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Abstract

Using assemblies of simple peptides with emergent properties to achieve elaborate functions has 

attracted increasing attention in recent years. Besides tailoring self-assembly abilities of peptides 

in vitro, the recent progresses of peptide research are advancing into a new and exciting frontier—

that is, rational design of assemblies of peptides (or their derivatives) for biological functions in 

complex environment, especially in cells or in animals. This minireview highlights some recent 

developments of peptide assemblies and their applications in biological systems. After introducing 

the unique merits of peptide assemblies, we discuss the recent progress of designing peptides (or 

peptide derivatives) for self-assembly with conformational control. Then, we describe biological 

functions of peptide assemblies, with emphasis on a useful approach—instructed-assembly—for 

spatiotemporal control of peptide assemblies, in the context of cells (e.g., in the pericellular, 

intracellular, subcellular, or intercellular space). Finally, we provide a brief perspective to discuss 

the future promises and challenges of this exciting area of chemistry.

Graphical Abstract

Assemblies of peptides (or their derivatives) for biological functions in complex environment 

attract increasing attention, especially in cells or in animals. In this minireview, selected examples 

of peptide assemblies are highlighted, with a focus on instructed-assembly for spatiotemporal 

control of peptide assemblies in the context of cells.
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1. Introduction

Peptides, as a class of bioactive molecules, play essential regulatory roles in cells and 

organisms. For example, peptide hormones in animals involve in reproductive physiology, 

energy metabolism, stress, growth, appetite, and cardiac function.[1] Notably, being 

synthesized in the somas of two neurons and acting as hormones on peripheral targets, 

oxytocin and vasopressin (Figure 1A) are the two closely related neuropeptides that exert 

their functions on central and peripheral neurons.[2] Besides studying endogenous peptides 

in human, researchers have developed various peptides for anticancer, antibacterial, or 

antiviral applications, and some of them have already entered clinics.[3] While the past 

successes of peptide chemistry mainly focused on the functions of individual peptides, the 

assemblies of peptides have attracted increased research attentions.[4]

Using peptides as the build blocks for constructing assemblies confers a number of 

advantages, including ease of design and tailoring (based on the known structures from 

proteins), good biocompatibility and degradability, and low immunogenicity, which have 

facilitated the development of peptide assemblies. Comparing to individual peptides, peptide 

assemblies have several unique features, such as enabling phase transition (i.e., sol-to-gel)
[4c, 4f, 5], providing multivalency,[6] and acting as nanoscale scaffolds.[7] After pioneering 

works demonstrated these merits, considerable amount of research activities have focused on 

exploring these advantages, as evidenced by several excellent reviews on peptide assemblies 

as biomaterials or nanomaterials for various applications.[8]

Another subtle, but key difference between individual peptides and peptide assemblies is the 

diffusivity: peptide assemblies diffuse much slower than monomeric peptides. Thus, 
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triggering peptide monomers to form peptide assemblies, as a dynamic continuum,[9] 

provides a unique way to spatiotemporally control the peptide assemblies (Figure 1B). 

Having recognized this feature of peptide assemblies, we introduced the concept of enzyme 

instructed self-assembly (EISA), which is a biocatalytic strategy for generating peptide 

assemblies in aqueous solution through bond cleavage[10] or bond formation[11] in a context-

dependent manner.[12] EISA, also being ubiquitous in cells, can be achieved easily so that it 

has attracted increasing attention after the first report.[10] For example, EISA have found 

many potential applications, from drug delivery, wound healing, immune modulation to 

analyte detection.[13]

The ubiquitous roles of enzymes in cells and their expression difference between normal 

cells and abnormal cells (or between different cell types) or between subcellular locations 

enable us to start using intracellular enzymes to convert the monomers of peptide in 

cytoplasm into peptide assemblies in cancer cells (or bacteria) for controlling cell fate.[14] 

Amplifying the difference between normal and abnormal cells (tissues), using endogenous 

triggers (e.g., enzymes) to transform peptide monomers to form functional peptide 

assemblies opens a new direction for developing peptide assemblies in complex 

environment, such as cells. Since the report of intracellular EISA about a decade ago,[14] we 

and others have made considerable progresses along the notion of in-situ generation of 

peptide assemblies (Figure 1B), especially in the applications of these peptide assemblies.
[15] These advances warrant a brief reflection on the progresses made and the promises and 

challenges ahead.

This minireview intends to highlight the recent developments of peptide assemblies and their 

applications in the context of cells. We start with the less discussed aspects of peptide 

assemblies—conformational switch. Then, we introduce the concept of instructed-assembly, 

which emphasizes the initiation and progression of the assembling process. We illustrate its 

unique merit for spatiotemporal control of peptide assemblies in the context of cells (e.g., in 

the pericellular, intracellular, subcellular, or intercellular space, also see the Frontispiece 

Graphic) and the corresponding applications. After that, we provide a brief outlook to 

discuss the challenges and the future directions. We also like to apologize for the omission 

of many excellent works due to the space limit.

2. Conformation Switch in Peptide Assemblies

To have sufficient and proper intermolecular interactions for forming the assemblies, 

peptides need to populate at certain conformations with relative long residence time, but the 

conformations also can change in the peptide assemblies. The well-established relationship 

of protein structures and functions has led to several strategies, such as ligand binding, 

hydrophobic forces, or enzymatic reactions, for switching the conformations of peptides in 

the assemblies, as shown in the following sections. Such conformation switch underscores 

the dynamic feature of peptide assemblies, which should be of consideration for peptide 

assemblies in complex environment.
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2.1. Binding switches peptide conformations in the assemblies

A recent report[16] revealed that a heptapeptide from inflammasome, after conjugating with a 

well-known self-assembly motif, Nap-FF,[17] forms peptide assemblies of which the -helix 

conformation dominance decreases s upon interacting with ligands (Figure 2). Specifically, 

molecule 1 consists of KKFKLKL, the segment of ASCPYD,[18] which hardly forms any 

assemblies in aqueous solution. The attachment of Nap-FF at the N-terminal of KKFKLKL 

endows self-assembling ability to 1, which largely maintains α-helix conformation. The 

addition of pyridoxal phosphate (P5P) to the pre-organized nanofibers of 1 results in a 

hydrogel. Besides dictating the gelation time and the stiffness of resulted hydrogels, P5P 

decreases the dominance of α-helix conformation of 1. The formation of Schiff-bases and 

non-covalent interactions between the protonated ɛ-amine groups on the lysine residues of 1 
and the phosphate group on P5P are essential (Figure 2) for enhanced assembling, as 

evidenced by that other small molecules, such as pyridoxal, folinic acid, ATP, and AMP, 

trigger gelation of 1. The gelation further enables the control of cell proliferation and drug 

release. This work illustrates conformation change in peptide assemblies upon binding with 

small bioactive molecules.

2.2. Aromatic−aromatic interactions define peptide secondary structures in assemblies

A challenge in designing peptide assemblies is to control the conformations of short 

peptides. Unlike long peptide sequences that usually maintain their secondary structures as 

in proteins, isolated short peptides often lose their secondary structures and functions due to 

the lack of the restriction from proteins. Stabilizing protein structures,[19] aromatic−aromatic 

interactions are able to enhance intermolecular interactions for defining secondary structures 

of short peptides.[20] As shown in Figure 3, pentapeptides of RMLRF (2) and IQEVN (3), 

the segments of a decapeptidic sequence (RMLRFIQEVN) that forms a β-sheet structure at 

the intermolecular interface of the dimer of protein irisin,[21] hardly form any morphologies 

or maintain a secondary structure in aqueous solution. Neither does the mixture of 2 and 3. 

After C-terminal modification of 2 (or 3) with pyrene that provides strong aromatic-aromatic 

interactions, 2-Py (or 3-Py) forms nanostructures with α-helix like conformation. Notably, 

mixing 2-Py and 3-Py not only forms uniform nanofibers to entangle to result in a hydrogel, 

but also makes 2-Py and 3-Py to adopt β-sheet like structures. This facile strategy is 

applicable for designing assemblies of D-peptide derivatives by simply replacing the L-

amino acids with corresponding D-amino acids. This work also agrees with that enhancing 

intermolecular interactions is a facile way to generate heterotypic peptide assemblies.[22]

2.3. Enzymatic selection of peptide secondary structures in assemblies

Although controlling protein conformations and functions by phosphatases and kinases is a 

common mechanism for signal transduction,[23] transplanting this concept into peptide 

assemblies to control the conformation of short intrinsically disordered peptides (IDP) is 

only at its beginning. A recent study reported that enzymatic reaction selects the secondary 

structures of heterotypic peptide assemblies.[24] Figure 4A shows the molecular structures of 

two short IDPs, one from protein crystal of PNUTS PP1 binding domain (LREYFY) and 

another a hypothetical sequence (KLIQFS). C-terminal modification of these two peptides 

with pyrene results in 4 and 5, which ensures heterotypic assembling. While 
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phosphorylation changes the conformation of 4 from α-helix dominant to disordered 

structures, dephosphorylation of 4P increases the β-strand conformation. Directly co-

assembly of 4 and 5 results in mixed conformations of α-helix and β-strand in the form of 

aggregates, but enzyme-instructed heterotypic assemblies of 4 and 5 (from 4P and 5) mainly 

exhibit the β-strand conformation in the form of nanofibers. This study indicates that 

enzymatic reaction controls the peptide conformations and the superstructures of the formed 

peptide assemblies. Two recent reports[25] also support this notion. These works on enzyme 

conversions of peptide conformations may also provide insights for understanding molecular 

condensates formed by biomacromolecules.[26]

3. Peptide Assemblies in Cellular Environment and Applications

While most studies have focused on the final structures of the peptide assemblies resulted 

from self-assembly,[8b, 27] the dynamics of triggering and assembling processes are largely 

overlooked. Because cells are complex and dynamic, exploring the initiation and progression 

of peptide assemblies not only matches well with the dynamic nature of cells, but also is 

unexpectedly fruitful. To emphasize the triggering and the dynamic assembling processes of 

peptide assemblies, we propose a term—instructed-assembly,[28] which differs from self-

assembly. As a thermodynamically equilibrated process in which randomly oriented 

components (e.g., peptides) spontaneously organize into ordered structures via non-covalent 

interactions, self-assembly is inherently reversible. Instructed-assembly refers to the 

formation of ordered superstructures of molecules as the consequence of a triggering event, 

such as a reaction (especially enzymatic reaction). Like self-assembly, instructed-assembly 

relies on non-covalent interactions to form large structures from small, simple building 

blocks (i.e., a “bottom-up” process); unlike self-assembly, instructed-assembly includes an 

enzymatic reaction (especially enzymatic reaction (ΔG < 0) a multiple step process, can be 

considered as irreversible. In addition, the resulted assemblies from instructed-assembly 

highly depend on the path, that is, the history of molecular assembling. Thus, instructed-

assembly provides a unique opportunity to explore triggering and assembling processes for 

designing dynamic peptide assemblies in complex cell environment for unprecedented 

applications. Among various types of instructed-assembly, EISA in cellular environment has 

exhibited great potentials, as shown in the following sections.

3.1 Pericellular formation of peptide assemblies

Local control of the complex signaling transduction by enzymatic reaction for regulating 

diverse cellular functions is ubiquitous in biological systems. Despite its attractiveness, 

mimicking such phenomenon by synthetic molecules is rare because of the lack of suitable 

strategies and the complexity of cellular environment. A recent unexpected finding, showing 

that ectoenzymes-instructed peptide assemblies form nanonets around cancer cells and 

selectively inhibit the cancer cells,[29] has illustrated a way. As shown in Figure 5, a 

phosphotyrosine containing D-tripeptide derivative (6P), being dephosphorylated by the 

overexpressed ectoenzyme (i.e., alkali phosphatase (ALP)), forms a layer of visible hydrogel 

around cancer cells (HeLa). Such a pericellular hydrogel, consisting of D-peptide 

assemblies, prevents cellular mass exchange with extracellular environment, entraps 

secretory proteins,[30] and results in cell apoptosis.[29] Further mechanistic investigation 
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reveals that the assemblies of the D-peptide pleiotropically activate extrinsic death signaling 

for apoptosis of cancer cells (Figure 5).[31] Such an instructed-assembly process slows the 

tumor growth in murine models.[31] A relevant study also demonstrated instructed-assembly 

of D-peptides as a new way for selectively killing undifferentiated iPS cells without harming 

normal cells.[32]

3.2 Intracellular formation of peptide assemblies

Intracellular formation of assemblies of small molecules is more than a scientific curiosity 

since most reported drug targets are inside cells. Intracellular formation of peptide 

assemblies, in fact, provides an opportunity to boost cellular uptake and to increase the 

activity of anticancer therapeutics. For example, a taurine modified D-peptide increases the 

cellular uptake of D-peptide by 10 times, and results in assemblies inside cytoplasm via 

esterase-instructed assembly.[33] The formed intracellular peptide assemblies impede actin 

dynamics (Figure 6A), thus boosting chemotherapy drugs for killing platinum-resistant 

cancer cells.[34] Besides using enzymes to trigger self-assembly, a recent study revealed that 

rationally designed nucleopeptide assemblies selectively sequester ATP, disrupt intracellular 

ATP dynamics, and boost the activity of cancer drug doxorubicin against drug resistant 

cancer cells.[35] As shown in Figure 6B, 9 forms the assemblies with α-helix dominant 

secondary structures. A pair of counteracting enzymes are able to modulate the 

nanostructures formed by the assemblies of 9 and the nucleotides (Figure 6C) by 

interconverting ATP and ADP. The nucleopeptides, sequestering ATP efficiently in cells, 

slow down efflux pumps in multidrug resistant cancer cells, thus boosting the efficacy of 

doxorubicin (Figure 6D). This work illustrates that the intracellular assemblies of 

nucleopeptides interact with essential biological molecules for controlling cell behavior.

3.3 Subcellular (organelle) formation of peptide assemblies

Accumulation of peptide assemblies in subcellular organelles is a promising strategy to 

improve the efficacy of the assemblies. Mitochondria is an intensively explored organelle 

due to its crucial cellular functions.[36] A recent report (Figure 7A) combines instructed-

assembly with a mitochondria targeting motif (triphenyl phosphinium (TPP)), which 

modulates the redox potential of mitochondria, to selectively kill cancer cells and minimize 

acquired drug resistance.[37] TPP containing precursor (10P) first forms redox-modulating 

assemblies on cancer cell surface upon the dephosphorylation by ALP overexpressed on 

cancer cells (e.g., Saos2). After entering the cancer cells via endocytosis, escaping from 

lysosome, and accumulating in mitochondria, these assemblies induce dysfunction of 

mitochondria to release cytochrome c, thus selectively resulting in the death of the cancer 

cells. Most importantly, after being stimulated by 10P in multiple rounds, the cancer cells 

are unable to evolve resistance to 10P. Although the mechanism of endosomal or lysosomal 

escaping remains to be elucidated, this work validates the spatial control of the assemblies of 

non-specific cytotoxic agents by instructed-assembly as a molecular process for selectively 

killing cancer cells without inducing acquired drug resistance, and promises a new way for 

overcoming the challenging drawback of cancer chemotherapy.

Unlike the commonly used mitochondria-targeting molecules (lipophilic and cationic), 

which may cause undesired cytotoxicity, a branched peptide with negative charges is able to 
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target mitochondria via instructed-assembly on mitochondria.[38] 11 consists of a well-

established protein tag (i.e., FLAG-tag[39]) and a self-assembling motif,[17] and acts as the 

substrate of enterokinase (ENTK). After the cells uptake 11 through clathrin-dependent 

endocytosis, the oligomers of 11 accumulate in mitochondria. ENTK on the mitochondria 

cleaves the FLAG-tag of 11 to result in the morphology transition from micelles to 

nanofibers (Figure 7B). In addition, the preformed micelles of 11 are able to deliver cargo 

(doxorubicin or proteins) into cells, and release them into mitochondria. This work 

illustrates the use of instructed-assembly for targeting mitochondria, which opens a new 

route to target subcellular organelles for biomedicine.

Another important organelle is endoplasmic reticulum (ER), which involves biosynthesis, 

sensing, and signaling. Inducing cancer cell death by excessive endoplasmic reticulum (ER) 

stress is a promising strategy for the therapeutic intervention of cancer. However, targeting 

ER for anticancer therapy is less explored due to the complex role of ER in cell signaling.
[40] A recent study on instructed-assembly of peptides may lead to a new opportunity for 

selective targeting ER in cancer therapy.[41] Figure 8A shows the concept that instructed-

assembly generates self-limited peptide assemblies to disrupt cell membranes and to target 

ER for cancer therapy. Serving as a substrate of ALP, 12P undergoes instructed-assembly to 

form crescent-shaped assemblies with several nanometers in sizes, which interact with lipids 

and rupture the plasma membrane, as confirmed by live-cell imaging and lactate 

dehydrogenase (LDH) assays. Further imaging and mechanism studies indicate that the 

peptide assemblies preferentially accumulate on the ER and induce ER stress, thus activating 

the caspase signaling cascade for cell death. Differing with the commonly used ER stress 

inducers,[42] which usually cause undesired side effects, this approach allow selectively 

targeting ER of cancer cells.

Another relevant study shows instructed-assembly of short peptides to mimic 

biomacromolecular condensates[26] for sequester enzymes on ER.[43] Consisting of a short 

peptide and naproxen (a nonsteroidal anti-inflammatory drug (NSAID) and a ligand of 

cyclooxygenase-2 (COX-2)) (Figure 8B), 13P acts as a substrate of instructed-assembly. As 

shown in Figure 8C, partially dephosphorylated by phosphatases, 13P and its corresponding 

hydrogelator (13) co-assemble to form assemblies that promote the association of COX-2 

and PTP1B on the ER in live cells. Besides illustrating the use of supramolecular processes 

for sequestering enzymes in cells, this work provides alternative insights from 

supramolecular chemistry perspective for understanding intracellular liquid condensates, 

that is, biomacromolecular condensates likely are regulated by enzyme reactions as well. 

These two studies highlight the unique advantage of instructed-assembly, that is, the 

dynamic features of instructed-assembly are highly important, and exploring them promises 

useful applications.

3.4 Intercellular formation of peptide assemblies

Cell-cell and cell-extracellular matrix (ECM) interactions play important roles for cell 

signaling, cell migration, and cell differentiation. Thus, mimicking the microenvironment of 

cells has been an increasing interest in the last few decades.[5a, 44] Although considerable 

progresses have been made in developing soft materials for mimicking ECM, the lack of 
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dynamic features and the difficulty in generating ordered structures have limited their 

applications in tissue engineering. Taken advantages of instructed-assembly and the tight 

ligand-receptor interactions, a recent study demonstrated the use of in-situ reaction and 

assembly as a spatiotemporal control to enable cell morphogenesis (i.e., from a 2D cell sheet 

to 3D cell spheroids).[9] Forming by molecular recognition between a phosphopeptide 14P 
and its receptor 15 (glycopeptide), supramolecular phosphoglycopeptides (sPGPs) (Figure 

9A) form nanoparticles in aqueous solution, which turn into nanofibers upon the addition of 

enzymes (ALP). Being incubated with cells, the sPGPs undergoes an enzymatic reaction to 

form dynamic and hierarchical nanofibers (Figure 9B) in-situ on the cell surface and induce 

the formation of 3D cell spheroids (Figure 9C) from a 2D cell sheet. Detailed mechanism 

studies indicate that the progress of the instructed-assembly and posttranslational 

modifications of sPGPs define intercellular interactions (Figure 9D), thus resulting in the 

formation of 3D cell spheroids. This work not only validates the dynamic continuum of 

peptide assemblies as an ECM mimic (Figure 9E) to control cell behaviors, but also 

indicates the importance of dynamics in the design of peptide assemblies for biomaterials.

4. Outlook

Varying their sizes from a few nanometers up to hundreds of micrometers, peptide 

assemblies can adopt multiple conformations and structures. These features render the 

research of peptide assemblies as an inexhaustible and exciting subject at the interface of 

physical and biological sciences. Particularly, the biological relevance and easy access of 

peptides provide a convenient molecular entry for scientists and engineers from different 

disciplines to explore fundamental scientific problems and to develop technological 

innovations. For example, peptide assemblies have attracted interests from several renascent 

and nascent fields, like nonlinear dynamics,[45] self-replication,[46] orgin of life,[47] 

supramolecular chemical biology,[48] systems chemistry,[49] drug delivery,[8i, 50] and 

molecular imaging.[51] Being able to across multiple length scales and to exhibit multiple 

structures or morphologies, peptide assemblies present a great challenge for reductionist 

approaches that attempt to formulate structural-activity relationships of peptide assemblies. 

One notable example is the beta-amyloids (Aβ42). After hundreds of million dollars 

investment and decade efforts in the research of Aβ42, its relationship with Alzheimer’s 

disease remains elusive. On the other hand, the instructed-assembly of rather simple 

peptides, as discussed in this review, is able to achieve relatively important and sophisticated 

functions in cellular environment. Thus, it likely would be more fruitful by investigating 

peptide assemblies from a more holistic perspective—that is, directly studying the 

transformations, functions, and applications of peptide assemblies in complex environment, 

such as cells. We expect that the future successes in the functions of peptide assemblies, in 

fact, would stimulate the development of methods and tools for elucidating the atomistic 

details of peptide assemblies, which in turn would further advance the field.

Cells have relied on non-covalent interactions between molecules to construct high order 

dynamic continuum for functions for billions of years. As an essence of cellular process, the 

higher-order assemblies of biomacromolecules in cells are never static, despite reaching 

steady-states with spatiotemporal controls provided, usually, by enzymatic reactions and 

intermolecular interactions. Thus, using enzymatic reaction to instruct the assembly of 
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peptides, as a holistic way to mimic the essence of cells, not only provides insights for 

understanding cellular processes, but also offers a new way to control cell behaviours for 

developing applications. The examples described in Section 3, undoubtedly, support this 

notion. Moreover, the knowledge gained from the exploration of peptide assemblies in 

cellular environment, should also contribute to understanding other molecular assemblies in 

cell biology, such as lipid rafts[52] and biomacromolecular condensates.[26]

While the assemblies of peptides, forming by instructed-assembly in-situ in complex 

environment, and their applications are emerging as a promising frontier of peptide research,
[13, 15f, 53] several challenges remain: i) Lack of the high-resolution tools for monitoring the 

dynamics of the peptides assemblies in live cells over large area and extended time; ii) Lack 

of comprehensive quantitative analysis for correlating the functions and the kinetics of the 

peptide assemblies, though a recent quantitative analysis of instructed-assembly of peptides 

in cells started to elucidate the relationship between instructed-assembly and cancer cell 

death;[54] iii) Lack of guiding principles to combine different triggers to provides more 

sophisticated applications;[15c, 55] iv) Lack of the understanding of large-scale behaviour 

emerges from peptide assemblies, although both nanoscale processes and microscale 

phenomena now are observable. Despite these challenges, we expect the advances of 

knowledge from different disciplines and the development of tools will gradually address 

these issues since they are rather generic and similar to the challenges in understanding 

functions of biomacromolecular assemblies in living organisms. At the same time, exploring 

peptide assemblies in complex environment and their applications may stimulate the 

developments for addressing those challenges.
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Figure 1. 
(A) Molecular structures of Oxytocin and arginine vasopressin. (B) Schematic illustration of 

regulating peptide assemblies via self-assembly and disassembly processes upon suitable 

triggering in vitro and in vivo.
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Figure 2. 
Molecular structure of 1 containing the epitope (KKFKLKL) from the filaments of 

apoptosis-associated speck-like (ASC) protein and the illustration of hydrogel formed by 

mixing 1 and P5P to provide covalent and non-covalent interactions, which reduce α-helix 

composition from 35.47 to 0.76%. Adapted with permission from ref. 16. Copyright 2017, 

Wiley-VCH.
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Figure 3. 
(A) Molecular structure of 2, 3, 2-Py and 3-Py; (B) Aromatic-aromatic interaction enables 

self-assembly, hydrogelation, and α-helix to β-sheet transition (scale bar = 50 nm). Adapted 

with permission from ref. 20. Copyright 2016, American Chemical Society.
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Figure 4. 
Structures of the peptides and history-dependent conformations of their heterotypic 

assemblies. Adapted with permission from ref. 24. Copyright 2018, Wiley-VCH.
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Figure 5. 
(A) The illustration of the pericellular 6 (DTP) nanofibrils formed by EISA to selectively 

inhibit cancer cells in co-culture via promiscuously activating cell death signalling. (B) 

Chemical structures of the precursor 6P (pDTP), the self-assembly tripeptide (DTP), and the 

dephosphorylation of the precursor catalyzed by ALP. Adapted with permission from ref. 31. 

Copyright 2017, Nature Publishing Group.
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Figure 6. 
(A) Enzymatic transformation of the precursor (7) as a substrate of carboxylesterase (CES) 

to the corresponding hydrogelator (8) for intracellular self-assembly. (B) Structure of a 

nucleopeptide (9) for selective ATP sequestration. (C) Interaction of assemblies of 9 with 

ATP or ADP and the reversible phase transition of the assemblies controlled by a pair of 

counteracting enzymes (D) CLSM images show the inhibition of Dox efflux by the 

assemblies of 9 in MES-SA/dx5 cells at 5 h (changing to fresh medium without Dox after 
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washing three times and further incubation for 5 h). Scale bar is 40 μm. Adapted with 

permission from ref. 34 and 35. Copyright 2015 and 2018, Wiley-VCH.
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Figure 7. 
(A) Illustration of EISA for targeting mitochondria and inducing death of cancer cell. (B) 

Structure of a representative branched peptide and ENTK cleaving the branch to convert 

micelles to nanofibers on mitochondria. Adapted with permission from ref. 37 and 38. 

Copyright 2016 and 2018, American Chemical Society.
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Figure 8. 
(A) Illustration of EISA Assemblies to Disrupt the Cell Membrane and to Target the ER and 

Molecular Structure of an EISA Precursor. (B) Molecualr structure of 12P, 12, 13P and 13. 

(C) Illustration of Instructed Assembly for Intracellular Sequestration of PTP1B and COX-2. 

Adapted with permission from ref. 41 and 43. Copyright 2018, American Chemical Society.
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Figure 9. 
(A) Ligand–receptor interactions (green dash lines, dissociation constant (Kd) is 7.1 μm)) 

between vancomycin (Van, 15) and the D-Ala-D-Ala containing phosphopeptides (Nap-

FFpYGGaa, 14P) result in a sPGP (14P:15). (B) Transmission electron microscopic (TEM) 

images of 14P:15 (300 μM) before and after being treated by a phosphatase (ALP, 1 UmL−1. 

24 h). Scale bar is 50 nm. (C) The illustration of forming 3D spheroids from a 2D cell sheet 

upon the addition of sPGP and the reversibility of the process. (D) Optical images of time-

dependent formation of 3D cell spheroids. Scale bar is 50 μm. (E) Illustration of sPGP 
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assemblies as an ECM mimic to interact with major ECM components. Adapted with 

permission from ref. 9. Copyright 2017, Wiley-VCH.
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