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differentiation state of the cells, thus creat-

ing a structure poised for the localization of 

metabolically controlled epigenetic modi-

fications. Alternatively, the production of 

AcCoA in proximity to target genes could 

confer specificity to epigenetic modifications 

(13). Understanding how specific epigenetic 

signatures are driven by the availability of 

intracellular metabolites may reveal new ave-

nues for therapeutically manipulating T cells.

Vodnala et al. found that modulation of 

AcCoA by elevated extracellular potassium 

concentration affects epigenetic mechanisms 

that impinge on T cell function. The short-

chain fatty acid acetate can fuel the intracel-

lular AcCoA pool via AcCoA synthetases such 

as ACSS1. Notably, acetate fuels cancer cell 

metabolism in nutrient-restrictive environ-

ments (14). Competition for acetate in the 

TME might contribute to depletion of the 

intracellular AcCoA pool of lymphocytes and 

exacerbate dysfunction in TILs. Indeed, the 

authors showed that forced expression of 

ACSS1 enhanced CD8+ T cell mitochondrial 

function and persistence, as well as control 

of established tumors in mice (see the figure).

The study of Vodnala et al. suggests a new 

strategy to improve immunotherapy. Adop-

tive cell transfer, which is successful in some 

cancer patients (15), is based on the in vitro 

expansion of TILs, followed by reinfusion of 

the expanded cells to clear the cancer. T cells 

preconditioned with potassium displayed 

greater persistence and self-renewal upon 

reinfusion into tumor-bearing mice, despite 

exposure to the dysregulated environment of 

the TME. This builds on previous efforts to 

modulate the TIL metabolism ex vivo to pro-

mote their persistence and function (5, 15). 

These findings support the possibility that 

metabolic reprogramming, and the manipu-

lation of the CR response or nucleocytosolic 

AcCoA pools, could increase the antitumor 

efficiency of antigen-specific TILs. It remains 

unknown whether these ideas are also adapt-

able to targeting TILs directly in vivo. j
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NONCOVALENT CHEMISTRY

The construction of 
supramolecular systems
Self-assembly must be transformed 
into multistep synthesis to create complex structures

By Ghislaine Vantomme and E. W. Meijer

S
elf-assembly by intermolecular non-

covalent interactions directed by 

self-recognition created the field of 

supramolecular chemistry (1). How-

ever, the word “self” appears to limit 

this field to mixing components in one 

assembly step where most of the complex-

ity is inherent in the covalently synthesized 

reactants, rather than the result of a series 

of assembly steps that build more complex 

structures in reproducible procedures. The 

paradigm shift in supramolecular chemis-

try that we propose is the building of mul-

ticomponent systems following a multistep 

pathway—the emergence of molecular com-

plexity (see the figure). The latter is not only 

directed by the information stored in the 

covalent framework of the components, but 

also controlled by the kinetics and thermo-

dynamics of the reaction pathways selected 

in processing this information (2).

Although noncovalent synthesis was 

quoted by Whitesides and Reinhoudt in the 

1990s (3, 4), it has never been broadly ac-

cepted nor used. The main reason comes 

from the difficulty in manipulating the 

reactivity of the noncovalent bond, the dy-

namic nature of the structures formed, and 

a lack of physical organic characterization 

of the individual assembly steps. The non-

covalent interactions involve forces weaker 

than their covalent counterparts with a 

larger participation of entropic energy, 

which makes the control of the structure-

energy balance more delicate.

In the proposed multistep approach, 

the gradual construction of well-defined 

hierarchical architectures through mul-

tiple steps should not only simplify and 

accelerate the identification of new archi-

tectures, but also make understanding of 

the interactions involved more logical and 

effective. In this regard, the toolkit of re-

ported single-step reactions is lacking, in 

that the rate of formation of the supramo-

lecular entities, the yield, and the manner 

of purification at each step often are not 

reported. In addition, synthetic strategies 

must be identified that include orthogonal 

directed-assembly methods, compartmen-

talization mimicking cellular processes, 

and catalysts that favor one of the pos-

sible reaction pathways. Recent progress 

has shown that a clever combination of 

sequential noncovalent and covalent re-

action steps can modify noncovalent syn-

thetic products and ready them for another 

round of noncovalent reactions, or stabi-

lize products once they are formed (5).

Both covalent organic chemistry and na-

ture are sources of inspiration for arriving at 

complex structures. Most organic chemistry 

reactions do not proceed with 100% atom 

efficiency because of activation barriers and 

the need for protective groups. Moreover, 

they are controlled through kinetics rather 

than thermodynamics. These aspects are crit-

ical to selectively adapt the reactivity of the 

noncovalent bonds in complex architectures 

and perform chemical reactions without in-

terfering with the assembled structures.

Nature uses a complex interplay of dis-

sipative molecular networks structured 

and compartmentalized into highly orga-

nized hierarchical architectures coupled 

with balanced interactions. One fascinating 

and inspiring example is the formation of 

the collagen fibrils, beautifully combining 

covalent and noncovalent synthesis. The 

mechanism of their formation has been 

described as a multistep synthetic pathway 

from the transcription of messenger RNA 

inside the cell to the exocytosis of triple 

helices of procollagen, cleaved to form tro-

pocollagen, which assembles into elongated 

fibril structures. This complex succession of 

processes is carefully regulated by control 

mechanisms, which ensure that the compo-

nents interact correctly, detect the errors of 

assembly, and repair them.

Although mimicking this level of control 

is still out of reach for chemists, covalent 

organic syntheses have achieved a stunning 

level of efficiency and precision. What as-

pects can be borrowed for noncovalent syn-

thesis? The ability to target particular sites 

for covalent reactions on a molecule often 

involves additional steps where an other-

wise reactive site is rendered inert through 
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the addition of protecting groups. Catalysts 

are made more selective by the introduction 

of bulky ligands that favor one reaction out-

come over another, especially in stereose-

lective synthesis. Each chemical reaction 

goes from a set of reactants to a final kinetic 

or thermodynamic product and follows a 

stepwise reaction mechanism selected and 

controlled by the external conditions (such 

as temperature, solvent, and reactant con-

centration) and fueled by a continuous flow 

of energy (either heating or the internal en-

ergy of reactants).

Similar principles can guide molecular 

assembly in the laboratory. In terms of sam-

ple preparation, the synthesis of vesicles by 

using cosolvents and sonication followed by 

filtering (6) is an example of noncovalent 

synthesis in a multistep approach to form 

hierarchically ordered structures. Because 

of the weak energies at stake, the forces 

generated by the experimental techniques 

during the sample preparation steps have 

an impact on the architectures formed 

(such as the forces of solvation by mixing 

with a cosolvent, or mechanical forces cre-

ated by sonication, gravitation, and cen-

trifugal forces in vortex tubes and Peltier 

cooling cells). These tools are frequently 

used to break kinetically trapped structures 

and manipulate the energy of competitive 

interactions (7). However, these forces have 

not been implemented commonly in nonco-

valent synthesis and will require the estab-

lishment of new experimental protocols to 

describe and standardize the processes.

In terms of spatial isolation, surfaces 

offer a platform for directing assembly to 

create structures with controlled hetero-

geneity. The layer-by-layer deposition of 

charged polymers (8) is one example, which 

has proven to be a powerful method to 

make functionalized stratified multilayers 

films with unique properties. Surface struc-

turing by noncovalent synthesis is steered 

by growth mechanisms competing between 

kinetics and thermodynamics.

Nucleation events can also direct assem-

bly. Stepwise nucleated supramolecular po-

lymerization of different building blocks (9) 

is a way to take control over kinetics and 

select the pathway of choice. Equally impres-

sive is the progress in understanding details 

about the mechanism of multicomponent as-

sembly processes in competition, measuring 

their kinetics and selecting preferred path-

ways (2). Here, the measurements are com-

plemented with detailed simulations and 

mathematical analyses. Crucial to arriving 

at this point is the groundbreaking develop-

ment of and progress in highly sophisticated 

techniques, such as transmission electron 

microscopy under cryogenic conditions, 

superresolution microscopy, in situ atomic 

force microscopy, and scattering techniques. 

These techniques not only allow the determi-

nation of structures at the nanometer level, 

but also provide detailed information about 

the molecular dynamics so characteristic of 

supramolecular systems.

Similar to sophisticated covalent syn-

thesis, the devil is in the details for non-

covalent synthesis, too. The formation of 

noncovalent structures is mostly performed 

under ambient conditions. However, to en-

large the energies experimentally reachable 

and fine tune the reactivity of the nonco-

valent bond, noncovalent synthesis has 

to be explored at low temperature, in dry 

solvent (10), and under inert atmospheres. 

So far, pathway selection is achieved by 

tuning kinetics at different temperatures 

and solvents, but why are catalysts hardly 

available to direct the noncovalent reaction, 

such as a template or chaperone? From the 

knowledge gained by a stepwise approach, 

new concepts should logically emerge, such 

as toposelectivity, the selective reactivity in 

one physical direction over all others pos-

sible. Many more of these questions ought 

to be answered to obtain a toolbox that 

enables retrosynthetic approaches rivaling 

those seen in covalent chemistry.

The questions on synthetic strategies of 

noncovalent synthesis are still in their excit-

ing early stages and hold a promising future 

for the construction of functional adaptive 

materials with well-defined morphologies 

(11, 12). To initiate this paradigm shift is to 

recognize that the sample preparation has a 

huge impact on the structures formed, and 

it requires  rigorous reporting of the details 

in publishing, replacing the current sto-

chastic method of exploration of available 

structure-energy combinations of the sys-

tem. Assembly processes require very rigor-

ous protocols, documenting procedures so 

that noncovalent synthetic routes are re-

producible and can be repeated in multiple 

laboratories. Applications could include ar-

tificial extracellular matrices (13) and mate-

rials for soft robotics (14, 15). j
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Covalent synthesis
Organic chemistry began with single-step reactions of pairs of molecules. Strategies such as the use of protecting 
groups and catalysts enable the synthesis of complex molecules through multistep reactions.
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Noncovalent synthesis
Single-step self-assembly of a few components, such as small molecules or polymers (red and blue), must shift to 
multistep synthetic strategies to mimic complex biological structures such as the extracellular matrix.
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A paradigm shift to noncovalent synthetic chemistry
Supramolecular chemistry must follow the same trajectory as organic chemistry to make complex 

structures that mimic those found in nature.
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