ENS is able to inhibit cancer cells selectively, as demonstrated by 

work from the Maruyama lab in 2015,29 and Ulijn lab.84,85 Recently, Ulijn and coworkers 

reported a useful guide for the systematic design of substrates of MMP-9 to generate various 

nanostructures by ENS.86

Applications of ENS in a Cellular Environment

ENS is an essential feature of cells. The integration of enzymatic reactions and molecular 

self-assembly allows functions to arise from the transition between different molecular or 

structural forms. That is, in addition to a molecular structure-determining function, the 

molecular process also dictates the functions, especially in the context of cells. Thus, 

exploring ENS in a cellular environment may lead to many exciting results because it is a 
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largely unexplored research area. The following representative examples illustrate ENS in 

intercellular, pericellular, intracellular, and subcellular spaces.

Intercellular ENS

Cell Morphogenesis.—The extracellular matrix (ECM) houses many important proteins 

that dynamically undergo remodeling, serving as a model for the creation of new 

biomaterials in the intercellular space. Such a feature of ECM has led to the development of 

an ENS process to mimic the ECM in vitro to form 3D spheroids.87 Specifically, the ligand-

receptor interaction between vancomycin and D-alanine-D-alanine (D-Ala-D-Ala)63,70 results 

in a supramolecular phosphoglycopeptide (sPGP), which self-assembles to form 

nanoparticles. Upon dephosphorylation, the nanoparticles of the sPGP become nanofibers. 

When incubated with sPGP, HS-5 cells transform from a 2D sheet to a 3D cell spheroid after 

24 h. The dynamic assembly was further confirmed by attaching 4-nitrobenzo[c][1, 2, 

5]oxadiazole (NBD) to the sPGP. Over a 24-h incubation period, fluorescence gradually 

increases as sPGP is dephosphorylated, indicating that the dynamic continuum of the 

assemblies of the peptides results in cell morphogenesis (i.e., from a 2D cell layer to 3D 

spheroids).

The sPGP (Figure 4A) also acts as a biomaterial to control cell morphogenesis in a context-

dependent manner.88 In the co-culture of HS-5 with Saos-2 cells, ENS of the sPGP leads to 

different phenotypes according to the rate of dephosphorylation of the sPGP. Saos-2 cells 

overexpress ALP, which dephosphorylates sPGP rapidly to form the assemblies that kill the 

Saos-2 cells. Altering the ratio of HS-5 and Saos-2 cells or adding ALP inhibitor can slow 

down the assembling rate so that the cells form spheroids (Figure 4B). Severely inhibiting 

ALP prevents the assembly of the sPGP, and the cells remain as the 2D layer. Besides using 

sPGP, which forms heterotypic assemblies to control intercellular interactions, it is feasible 

to use homotypic assemblies for intercellular ENS to mimic protein dynamics and control 

cell morphogenesis.89 These results illustrate the use of ENS to manipulate the signal 

transduction of cells, which offers a new way to create intercellular biomaterials for 

modulating the cell microenvironment.

Pericellular and Intracellular ENS

Imaging Pericellular Molecular Self-Assembly by ENS.—Molecular imaging on the 

micro- or nanoscale provides important information for understanding the underlying 

dynamics of living systems, thus contributing to elucidation of the biology and diagnosis of 

diseases.90 One interesting cellular dynamic structure is the lipid raft, a glycosphingolipid 

microdomain that floats freely in the membrane bilayer. Although lipid rafts have been 

hypothesized for more than two decades, the structures and functions of lipid rafts remain 

controversial. New advances in molecular imaging may be able to support this hypothesis, as 

shown by an active fluorescent probe that images membrane dynamics with high 

spatiotemporal quality.91 In this case, a tyrosine phosphate residue and an NBD fluorophore 

are conjugated with cholesterol. ALP residing in the lipid rafts cleaves the phosphate and 

allows the NBD-conjugated cholesterol to self-assemble within the lipid rafts and to 

fluoresce. In turn, the membrane heterogeneity is revealed. Just as imaging the constant 

changes of cell membranes is important, imaging the activities of an enzyme on or in the 
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cells also deserves attention. For example, the conventional imaging probes of phosphatases 

have been unsuccessful for live-cell imaging due to inherent cytotoxicity. A fluorescent 

molecule (pNPD1, 26), which forms nondiffusive nanofibers of NPD1 (27) by ENS,92 is 

able to minimize this problem. Figure 5A shows the conversion of 26 into 27 by 

ectophosphatases on the cell surface. The bottom right images in Figure 5A show HS-5 

(stromal cells) and HeLa (ovarian cancer cells) before and after dephosphorylation and 

shows an obvious contrast between 0 h and 24 h. The intensity and distribution of the 

fluorescent signals in HS-5 differ markedly from those of the HeLa cells, further confirming 

the utility of ENS for understanding cell biology. In addition, several other labs have 

reported the use of ENS for imaging the activities of ALP on cells.15,93,94

Imaging Intracellular Molecular Self-Assembly by ENS.—Although intracellular 

molecular self-assembly was reported in 2007,96,97 imaging ENS inside the cell is 

challenging. The first molecule to exhibit fluorescence for imaging ENS inside living cells 

was reported in 2012.95 Figure 5B shows that the fluorescent nanofibers of an NBD-

conjugated tetrapeptide form mainly on the endoplasmic reticulum (ER) after 

dephosphorylation by PTP1B. In a related study, a D-peptide quinazolinone derivative, 

which minimizes the cytotoxicity of quinazolinone-based molecule probes, was shown to be 

promising for intracellular imaging of phosphatases.98

Imaging molecular self-assembly inside cells provides a new way to explore the activity of 

therapeutics to confirm the target location of a drug or to validate a diagnosis. Particularly, 

the ability to image cancerous tumors with high spatial resolution is important, because 

cancer remains a major challenge in health care. A promising modality for imaging tumors 

is photoacoustic (PA) imaging, in which ultrasound waves are excited by irradiation of the 

tissue with electromagnetic radiation. Tissue chromophores such as hemoglobin or water 

absorb the electromagnetic output, subsequently emitting acoustic waves that can be 

transduced by an ultrasound receiver.99 Based on this idea, Liang and coworkers developed 

an ALP-activatable probe for enhancing photoacoustic imaging of enzyme activity in vitro 
and in tumors (Figure 6).100 They designed and synthesized a phosphotripeptide (28), which 

turned into 29 after enzymatic cleavage of the phosphate from the tyrosine. Self-assembling 

to form nanoparticles, 29 exhibits a 6.4-fold increase in the 795 nm PA signal of 28. This 

innovative demonstration may improve the sensitivity for imaging deep tissues. Hopefully, 

by replacing the core peptides, more probes can be designed for imaging other cancers in the 

future. Since the demonstration of self-assembly for molecular imaging in animal models by 

Rao et al,90 applications of ENS for molecular imaging are receiving more research 

attention. These works90,101 are evidence of the potential of intracellular ENS.

Subcellular ENS

Mitochondrial Targeting.—ENS offers a unique approach to target the subcellular 

organelles of cancer cells, as shown by the development of a triphenylphosphinium (TPP) 

conjugated phosphotetrapeptide to kill the cancer cells by targeting the mitochondria.102 

After ALP, overexpressed on cancer cells, catalytically dephosphorylates the conjugates, the 

nanoscale assemblies formed on the cell surface are internalized by endocytosis. After 

escaping the lysosomes, the assemblies target the mitochondria to induce the release of 
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cytochrome c, resulting in cell death. The use of ENS of 30 catalyzed by ENTK is able to 

target mitochondria (Figure 7A) as well.79 Targeting the subcellular organelles has an 

advantage over current cancer treatments, because it not only minimizes acquired drug 

resistance but also promises to enhance the efficacy of therapeutics without increasing 

toxicity.

Endoplasmic Reticulum Targeting.—The ER is emerging as a target for cancer 

therapy, but it is difficult to target the ER of the cancer cells selectively. ENS offers a 

solution for this common challenge in translational medicine. As shown in Figure 7B, ENS 

generates crescent-shaped supramolecular assemblies of short peptides, which disrupt the 

cell membranes, target the ER, and result in cancer cell death.103 In a related study, ENS 

forms molecular condensates that sequester protein-tyrosine phosphatase 1B (PTP1B) and 

cyclooxygenase-2 (COX-2) on the ER.104 These ENS processes, similar to the formation of 

higher-order assemblies of proteins105 or protein phase transition,106 promise a new way to 

use assemblies of small molecules to modulate protein-protein interactions for biomedicine.

ENS for Cancer Therapy

Cancer remains a major burden to public health. Anticancer chemotherapy continues to be 

the most important adjuvant therapy to surgery, but multiple underlying cellular mechanisms 

complicate the treatment. Even when the treatment is effective initially, genomic instability 

causes the emergence of drug resistance, which is the most significant challenge in 

chemotherapy. Despite significant advances in cancer immunotherapy based on checkpoint 

blockade, multiple immunosuppressive mechanisms in the tumor microenvironment still 

result in the patients’ unresponsiveness to the treatment. One major challenge is that 

developing new inhibitors to further block immunosuppression may not be an option, 

because the targets are “undruggable.” Under these circumstance, ENS may be an out-of-

the-box approach for cancer therapy, because it inhibits cancer cells based on enzymatic 

reactions rather than on enzyme inhibition.107 Since the observation that intracellular 

gelation by ENS selectively inhibits cancer cells,96 the development of ENS for cancer 

therapy has advanced rapidly;29,75 thus, it is worthwhile discussing this in a separate section.

ENS Selectively Gelling and Killing Cancer Cells.—New advances in cancer therapy 

are necessary to eradicate such a malignant disease. ENS may be a promising method in 

combating this problem. The formation of nanofibers by ENS inside cells would likely gel 

the cytosol and change the microviscosity inside cells, and thus may lead to cell death. This 

hypothesis was first confirmed in the case of bacteria,97 which was followed by a test of the 

concept on mammalian cells.96 Specifically, the precursor (12) is a substrate of CES. 

Hydrolysis of 12 produces a hydrogelator that self-assembles to form nanofibers resulting in 

a supramolecular hydrogel. Although the high expression level of CES in HeLa cells 

catalyzes the formation of the hydrogelator that results in the formation of nanofibers as well 

as hydrogelation inside the cells and causes cell death (Figure 8A),96 the low level of 

expression of esterase in a fibroblast cell (e.g., NIH3T3) is unable to generate enough 

hydrogelator molecules to promote gelation, and thus the precursor is innocuous to the 

NIH3T3cells. As the first case of ENS creating cellular artificial nanostructures and thus 
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controlling the fate of cells, this work illustrates the concept of molecular processes acting as 

novel therapeutics.

The further development of ENS based on CES and D-peptides has greatly improved the 

efficacy for inhibiting cancer cells,111–113 as well as boosted the efficacy of cisplatin against 

drug-resistant cancer cells.113 In a related study, incorporating taurine in the D-peptide 

precursor greatly increases the retention of the D-peptide nanofibers inside the cells after 

ENS.114 A recent kinetic study on the CES-catalyzed ENS of D-peptide nanofibers has 

elucidated how stereochemistry affects ENS in the complex extra- and/or intracellular 

environment and provided insights for understanding the kinetics and cytotoxicity of peptide 

assemblies for killing cancer cells.111

Pericellular ENS for Selectively Inhibiting Cancer Cells.—Although intracellular 

gelation inhibiting cancer cells was demonstrated over a decade ago, pericellular gelation for 

inhibiting cancer cells selectively is a recent surprise.108 As shown in Figure 8B, ALP 

catalytically dephosphorylates 31 to form the hydrogelator (32). The incubation of HeLa 

cells with 31 resulted in the gel of 32 on the cell surface, which was a consequence of 

pericellular ENS. The accumulation of the hydrogelators results in nanonets surrounding the 

cancer cell (Figure 8B), thereby inhibiting cell adhesion, nutrient uptake, migration, all 

culminating in cell death. Further development of this ALP-catalyzed ENS shows that the 

nanofibers of 32 inhibit the growth of cancer cells in a co-culture by selectively inducing 

apoptosis.115 The relevant mechanistic study reveals that the nanofibers of 32 pleiotropically 

activate extrinsic death signaling for selectively killing cancer cells. This result illustrates the 

potential of ENS as a supramolecular cellular biochemical process (consisting of reaction, 

assembly, and binding) for multi-targeting that may lead to a new way for combating cancer 

drug resistance.74,102

The concept of ENS selectively inhibiting cancer cells is applicable to other molecules 

containing phosphates73,75 or ENS catalyzed by other enzymes.29 As expected, structural 

modification of the substrates, such as modifying the peptide C-terminal,116 altering the 

number of phosphates to be cleaved,117 conjugating to anticancer drugs65 or nonsteroidal 

anti-inflammatory drugs,118 and changing the structure of the core peptides,119 can improve 

the anticancer activity and selectivity of ENS. If L-peptides are the substrates for ENS, 

inhibiting proteolysis of the peptides is able to enhance the efficacy of ENS against cancer 

cells.120 Moreover, it is feasible to use nanoparticles to replace peptides for pericellular ENS 

that selectively targets cancer cells. As shown in Figure 8C, D-phosphotyrosine-decorated 

magnetic nanoparticles selectively adhere and inhibit HeLa cells, whereas L-

phosphotyrosine-decorated magnetic nanoparticles barely interact with the HeLa cells.
109,121 Because ENS of D-peptides forms nanonets around cancer cells, the nanonets are 

able entrap the secretome from cancer cells.122

ENS for Targeting Downregulation in Cancer Cells.—Cancer cells differ from 

normal cells mainly in two aspects: gain of functions (i.e., upregulation) and loss of 

functions (i.e., downregulation). Although it is straightforward to develop therapeutics for 

inhibiting upregulation, it is difficult to target downregulation in cancer cells. Because it is 

independent from inhibition, ENS may provide a novel approach for targeting 

Shy et al. Page 9

Matter. Author manuscript; available in PMC 2020 November 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



downregulation in cancer cells, as reported in the case of targeting the cells that express ALP 

but downregulate CES. As shown in Figure 8D, the precursor (2-(OMe)2-OP) or 33 contains 

both the CES cleavage site (i.e., carboxylmethylester) and the ALP cleavage site (i.e., 

phosphotyrosine). Upon the action of ALP, 2-(OMe)2-OP turns into 2-(OMe)2-OH, which 

self-assembles to form nanotubes. Upon the action of CES, 2-(OMe)2-OH becomes 2-

(OH)2-OH, which exhibits lower self-assembling ability than that of 2-(OMe)2-OH. When 

incubated with OVSAHO cells (which express ALP but downregulate CES) and HepG2 

cells (which express ALP and upregulate CES), 33 exhibits half maximal inhibitory 

concentrations of 5 μM against OVSAHO cells and >200 μM toward HepG2 cells, 

confirming that 33 selectively inhibits OVSAHO over HepG2 cells.110 This design provides 

a way to reduce the liver toxicity of ENS against cancer cells and further confirms the 

concept of regulating the rate of ENS for targeting cancer cells.117

ENS Minimizes Acquired Drug Resistance.—Acquired drug resistance remains a 

challenge in cancer therapy. A recent mechanistic study demonstrated in situ ENS of 

cholesterol derivatives to act as poly pharmaceuticals for selectively inducing cancer cell 

death via multiple pathways (Figure 9A).74 The tyrosine-cholesterol conjugates, after ENS, 

self-assemble in various parts of cancer cells. They induce stress-related processes such as 

aggregation of cell death receptors, interfering with the expression of glycoproteins, 

disruption of cytoskeleton dynamics, and a host of others that effectively kill cancer cells 

altogether.

Modulating the redox potential of mitochondria is a promising approach to destroy cancer 

cells that have acquired drug resistance. However, in using mitochondria to solve this 

problem, selectivity is an issue given that mitochondria are ubiquitous in all cells. Figure 9B 

shows a strategy for using TPP conjugated to a pair of enantiomeric phosphorylated peptides 

to selectively modulate the mitochondria of Saos2 cells and induce cell death.102 In this 

approach, ENS results in assemblies of the TPP-conjugated peptides on the surface of the 

cancer cells selectively. After endocytosis of the TPP-conjugated assemblies, a high 

concentration of TPP on the mitochondria of the cancer cells induces the release of 

cytochrome c from the mitochondria to trigger an intrinsic apoptosis process. Because the 

mitochondria are the metabolic center and signaling hub of cells, it is difficult for the cancer 

cells to evolve resistance to the insult of mitochondria.

ENS for Immunological Applications

Generally, ENS generates nanostructures (e.g., nanoparticles or nanofibers), which may be 

first internalized by cells from immune systems. But the application of ENS in immunology 

is new. In addition to the demonstration of ENS of an immunoreceptor tyrosine-based 

inhibitory (ITIM) motif,123 the most impressive result has been the development of HIV 

vaccines based on ENS of a tetrapeptide, reported by Yang and coworkers.124 In that study, 

upon enzymatic dephosphorylation of a phosphotetrapeptide, the tetrapeptide self-assembles 

to form a hydrogel that encapsulates DNA. This mixture triggers humoral and cellular 

immune responses, which are significant signals for HIV prevention and therapy. The 

structure of the hydrogel is important for its function (Figure 10). For instance, the G-NMe 

moiety in the peptide enhances the immune response. Left-handed helical structures 
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generated from 34 protect DNA from degradation, thus allowing its entry into mammalian 

cells. Previous works have focused on the immune response from structures 35 and 36. This 

study on the 34 nanovector seems to be a more effective approach for developing an HIV 

vaccine.

Outlook

Noncovalent synthesis is a well-established concept, as demonstrated by the continuing 

development of supramolecular chemistry125,126 and the recent intensive development of 

metal-organic frameworks.127 The idea of noncovalent synthesis of organic fibers was 

presented by Menger et al. over two decades ago.128 ENS is simply a logical and natural 

extension of the concept of noncovalent synthesis. Enzymes make the exploration of 

functions (especially biological functions) of noncovalent synthesis relatively easy. ENS also 

frees researchers from the structure-function dogma, allowing the focus of the study to be on 

the dynamic-function or transition-function paradigm. One such transition-function example 

in the context of noncovalent synthesis of organic molecules is the liquid crystal in a liquid 

crystal display. Such transition-function examples of proteins in biology are simply too 

numerous to be mention here. Therefore, ENS for supramolecular soft matter is only at its 

exciting beginning.

ENS can take many forms. It facilitates not only bond breaking but also bond forming.
30,129–133 This review has shown the many modes of ENS, from the plethora of enzymes 

used to construct nanoscale assemblies to its use in different subspaces of the cells and to its 

wide range of applications. As the study of ENS continues to progress, new avenues may be 

explored. Recently, ENS has been used to decrease NF-κB activation, inducing synthetic 

lethality.134 Also, given the advantage of proteolytic resistance of D-peptides over their L-

enantiomers, hopefully in the future they find applications to treat diseases other than cancer.
120 A current example is to use ENS to release dexamethasone for treating fibrosis.135 The 

substrates of ENS can be diverse. Although current studies focus more on peptides, other 

organic or inorganic molecules should also be able to undergo ENS. A recent example even 

shows the ENS of nucleic acids, which recapitulates an essential cellular process in cell-free 

conditions.136 The prevalence of ENS in biology has already shown how nature combines 

enzymatic reactions and noncovalent interactions for controlling dynamics, emergent 

properties, and functions. This fact suggests the broad applicability of ENS (Scheme 1) for 

developing new promising soft matter in the field of biomedicine.
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Progress and Potential

Enzymatic covalent synthesis is well established in industry, e.g., the use of bacteria or 

yeast in food. However, using enzymatic noncovalent synthesis (ENS) to make materials 

that are strong and effective yet biocompatible is still in its infancy. Biomaterials has 

become an important field in medicine and engineering because these synthetic 

molecules may be able to complete tasks that we humans cannot. This review discusses 

various studies of ENS of small biomolecules that can be used in different facets of 

medicine. Peptidic nanomaterials and their applications are highlighted along with the 

enzymes used to catalyze their reactions. In the future, more focus should be placed on 

the application of ENS with other organic and inorganic molecules such as DNA, 

hydrocarbon chains, or fatty acids.
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Figure 1. Preliminary Examples of ENS
(A) An example of endogenous ENS, forming collagen fibers.5

(B) An example of biomimetic ENS: enzymatic formation of the nanofibers of tetrapeptides 

via dephosphorylation.6 Scale bar, 100 nm.
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Figure 2. Alkaline Phosphatase (ALP)-Catalyzed Noncovalent Synthesis
(A) ALP-catalyzed supramolecular hydrogelation.

(B) Enzymatic-switch-regulated supramolecular hydrogelation.

(C) Circular dichroism spectra analysis of the peptide solutions at 0.31 and 0.02 mM, 

indicating enzymatic control of secondary peptide structures.

(D) Anisotropic supramolecular hydrogelation by combining an enzymatic reaction and 

aromatic-aromatic interaction. Gel8b or Gel9b
ALP, supramolecular hydrogel of 8b or 9b, 

induced by ALP.

(E) Structure and transmission electron microscopy (TEM) images of ENS of Nap-

FFYpGGaa, which is controlled by the equivalents of vancomycin.

(A) Adapted with permission from Yang et al.58 Copyright 2004 WILEY-VCH Verlag 

GmbH & Co. KGaA, Weinheim. (B) Adapted with permission from Yang et al.6 Copyright 

2006 American Chemical Society. (C) Adapted with permission from Li et al.61 Copyright 
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2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (D) Adapted with permission 

from Zhou et al.62 Copyright 2014 American Chemical Society. (E) Adapted with 

permission from Haburcak et al.63 Copyright 2016 American Chemical Society.
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Figure 3. Multiple Enzymes Are Useful in ENS
(A and B) Enterokinase (ENTK)-catalyzed noncovalent synthesis. (A) The molecular 

structure of L‐1TFLAG. (B) Optical and TEM images of L‐1TFLAG solution (without ENTK) 

and hydrogel (activated by ENTK).

(C–F) The formation of the self-assembling peptides via the reactions catalyzed by (C) 

esterase, (D) β-lactamase, (E) β-galactosidase, and (F) protease.

(B) Adapted with permission from He et al.78 Copyright 2018 The Royal Society of 

Chemistry.
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Figure 4. ENS in Intercellular Space
(A) Interaction between vancomycin and the phosphopeptide containing D-Ala-D-Ala.

(B) Formation of a 3D cell spheroid activated by 1P:2, and the effect of (2,5-dimethoxy-N-

(quinolin-3-yl) benzenesulfonamide (DQB, an ALP inhibitor).

(B) Adapted with permission from Wang et al.88 Copyright 2019 Wiley-VCH Verlag GmbH 

& Co. KGaA, Weinheim.
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Figure 5. ENS in Pericellular or Intercellular Space
(A) Peri- or intercellular ENS for spatiotemporal profiling of the ALP activity on cancer 

cells. White arrows, HeLa cells; white arrowheads, HS-5 cells.

(B) Intracellular ENS occurs on the endoplasmic reticulum of living cells.

(A) Adapted with permission from Zhou et al.92 Copyright 2016 Published by Elsevier Inc. 

(B) Adapted with permission from Gao et al.95 Copyright 2012 Springer Nature.
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Figure 6. The Use of ENS in Intracellular Imaging
Schematic of ENS signal enhancement of photoacoustic (PA) imaging. NIR, near infrared; 

NP, nanoparticle. Reprinted with permission from Wu et al.100 Copyright 2018 American 

Chemical Society.
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Figure 7. ENS in Organelle Targeting
ENS to target (A) mitochondria and (B) endoplasmic reticulum. LDH, lactate 

dehydrogenase.

(A) Reprinted with permission from He et al.79 Copyright 2018 American Chemical Society. 

(B) Reprinted with permission from Feng et al.103 Copyright 2018 American Chemical 

Society.
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Figure 8. ENS in Cancer Therapy
(A and B) (A) Intracellular and (B) peri- or intercellular ENS for cancer therapy.

(C) The incubation of HeLa cells with D- or L-phosphotyrosine-decorated magnetic 

nanoparticles (NP@D-pY or NP@L-pY).

(D) Modulation of self-assembly using ALP and CES.

(A) Adapted with permission from Yang et al.96 Copyright 2007 WILEY-VCH Verlag 

GmbH & Co. KGaA, Weinheim. (B) Adapted with permission from Kuang et al.108 

Copyright 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (C) Reprinted with 

permission from Du et al.109 Copyright 2017 Wiley-VCH Verlag GmbH & Co. KGaA, 

Weinheim. (D) Adapted with permission from Feng et al.110 Copyright 2017 American 

Chemical Society.
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Figure 9. ENS Combats Acquired Drug Resistance
(A) ENS pathways to cell death. iA, instructed assembly.

(B) Schematic of endocytosis of nanofibers inducing cancer cell death. EISA, enzyme-

instructed self-assembly

(A) Adapted with permission from Wang et al.74 Copyright 2018 American Association for 

Cancer Research. (B) Reprinted with permission from Wang et al.102 Copyright 2016 

American Chemical Society.
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Figure 10. ENS in Immunology
Peptide-based hydrogel formed by ENS mixed with DNA to yield nanovectors for HIV 

treatment. Adapted with permission from Tian et al.124 Copyright 2014 American Chemical 

Society.
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Scheme 1. 
Potential Applications of ENS
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