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ABSTRACT ARTICLE HISTORY
Nanoarchitectonics, as a technology to arrange nano-sized structural units such as molecules in Received 25 April 2024

a desired configuration, requires hano-organization, which usually relies on intermolecular inter- Revised 10 June 2024
actions. This review briefly introduces the development of using enzymatic reactions to control ~ Accepted 23 June 2024
intermolecular interactions for generating artificial nanoarchitectures in a cellular environment. KEYWORDS

We begin the discussion with the early examples and uniqueness of enzymatically controlled self- Enzyme; self-assembly;
assembly. Then, we describe examples of generating intracellular nanostructures and their nanoarchitectonic; peptides;
relevant applications. Subsequently, we discuss cases of forming nanostructures on the cell cellular response

surface via enzymatic reactions. Following that, we highlight the use of enzymatic reactions for
creating intercellular nanostructures. Finally, we provide a summary and outlook on the promises
and future direction of this strategy. Our aim is to give an updated introduction to the use of
enzymatic reaction in regulating intermolecular interactions, a phenomenon ubiquitous in
biology but relatively less explored by chemists and materials scientists. Our goal is to stimulate
new developments in this simple and versatile approach for addressing societal needs.
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This review highlights the significance of utilization of enzymatic reactions to control intermo-
lecular interactions for the construction of nanoarchitectures within cellular environments. The
artificial nanostructures can be spatiotemporally generated intracellularly, extracellularly, and
intercellularly instructed by various enzymes, which triggers diverse cellular responses and
bridges the gap between cell biology and chemical biology.
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Introduction

Nanoarchitectonics is a concept that integrates nano-
technology methodologies with diverse research dis-
ciplines, particularly supramolecular chemistry, to
harness self-assembly processes crucial in various bio-
logical systems, such as cells. The driving force behind
building supramolecular assemblies is noncovalent
interaction [1]. Thus, modulating intermolecular,
noncovalent interactions is essential for generating
supramolecular assemblies. In this regard, nature has
devised ingenious designs to control noncovalent
interactions, evident in the evolution of life. Cells, for
instance, contain numerous nanoarchitectonics held
together by noncovalent interactions [2]. These struc-
tures dynamically interact with each other to carry out
fundamental biological functions.

Enzymatic reactions serve as the fundamental
mechanism for controlling intermolecular interactions
inside cells. For example, multiple enzymatic reactions
create lipids [3], the building blocks that form cell
membranes to provide compartmentalization.
Cytoskeletons, such as actin filaments or microtubules,
are maintained by enzymatic dephosphorylation [4].
The dynamic characteristics of the endoplasmic reticu-
lum membrane involve enzymatic reactions to regulate
network formation with proteins and phospholipids
[5]. Inflammasomes, acting as central organization cen-
ters for cellular host defense, are created through the
self-assembly of proteins and governed by enzymatic
posttranslational modifications [6-8]. These findings
emphasize the significance of enzymatic reactions in
orchestrating noncovalent interactions for non-
equilibrium self-assembly that gives rise to supramole-
cular assemblies with biological functionalities.

The utilization of enzyme reactions and self-
assembly by nature to maintain life has inspired
the integration of enzymatic reactions and self-
assembly for generating nanoarchitectonics. While
the early focus of enzymatic formed nanostructures
center on soft materials, such as supramolecular
hydrogels [9,10], the development of a multistep
process known enzyme-instructed self-assembly
(EISA) [11] has allowed the creation of nanostruc-
tures in cellular environment for increasing numbers
of applications over the last two decades. This review
aims to offer a concise review on the use of enzy-
matic reactions to regulate intermolecular interac-
tions for generating artificial nanoarchitectures
within the cellular environment (Scheme 1). We
start with an examination of early examples and
the discussion of the uniqueness of enzymatically
controlled self-assembly processes. Subsequently, we
describe the use of enzymatic reactions for generat-
ing intracellular nanostructures and highlight the
applications that stem from these intricate nanos-
tructures within the cellular milieu. Following that,
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we discuss enzymatically the formation of nanos-
tructures on the cell surface, particularly for profil-
ing enzyme activities on cell surface. Then, we
present intercellular nanostructures facilitated by
enzymatic reactions, especially in the context of
transcytosis and cell morphogenesis. Finally, we
summarize the results presented and offer an out-
look of this promising strategy. By providing an
overview of applications of EISA within the cellular
environment, we hope to illustrate the potential of
the strategy and provide a starting point for mole-
cular scientists to explore enzymatic reactions and
self-assembly for generating nanoarchitectures with
emergent properties for various applications.

Uniqueness of enzymatically controlled
self-assembly

The prerequisite to build artificial nanostructures in
cells is that the self-assembling building block needs
to be amphiphilic, as the case of the lipids to form
cell membranes. The theoretical studies of the inter-
molecular interactions of lipids or surfactants have
already established the thermodynamic principle for
self-assemblies of amphiphilic molecules. A key con-
cept to correlate molecular structures with self-
assembling behaviors is molecular packing para-
meter, providing rationalization and sometimes pre-
dicting molecular self-assembly in surfactant
solutions. The molecular packing parameter,
denoted as vy/agly, is expressed in terms of the sur-
factant tail volume (vy), tail length (I,), and the head
group area per molecule (a;) at the aggregate sur-
face. Through straightforward geometric relation-
ships, a specific shape and size for the equilibrium
aggregate can be derived from a given value of the
molecular packing parameter [12]. For example,
when vy/agly <1/3, the surfactants self-assemble to
form micelles, and when 1/3 < vy/agly <1/2, the
micelles would transform to worm-like micelles.

Obviously, it is possible to use enzymatic reactions
to reduce the head group area, thus increasing of
packing parameter and promoting a change in
micelles to a worm micelle shape. On the other hand,
it is possible to use enzymatic reaction to increase the
volume of the hydrophobic tails, thereby increasing
the molecular packing parameter for the micelle-to-
worm transition. Both cases have been realized by
enzymatic reactions (Figure 1).

In the former case, an enzymatic reaction breaks
a bond to remove hydrophilic phosphates group
from  amphiphilic  fluorenylmethoxycarbonyl
(Fmoc)-tyrosine phosphates (1), forming Fmoc-
tyrosine (2), which self-assembles into nanofibers
to form hydrogel (Figure 1(a)) [13]. In the latter
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Scheme 1. Schematic illustration of molecular design that accomplishes enzyme instructed self-assembly intracellularly, inter-
cellularly and extracellularly, which triggers diverse cellular responses.
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Figure 1. Two modes of enzymatic self-assembly of molecules in water (hydrogelators); SA means self-assembly. (a) Use of
a phosphatase to break O-P bond to produce hydrogelators that form supramolecular nanofibers in water. (b) Use of thermolysin
to catalyze bond formation for producing hydrogelators that self-assemble in water to form nanofibers
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case, an enzymatic reaction forms a bond to con-
nect Fmoc-alanine (3) to diphenylalanine to form
Fmoc-Ala-Phe-Phe (4), which self-assemble to
form nanofibers that entangle to result
a hydrogel (Figure 1(b)) [14]. These concepts
allow for the controlled assembly of molecular
structures at interfaces, facilitated by an enzyme-
driven process and a strategically designed seed
layer [15-19].

Interestingly, enzymes exhibit the ability to regu-
late their substrate to produce defect-free supramo-
lecular nanofibers [20], which appears to be a unique
feature of this process that was termed as EISA [11].
Another noteworthy and distinctive aspect of EISA
lies in its capacity for self-assembly within condi-
tions far from equilibrium. This occurs due to the
impact of enzymatic reactions on the concentration
of the self-assembling building blocks, which rarely
stabilizes at equilibrium, although it may establish
a steady state during the assembly process.
Moreover, EISA, if occurs rapidly, can produce non-
diffusive assemblies. This feature enables the tar-
geted localization of supramolecular assemblies
within a cellular environment, as elaborated in the
subsequent sections.

in

Intracellular nanostructures

The enzymatic dephosphorylation utilized to initiate
the self-assembly of simple small molecule in water
offers a powerful strategy for constructing nanostruc-
tures inside cells. For example, in the earliest study
[21], enzymatic hydrogelation was achieved with
E. coli, and the response of the E. coli was examined
to illustrate this concept (Figure 2(a)). The soluble
precursor (5) of a hydrogelator comprises a Phe-Phe
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motif, which is prone to self-assemble in water
(Figure 2(b)) [22,23], as the peptide backbone,
a naphthylacetic acid as the N-terminal capping
group, and a tyrosine phosphate as a C-terminal of 5
[24]. After confirming that alkaline phosphatase
(ALP) converts the solution of 5 into the hydrogel of
6 and that the nanofibers of 6 act as the network of the
hydrogel, the authors used 5 to treat two types of
E. coli strains-one overexpressing phosphatase and
the other not. The overexpressed phosphatase in
E. coli was found to catalyze the formation of the
hydrogelator inside the bacteria (Figure 2(c)), and
the subsequent intracellular hydrogelation inhibited
the bacteria growth. This work, therefore, establishes
the use of enzyme-instructed intracellular self-
assembly of small molecules for creating artificial
nanostructures and thus controlling the fate of cells.
The cell selectivity of 5 against the phosphatase over-
expressing E. coli implies that it is feasible to use enzy-
matic  reactions to  generated intracellular
nanostructures for preferential inhibition of cancer
cells while sparing normal cells. This assumption was
confirmed by an esterase substrate (7) [25] that differs
from 5 only at the C-terminal. Specifically, replacing
tyrosine phosphate in 5 by a 4-(2-aminoethoxy)-
succinic acid affords 7 (Figure 2(d)). Carboxylesterase
(CES) can remove the hydrophilic succinic acid from 7
to generate 8, a hydrogelator that self-assembles in an
aqueous environment to form nanofibers. The onset of
hydrogelation appears to be quite fast, occurring within
10 min under physiological condition and catalyzed by
an esterase in aqueous buffer solution. When 7 was
used to incubate with cancer cells (HeLa) or normal
cells (NIH3T3), it only inhibits the growth of the cancer
cells (Figure 2(e)), which expresses a higher level of
esterases than the normal cells do. Further examination
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Figure 2. (a) Schematic representation of intracellular nanofiber formation by enzymatic reactions. (b) Chemical structures of
compound 5 and 6. (c) Concentration of 5 and 6 in culture media or inside bacteria. (a)-(c) are reproduced by permission from [21],
copyright [2007, John Wiley and Sons]. (d) Chemical structures of compound 7 and 8. (e) 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl
tetrazolium bromide (MTT) assay of incubation of HelLa cells with esterase substrate 7. (d)-(e) are reproduced by permission from

[25], copyright [2007, John Wiley and Sons].
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suggests that esterase in HeLa cells catalyze the forma-
tion of the hydrogelator, resulting in the formation of
nanofibers as well as hydrogelation inside the HeLa
cells, leading to cell death. However, the low-level
expression of esterase in NTH3T3 cell is unable to gen-
erate enough hydrogelator to promote gelation, render-
ing the precursor innocuous to the NIH3T3 cells. This
result provides an experimental foundation to use
enzyme-instructed self-assembly (EISA) for targeting
cancer cells [25].

Since the demonstration of the concept of enzymatic
formation of nanostructures inside cells, considerable of
progresses have been made by multiple labs. For exam-
ple, Rao et al. demonstrated the use of enzymatic clea-
vage to trigger rapid biorthogonal reactions for
intracellular oligomerization, and the oligomers form
nanoaggregates [26]. Yang et al. have conjugated che-
motherapy drug molecules to enzyme responsive pep-
tides for intracellular drug delivery [27]. Wang et al.
have shown the application of enzymatic triggered
assembly of drug-peptide conjugates in the tumors in
mice models as an effective strategy for photodynamic
therapy or chemotherapy [28]. Ye et al. combined enzy-
matic reactions and multimodal imaging techniques to
enable enhanced imaging of malignant tumors [29].
Despite these advancements, the unambiguous demon-
stration of intracellular nanostructures has been elusive
until 2020 [30]. As shown in Figure 3, it took a rather
unusual peptide derivative (9) to generate nanofibers of
10 in both cell-free condition and inside cells (Figure 3
(a)). The molecule 9 consists of a fluorophore (nitro-
benzoxadiazole (NBD)), a self-assembling D-peptide
backbone (D-Phe-D-Phe) [22], a D-phosphotyrosine,
and a C-terminal-L-lysine that is trimethylated
(Figure 3(b)). The heterochirality and trimethylation
appear to be key for the intracellular formation of
nanofiber bundles because failing to satisfy either of
these two requirements abolishes intracellular bund-
ling, though the nanofibers still form in cell-free condi-
tion after the enzymatic phosphorylation of 9 to
generate 10. The use of cryo-EM Iterative Helical Real
Space Reconstruction (IHRSR) [31] helical reconstruc-
tions reveals that 10 self-assembles into two distinct
types of polymorphs, with one cross-structures posses-
sing C7 symmetry and the other C2 symmetry.
Molecular dynamics simulations suggest that the cen-
tral pore of the filament contains water and ions to
provide stabilization to the filament structure, which
holds the NBD in the innermost layer. According to
the Electron Tomography (ET), after Saos2 cell was
incubated with 9 for 24 h, ALP inside the Saos-2 con-
verts 9 to 10, which self-assembles to form monodis-
persed nanofibers that pack as twist bundles and extend
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from the plasma membrane to nuclear membrane.
Fluorescent imaging indicates that endogenous cytos-
keletons hardly interacting with the filaments of 10,
although the filament bundles appear to be cytoskele-
ton-like (Figure 3(c)). While the macromolecular
crowding inside cells likely enables the bundling of the
filaments of 10, it remains unclear why heterochirality
and trimethylation of the L-lysine are necessary for the
intracellular bundling. Nevertheless, the work provides
the first unambiguous example of intracellular
nanoarchitecture form by synthetic molecules.

Although the use of EISA is able to inhibit tumor
effectively when the enzyme-responsive peptide con-
jugates with a chemotherapy drug, the question
whether intracellular nanostructures alone can
potently inhibit tumor growth remains an unanswered
until a recent study to demonstrate that EISA of
a phosphopeptide derivative (11) is able to effectively
inhibit immunosuppressive tumor growth in mice
models (Figure 3(d)) [32]. Specifically, consisting of
a self-assembling peptide backbone (Nap-ff [33]),
a D-phosphotyrosine (y,), and a dimethyl-
D-glutamate (epes), 11 self-assembles to form nano-
particles. ALP dephosphorylates 11 to form Nap-
ffyemer (12) (Figure 3e), which self-assembles to
form rigid nanotubes with a diameter of 12 + 2 nm.
11 is particularly potent for inhibiting immunosup-
pressive metastatic osteosarcoma, such as Saos2,
because Saos2 overexpresses ALP, which converts
ATP to an immunosuppressive signaling molecule,
adenosine. Being converted to 12 by overexpressed
ALP from Saos2, 11 results in Saos2 cell death within
half an hour. Containing the dimethyl-D-glutamate
group, 11 exhibits excellent cell selectivity, inhibiting
Saos2 with ICs, of 4 uM, but its ICsq on the hepatocyte
cells (HepG2) is over two orders of magnitude higher
than the ICs, on Saos-2 (Figure 3(f)). Using an ortho-
topic murine model of osteosarcoma, in which the
study shows that tail intravenous injection of 11
results in the 25-fold reduction in tumor volume of
Saos2-lung, a Saos2 line metastasized to the lung
(Figure 3(g)). As expected, the treatment of 11 signifi-
cantly prolongs the survival time of the osteosarcoma-
bearing nude mice (Figure 3(h)). Further examination
also confirmed that 11 exhibits excellent biocompat-
ibility to normal tissues and organs.

A rather unexpected benefit of using enzyme to
instruct the formation of intracellular nanostructures
is that it is feasible to generate the nanostructures with
high spatial cellular resolution. That is, the substrates
of enzymes can be used to target organelles in a cell-
selective manner, such as targeting mitochondria,
lysosome, endoplasmic reticulum (ER), and Golgi
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Figure 3. (a) Schematic illustration of intracellular enzymatic reaction to convert nanoparticles into filament bundles. (b) Chemical
structures of compound 9 and 10. (c) Confocal laser scanning microscopy (CLSM) images of Saos-2 cells treated with 9 (200 mM) for
different time periods. Scale bar = 10 pm. (a)-(c) are reproduced by permission from [30], copyright [2020, Elsevier]. (d) Schematic
illustration of ALP-instructed assembly for inhibiting cancer cells. () Chemical structures of compound 11 and 12. (f) IC50 values of 11
against Saos-2 or HepG2 cells. (g) Tumor volume of orthotopic osteosarcoma model established by Saos2-luc and Saos2-lung cells after
tail intravenous injection of compound 11 or saline for 4 weeks. (h) Survival curves for orthotopic osteosarcoma nude mice (n = 5)
treated with 11. (d)-(h) are reproduced by permission from [32], copyright [2019, Elsevier].

apparatus of cancer cells [34-48]. For example, it is
well established that mitochondria play essential roles
in apoptosis and metabolism. Conventional
approaches for targeting mitochondria rely on lipo-
philic and cationic molecules [49,50]. Although these
lipophilic cations, when their concentrations are low,
can precisely target mitochondria, they still lack cell
selectivity.

In a study on the enzymatic supramolecular hydro-
gelation of branched peptides, it was serendipitously
found that EISA of branched peptides can target mito-
chondria of cancer cells. Specifically, 13, consisting of
a Nap-ftk as the backbone, NBD at the C-terminal,
and the FLAG-tag (DYKDDDDK) [51] as the side

chain, is a substrate of enterokinase (ENTK)

(Figure 4(a)) [35]. 13 self-assembles to form micelles,
which turn into nanofibers upon enzymatic cleavage
of the hydrophilic branch that contains FLAG motif
(DDDDK) (Figure 4(b)). Fluorescent imaging suggests
that the enzyme cleaved product (14) mainly localizes
at mitochondria (Figure 4(c)). This mitochondrial
localization is cell-selective and mostly occurs in can-
cer cells, which is probably due to a higher mitochon-
dria membrane potential in cancer cells [52]. This
work illustrates a fundamentally new enzymatic pro-
cess for targeting mitochondria by forming nanofibers
selective on mitochondria.

Lysosomes, containing many hydrolytic enzymes for
biomolecular degradation within cells, play essential
roles in various physiological functions [53]. Thus,
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Figure 4. (a) Chemical structures of compound 13 and 14. (b) Schematic illustration of ENTK instructed enzymatic reaction to
convert micelles to nanofibers on mitochondria. (c) CLSM images of 13 and Mito-tracker in HeLa cells. Scale bar = 30 um. (a)-(c) are
reproduced by permission from [35], copyright [2018, American Chemical Society]. (d) Chemical structures of compound 15 and
16. (e) Time-dependent CLSM images of 16 selectively form on Hela cells and in HS-5 cells in the co-culture of HeLa and HS-5 cells
([15] = 500 uM). Scale bar = 10 um. (d)-(e) are reproduced by permission from [54], copyright [2016, Elsevier]. (f) Chemical
structures of compound 17 and 18. (g) Schematic illustration of the lysosome specific construction of nanofibers in living cells
through multistage processes. (h) CLSM images of Saos-2 cells incubated with 17 (100 uM) for 4 h. Scale bar = 5 um. (f)-(h) are
reproduced by permission from [41], [2021, John Wiley and Sons]. (i) Chemical structures of compound 19 and 20, as well as the
TEM images of morphological transformation of 19 (0.5 wt %) after adding ALP (1 U/mL) into crescent-shaped aggregates. Scale
bar =50 nm. Reproduced by permission from [42], [2018, American Chemical Society]. (j) Chemical structures of compound 21 and
22 and 23, and the involving enzymatic reactions. (k) Schematic illustration of the cellular uptake of 21 or 23 that is enzymatically
processed into 22 to accumulate at Golgi; CMC means critical micelle concentration. (I) TEM images of 21 (5 pM) before and after

the addition of ALP (0.1 U/mL) for 24 h. Scale bar = 100 nm. (j)-

(I) are reproduced by permission from [44], [2021, John Wiley and

Sons]. (m) CLSM images of Galactose-1-phosphate uridylyltransferase red fluorescent protein (GalT-RFP) transfected Hela cells
treated with 21 (10 uM) for 8 minutes. Scale bar = 20 um. (n) CLSM images of different cells (HeLa, Saos-2, HEK293, MCF-7, HS-5,
SJSA-1, HepG2, B16F10, and S2) treated with 23 (10 uM) for 8 min. Scale bar = 20 um.(m)-(n) are reproduced by permission from

[45], [2022, American Chemical Society].

considerable efforts have focused on selectively target-
ing lysosomes of desired cells. Since lysosomes are
acidic and contain acid phosphatases (ACP), it is feasi-
ble to target lysosomes in a cell-selective and context-
dependent manner. For example, A D-peptide

derivative (15), containing a naphthylalanine and
D-phosphotyrosine, can act as the substrate of either
ALP or ACP (Figure 4(d)) [54]. After being depho-
sphorylated, 15 transforms into 16, which self-
assembles to form nanofibers. In the co-culture of
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cancer (HeLa) and bone marrow stromal cells (HS-5),
the membrane anchored ALP catalyzes the formation of
the nanofibers on the surface of HeLa cells, but the ACP
in the lysosomes of HS-5 generates fluorescent nanofi-
bers mainly inside lysosomes (Figure 4(e)) [54].
Recently, Wang et al. developed an enzyme substrate
(17) that targeting lysosome of cells in a more precise
fashion [41]. 17, containing a protected tyrosine phos-
phate, can only be deprotected in acidic environment to
expose the phosphate group for further dephosphoryla-
tion by ACP, generating 18 (Figure 4(f)). Such a design
prevents undesired dephosphorylation at the cell mem-
brane and cytoplasm, allowing only ACP catalyzed
dephosphorylation to occur in lysosomes (Figure 4(g),
(h)). Considering other hydrolytic enzymes inside lyso-
some, this work implies that it should be feasible to
design a substrate that responds to multiple enzymes
for targeting lysosome of cells.

ER, as the largest cellular organelle, carry out essen-
tial cellular functions, such as protein synthesis, sen-
sing, and post-translational modifications [55]. Several
small molecules, such as tunicamycin and thapsigar-
gin, can target ER but lack cell selectivity [56].
Although endogenous proteins rely on a tetrapeptide
motif, KDEL, for ER retention [57], conjugating
KDEL to other molecules for targeting ER from out-
side cells is problematic due to the proteolytic suscept-
ibility of the short peptides. It turns out that EISA is
quite effective for targeting ER of cancer cells.
Specifically, a phosphotetrapeptide (19), containing
self-assembling backbone, D-phosphotyrosine, and
an L-homoarginine, can disrupt cell membrane and
target the ER, resulting in cancer cell death (Figure 4
(1)) [42]. The dephosphorylation of 19 generates
a tetrapeptide derivative (20). 20 self-assembles into
crescent-shaped aggregates on the cancer cell surface
(Figure 4(i)), disrupting the integrity of the cells to
allow more 19 enter cells and localizes at ER. A later
work [58] suggests that PTPNI1 on the outer mem-
brane of ER likely contribute to turn 19 to 20 on ER
for enhanced ER targeting.

Although organelle-targeted therapies focused
on the highly sensitive and precise attack on spe-
cific organelles have made considerable progress
for targeting nucleus, mitochondria, lysosome, and
ER, the selective targeting of Golgi remains elu-
sive. Two recent studies have demonstrated that
enzymatic formation of nanostructures at Golgi is
effective for Golgi-targeting. In the first case,
using a sulfur atom to replace the oxygen atom
in the phosphoester bond of a phosphopeptide
produce a thiophosphate peptide (21) (Figure 4
(j)) [44]. As expected, ALP dephosphorylated 21
rapidly to form the nanofibers made of 22
(Figure 4(1)). But unexpectedly, 22 instantly accu-
mulates at Golgi (Figure 4(m)) of the HeLa cells at

W. TAN et al.

the concentration as low as 500nM. Further
examination using multiple cell lines reveals ALP-
catalyzed Golgi-targeting is cell selective. The fast
accumulation of 22 at Golgi occurs in the cells
have a high expression level of ALP. Even more
unexpectedly, a thioester containing peptide (23),
obtained by replacing thiophosphotyrosine with
a thioester (Figure 4(j)), can target Golgi of
metazoan cells (Figure 4n) [45]. 23 enters cells
via caveolin-mediated endocytosis or macropino-
cytosis and undergoes hydrolysis catalysed by
Golgi-associated thioesterases to form the thiopep-
tide (22) (Figure 4(k)), which accumulates in the
Golgi of metazoan cells unselectively. These results
illustrate that using enzyme to generate nanostruc-
ture at the Golgi represents an effective and ver-
satile strategy for targeting Golgi according to the
need of applications.

Extracellular nanostructures

Unlike most of the membrane-anchored enzymes that
orient the active sites at the cytosolic side of the mem-
brane, the catalytic domain of ALP is on the extracel-
lular side of the membrane. That is, ALP can act as an
ectoenzyme, catalyzing the formation nanostructures
outside cells. This notion turns out to be valid, as
demonstrated by several representative examples. In
a study examining the response of HeLa cells to
a D-phosphotripeptide derivative (24), consisting of
a naphthyl capped tripeptide, D-Phe-D-Phe-D-Tyr,
ALP can catalytically dephosphorylates 24 to form
a hydrogelator (25) (Figure 5(a)) [59]. This hydroge-
lator self-assembles, resulting in a network of nanofi-
brils as the scaffold for a hydrogel. Unexpectedly,
hydrogelation occurred on the HeLa surface when
incubating HeLa cells with 25, as well as in the culture
medium (Figure 5(b)). However, incubating 25 with
HeLa cell fails to produce the phenomena observed
with 24 (Figure 5(b)). Scanning electron microscopy
(SEM) reveals nanofibers present on the surface of
HeLa cells incubated with 24 but not on untreated
HeLa cells (Figure 5(c)). Transmission electron micro-
scope (TEM) image of the pericellular hydrogel on
HeLa cells treated by 24 further confirm networks of
nanofibers (Figure 5(d)). Moreover, 24 hardly inhibits
HS-5 cells, a cell lacking surface ALP. These results
demonstrates that nanofibers of 25, formed by ectoen-
zyme-instructed self-assembly, selectively inhibit can-
cer cells. Enzymatic dephosphorylation enables
pericellular nanofibers and subsequent hydrogelation.
This concept is not only applicable to phosphopep-
tides, but also works on the phosphosaccharides, as
reported by Ulijn et al. [60]

Because the nanofibers of 16 are non-diffusive,
they localize on the cell surface, accumulate with
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(upper) and with (bottom) the addition of prednisolone. Scale bar = 5 um. (h) Merged image (differential interference contrast and
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image shows a slice through the same cell. Scale bar=2 um. (i) Higher-magnification electron micrograph of the cell region
highlighted by the red box in (H) and the high-magnification electron micrographs of the red boxed area. Scale bar =200 nm.

time, and exhibit fluorescence with increasing
intensity. Thus, the enzymatic conversion of 15 to
16 can be used to assess the activity of ALP on
different cell surfaces (Figure 5(e)) [54]. In fact,
mammalian ALP, as membrane glycosylphosphati-
dylinositol (GPI)-anchored ectoenzymes [61], play
a critical role from embryogenesis to cancer biology
[62]. The spatiotemporal determination of the
activities of ALPs of live cells would provide details
of dephosphorylation kinetics in cellular processes.
Moreover, 16, as a D-peptide, form proteolytic
resistant nanofibrils around cancer cells, conferring
excellent spatiotemporal resolution to reveal the

activity of ALP on cancer cell surface (Figure 5(f))
[54]. As the substrate for EISA, 15 reveals the
difference of ALP activities between two pairs of
drug sensitive/resistant cancer cell lines (e.g. A2780
and A2780cis, MES-SA and MES-SA/dx5) and
a cell line (e.g. MCF-7) under hormonal stimulus
(Figure 5(g)). In addition, correlative light and
transmission electron microscopy (CLEM) imaging
of the nanofibrils on cells has confirmed the for-
mation of pericellular nanofibers of 16 on Hela
cells (Figure 5(h),i). These results also provide
insights to understand the inhibition of HeLa cells
by pericellular nanofibers [63].



Sci. Technol. Adv. Mater. 25 (2024) 10

Intercellular nanostructures

In various of tissues or organs, extracellular matrix
(ECM) localizes at intercellular space to interact with
cells in a three-dimensional manner. While it is well
established that a series of enzymatic reactions leads to
the formation of ECM, the use of enzymatic reaction
to generate synthetic nanostructures intercellularly is
just at its beginning. In a study that aimed to mimic
the dynamic post-translation features of ECM, such as
glycosylation and phosphorylation, the authors tried
to sidestep the difficulty of synthesizing glycoproteins
and phosphoproteins by generating supramolecular
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phosphoglycopeptides that contain a phosphopeptide
(26) and a glycopeptide (27) (Figure 6(a)) [64]. The
mixture of 26 and 27 self-assembles to form oligo-
mers, which exist as nanoparticles. Adding ALP to the
solution of the mixture turns the nanoparticles into
nanofibrils (Figure 6(b)), albeit that the dephosphor-
ylation of 26 to form 28 is incomplete. Circular
dichroism spectra suggest that the assemblies of 26
and 27 are dynamic (i.e. reversible binding between
26 (or 28) with 27) and reactive (i.e. 26 as substrates of
ALP). When the mixture of 26 and 27 is incubated
with the mixture of Saos-2 cells and HS-5 cells [65],
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Figure 6. (a) Chemical structures of 26 and 27 and 28. (b) TEM images of 26:27 (300 pM) after treatment with ALP (0.5 or 0.2 U/mL)
for 24 h. Scale bar =50 nm. (c) Formation of 3D cell spheroids composed of HS-5 and Saos-2 cells from a 2D cell sheet upon the
addition of 26:27 (300 pM) for 48 h. Scale bar = 150 um. (d) Chemical structures of 29 and 30. () TEM images of 29 (0.1 wt %) without
or with the treatment of ALP (1 U/mL). Scale bar = 50 nm. (f) Optical images of HS-5 cells in culture medium and coincubation with 29
(200 pM) for 24 h. Scale bar = 150 um. (g) Chemical structures of 31, 32, 33 and 34. (h) 3D reconstruction and cross section and side
view of 33 class 1 filaments, 33 class 2 filaments and 34 filaments. (i) Representative confocal images of the FRAP assay on suspended
HS-5 cells incubated with 31 (200 uM) for 48 h and quantitative analysis of the fluorescence intensity of the FRAP assay. (j) Confocal
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(50 uM) treated with ALP (0.1 U/mL) for 48 h and then incubated with 50 ug/mL of fibronectin.
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a fibroblast cell line, the co-cultured cells sponta-
neously transform from a 2D cell sheet to 3D spher-
oids (Figure 6(c)). Using the medium without 26 and
27 is able to revert the cell spheroids back to the 2D
cell sheet. These results indicate that the intercellular
assemblies, formed by dephosphorylation, maintain
the 3D spheroids.

Although 27 is necessary for the mixture of 26 and
27 to enable HS-5 transform from 2D cell culture to 3D
cell spheroids, the role of 27 likely is to binding ECM
between cells because the conjugation of biotin to
a D-phosphopeptide can also induce cell spheroids of
HS-5 cells (Figure 6(d)) [66]. In that study, biotin acts as
the proteolytic-resistant cell adhesion motif because
various cell lines express a high level of biotin receptor
[67]. Specifically, a biotinylated D-phosphotetrapeptide
(29) serves as the substrate for phosphatase-instructed
self-assembly. Being partially dephosphorylated by
phosphatases at intercellular space, nanoparticles of 29
turns into nanofibers of the mixture of 29 and 30 at the
intercellular space (Figure 6(e)). This dynamic transfor-
mation of the assemblies of 29 induces 3D cell spher-
oids of HS-5 from a 2D cell sheet (Figure 6(f)). In this
study of 29 for inducing cell spheroids, dephosphoryla-
tion, cell surface-binding motif, and proteolytic resis-
tance of the precursor, are essential for the observed cell
spheroids.

Although the above two studies have shown that
enzyme-responsive D- phosphopeptide assemblies
induce HS-5 cell spheroids, the molecular mechanism
remained obscure until a recent study, which reveals the
transcytosis of the enzyme-responsive
D-phosphopeptides forming intercellular D-peptide
nanofibers to enhance fibrillogenesis of fibronectin for
cell spheroid formation. In that relatively comprehensive
study, two D-phosphopeptides were examined. One is
NBD-ffs,y (31), the other is BP-ffs;y (32).
Dephosphorylation of 31 or 32 generates the nanofibers
of NBD-ffsy (33) or BP-ffsy (34), respectively (Figure 6
(g)) [68]. Cryo-EM imaging and reference-free 2D clas-
sifications of 33 confirms polymorphic cross-f filaments
of 33 with four distinct species. The most dominant
filament species has a helical rise of 0.48 A and twist of
35.8°, with resolution of ~3.1 A. Another class filaments
reached ~3.2 A resolution with a helical rise of 4.80 A
and a twist of —1.7°. The filament model possesses C3
symmetry, and each asymmetrical unit contains six
copies of 33 molecules. The dephosphorylation of 32
forms homogenous filaments of 34 that reach ~2.6 A
resolution with the hydrophobic biphenyl motifs arran-
ging at the center with C3 symmetry, a helical rise of 2.11
A and twist of —54.8° (Figure 6(h)). Fluorescence recov-
ery after photobleaching (FRAP) indicates intercellular
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hydrogelation (Figure 6(i)). In addition, endocytosis
inhibitors or exocytosis inhibitors of distinct pathways
significantly reduce cellular uptake of 31 and decrease
sizes of spheroids, suggesting the crucial role of transcy-
tosis in spheroid formation (Figure 6(j)). Moreover, at
cell-free condition, incubating rhodamine-labelled fibro-
nectin (rFN) with nanofibers of 33 or 34, facilitates the
fibrillogenesis of rFN. TEM imaging also reveals that 31
or 32 with rFN in the presence of ALP results in wider
nanofibers with helical features (Figure 6(k)). According
to cryo-EM structures, the filaments of 33 or 34 display
C-terminal carboxylic acid and hydroxyl groups on the
surface, which are similar to the surface of the filament of
CsgA, which is now to interact with fibronectin [69].
This similarity may account for their ability to interact
with fibronectin for inducing fibrillogenesis of fibronec-
tin. These results suggest a transcytosis approach for
generation cell spheroids by using enzymatic reactions
to generate intercellular nanostructures.

Perspective and outlook

Enzymatic reactions and protein-protein interactions
within cells form the fundamental basis for cellular func-
tions, representing a crucial aspect of what defines ‘living’
entities. While extensive research has been dedicated to
unraveling the intricacies of molecular interactions
among biomacromolecules, less attention has been
given to the pivotal role of enzymatic reactions in con-
trolling protein—protein interactions. This oversight is
particularly noteworthy when considering the develop-
ment of synthetic nanoarchitectures within cellular con-
texts. Within such a context, it is rather striking that
a seemingly straightforward process such as dephosphor-
ylation can trigger the targeted generation of nanostruc-
tures, exhibiting selectivity towards specific cells and
even organelles. The simplicity of a dephosphorylation-
driven response serves as a compelling indication that
numerous untapped opportunities exist for exploring
alternative enzymatic reactions in the creation of intri-
cate nanostructures within the dynamic milieu of cells.
To further explore the potential of enzymatic reac-
tion for creating cellular nanostructures, several lim-
itations remain to be addressed, such as enzyme
kinetics [70], dynamics of enzyme locations, and
molecular structures of the nanoarchitectures. The
dynamic nature of molecular assemblies in vivo pre-
sents a challenge in determining enzyme kinetics in
cellular environments, especially when multiple
enzymes act on the same substrates, or multiple sub-
strates can be transformed by the same enzymes. The
recently developed bond-selective imaging of enzy-
matic reactions [71,72] likely would provide
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a possible solution to address this challenge. The sub-
cellular locations of enzymes are unlikely to be static
but rather are context dependent and dynamic [73,74].
Tracking the enzyme location over a long period of
time and a large area in cellular environment is possi-
ble for a single enzyme but remains a challenge to
measure the location and activity of multiple enzymes
simultaneously. To address this issue, super resolution
fluorescent imaging and electron-tomograph may
provide an approach to understand such sophisticated
molecular machinery of cells [75,76]. The atomistic
structures of functional nanostructures are essential
in understanding the structure-activity relationship.
The ‘resolution revolution’ of cryo-EM has greatly
advanced the structural elucidation of protein and
peptide nanofibers, as recently summarized by
Egelman et al. [77] The use of cryo-EM for determin-
ing the atomistic structures of nanoarchitecture will
definitely see increased applications, and many useful
insights will be revealed.

Over the last two decades, intracellular peptide nanos-
tructures have received most research attentions because
their potential applications in biomedicine. The use of
enzymatic reactions to generate exogeneous peptide
nanostructures in cells implies the concept should be
applicable for generating intracellular nanostructures of
other molecular building blocks, such as nucleic acids or
carbohydrates, which provide exciting new opportunities.
Further applying enzymatic reactions at the intersection of
chemistry and cell biology would likely lead to many
discoveries. The pathway to future success and ground-
breaking discoveries hinges on the precise engineering of
molecules to facilitate diverse enzymatic reactions [78-80]
within cellular environments. This imperative task
demands a harmonious integration of expertise across
multiple disciplines, bringing together the skills and
insights of chemists, biologists, engineers, and medicinal
scientists. By fostering collaborative efforts among these
diverse fields, we will unlock the potential to unravel the
complexities of cellular processes and pave the way for
transformative advancements in science and technology.
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