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Supramolecular Chemical Biology: Designed Receptors and 
Dynamic Chemical Systems 

Ignacio Alfonso*a 

Supramolecular chemistry focuses on the study of species joined by non-covalent intreactions, therefore dynamic and 

relatively ill defined structures. Despite being a well-developed field, it has to face important challenges when dealing with 

the selective recognition of biomolecules in highly competitive biomimetic media. However, supramolecular interactions 

reside at the core of chemical biology systems, since many processes in Nature are goberned by weak, non-covalent, strongly 

dynamic contacts. Therefore, there is a natural connection between these two research fields, which are not frequently 

related or sharing inetrests. In this feature article, I will highligh our most recent results in the molecular recognition of 

biologically relevant species, following different conceptual approaches from the most conventional design of ellaborated 

receptors to the less popular dynamic combinatorial chemistry methodology. Selected illustrative examples from other 

groups will be also included. The discussion has been mainly focused on systems with potential biomedical applications. 

Introduction 

Supramolecular chemistry is a mature discipline that has found 

applications in different fields of science and technology, from 

materials science, energy or biomedicine.1 From its foundation, 

supramolecular chemistry has used Nature as a source of 

inspiration since natural chemical species are often held by non-

covalent contacts.2 Just to mention some examples, we can 

recall the complementary base pairing of nucleic acids, the self-

assembling of lipids in cell membranes and the specific 

recognition of proteins towards small molecules (enzyme 

substrates or cofactors) or other proteins (microtubules or 

protein-protein interaction regions). Thus, also supramolecular 

concepts and approaches are at the heart of chemical processes 

within biological environment.3 On the other hand, in the last 

decades, the study and modulation of biological processes with 

chemical tools has experienced an important development, as 

a way to improve their understanding at molecular level.4 This 

knowledge paves the way towards more personalized and 

selective tools for both early diagnosis and efficient therapies.5 

Accordingly, there is a close connection between the concepts 

and methodological approaches of supramolecular chemistry 

and chemical biology.6,7 By promoting a parallel development in 

fundamental ideas and in experimental or theoretical 

approaches, both subdisciplines would be mutually benefitted 

and improved.8 This feature article proposes to facilitate a 

dialogue between these subareas for a common development 

in order to achieve some of the current goals in chemical biology 

by taking advantage from the supramolecular chemistry 

knowledge. As a payback, the main challenges in 

supramolecular chemistry could be faced by considering 

biomimetic benchmark systems, also leading to real-life 

applications in different areas related to healthcare and well-

being.  

Main challenges of supramolecular chemistry in 
biological systems 

In spite of the important development of supramolecular 

chemistry since its early definition, challenges are still evident. 

Thus, for the molecular recognition or self-assembling of non-

covalent complexes, these must desolvate in order to expose 

the corresponding and complementary binding epitopes (Fig.1). 

This unavoidable need becomes a true hurdle in the case of 

biological environments. The main solvent in biology is water, a 

highly polar, H-bond donor and acceptor solvent and 

accordingly very competitive for most polar non-covalent 

interactions.9 Thus, hydration energies are often very high for 

bio-relevant as targets, meaning a first barrier to overcome for 

molecular recognition to be done in pure water.10 Moreover, 

abiotic fully synthetic receptors commonly suffer from low 

solubility, aggregation propensity or undesired folding 

promoted by the presence of water (due to the well-known 

hydrophobic effect).11 These facts make the molecular 

recognition process challenging in pure water. Additional issues 

source from the accurate control of important parameters in 

aqueous environments, such as the pH of the medium or the 

presence of competing salts (ionic strength), which could 

preclude the suitable host-guest matching by protonation-
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deprotonation processes or shielding of the electrostatic 

interactions.3 

 

Fig. 1. Schematic representation of the challenges for biomolecular recognition: 

strength, selectivity and competition of the aqueous medium. 

Apart from aqueous media, other environments are key for 

biological processes. For instance, cellular or organelle 

membranes are dynamic heterogeneous media with a polarity 

gradient that goes from an ion-rich surface to a hydrophobic 

core that resembles the polarity of aliphatic alkanes. Besides, 

these hydrophobic barriers are present in any type of chemical 

biology work, whether the molecular recognition occurs within 

biological membranes or in the aqueous cytosol. Thus, for a 

synthetic receptor or ligand to play a role inside the cell, this 

must cross the cell membrane taking advantage of the multiple 

mechanisms available.12 

Another important hurdle in supramolecular chemical biology 

studies is the efficiency of the molecular recognition process, 

which is closely related to the effective concentration of the 

systems in the place of action. The binding constants needed for 

a molecular recognition useful in biological media must be in 

the same orders of magnitude of those already present in the 

corresponding biological networks. Despite strong host-guest 

systems reported in literature,13 typical binding processes in 

conventional supramolecular chemistry are in the range of 

millimolar values of the dissociation constants, which is often 

insufficient for the potency required in chemical biology.14 This 

handicap is additionally complicated by the fact that in 

biological systems, apart from the thermodynamic strength of 

the complexes, the exchange rate of the binding must be 

considered.15 The dynamic nature of the biological systems is 

closely connected with probably the challenge most difficult to 

achieve in supramolecular chemical biology: selectivity. 

Biological processes are held by a complex network of 

interacting species, crowded and confined within the cell 

volume. This makes necessary to design the corresponding 

supramolecular species able to bind the given target within a 

dense soup of competing species. High selectivity leads to 

specificity, which is a key factor in this scenario. For instance, 

high selectivity of recognition of a substrate as an inhibitor of a 

biological pathway reduces the potential appearance of side 

effects when developing hits for therapeutic applications. 

Conversely, in case of designing a putative supramolecular 

sensor,16,17 specificity is fundamental for a diagnostic tool 

avoiding false positives or the absence of signal in real samples.  

Considering the complex process for designing supramolecular 

systems able to work in biological environments, the rate for 

success is often low, starting from tedious long syntheses with 

frustrating molecular recognition outcomes. In our own 

experience, it is advisable taking into account the inner 

complexity of biology as a designing conceptual parameter.18,19 

In this feature article, examples using two main approaches will 

be discussed. In general, the more conventional design of 

receptors is time consuming but more predictable results can 

be obtained when starting from well-established moieties or 

frameworks. Alternative approaches using dynamic covalent 

chemistry20,21 have the advantage of less synthetic effort, since 

the target itself selects the best receptor. On the contrary, 

results are more difficult to predict and many control 

experiments must be planned to avoid chasing false positives. 

Thus, dynamic combinatorial chemistry (DCC)22 proposes the 

creation of a dynamic mixture of interconverting species (a 

Dynamic Combinatorial Library, DCL) made of building blocks 

joined by dynamic covalent bonds. The DCL is responsive to 

stimuli, and the presence of a given target biomolecule (a 

template) will shift the DCL to the preferred formation of the 

best binder (Fig. 2). This methodology allows the identification 

of receptors for either small molecules and ions, or larger 

biomacromolecules.23 However, due to the dynamic and 

reversible nature of the chemical bonds joining the building 

blocks of the DCL, these must be either frozen or substituted by 

a robust and non-exchangeable isosters. For instance, imines 

are usually reduced to the corresponding amines and 

disulphides can be substituted by thioethers. This process can 

modify the observed selectivity or binding properties of the 

initially amplified members, meaning a potential drawback of 

the methodological approach. 

 

Fig. 2. Dynamic Combinatorial Chemistry (DCC) approach to the identification of hosts 

for either small molecules and ions or larger biomacromolecules, used as template. 

Molecular recognition of ions 

Ions play a fundamental role in many biological processes, such 

as the maintenance of cellular homeostasis or the membrane 

potential. Accordingly, its importance in the normal function of 

Information

Dynamic covalent reaction

Molecular recognition moiety

Template

DCL
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the cell is related to serious diseases in case of failure. The ion 

imbalance mechanism can be exploited for the design and 

development of potential drugs.24–26 A prototypical example is 

the recognition and transport of chloride through lipid bilayers 

as a model for the cell and organelle membranes.25 Recently, 

other ions have also attracted attention.27–30 This topic has 

become a very active research topic that combines anion 

molecular recognition approaches with membrane biophysical 

assays.31 The complexity of the systems is reflected in the fact 

that the process is not fully understood32 nowadays and 

relevant steps are needed in that direction.33,34 The 

development of efficient ion transporters is fundamental to 

propose molecular tools for the replacement of the activity of 

defective natural transporters, like for the treatment of cystic 

fibrosis.35–37 Moreover, the induced ion transport can be used 

to kill malignant cells as a mechanism of cancer 

chemotherapy.32,36,38 Several issues must be considered within 

this topic. First of all, putative transporter must be minimally 

soluble to be dispersed in aqueous medium, but hydrophobic 

enough to be efficiently transferred to the lipid bilayer and 

remain there. Moreover, the ion transport is a kinetic process 

for which the ion must be strongly complexed to be dehydrated 

but the ion-transporter complex should be labile enough to 

release the ion for an efficient turnover. Besides, for the process 

to be effective, the transporter must travel between the two 

membrane surfaces (a polar environment) by crossing a very 

hydrophobic environment. This makes the overall process a 

complex one that depends on many physicochemical 

parameters like the ion binding constant, lipophilicity, 

diffusiveness or conformational behaviour.32 Moreover, 

selectivity is an issue in this case, since lack of specificity is 

closely related to undesired side effects in case of biomedical 

applications. Very clever and elegant approaches to implement 

selectivity have been recently developed, such as the inclusion 

of photochemical or redox stimuli.39  

The effect of pH of the medium has been also proposed as a 

suitable stimulus,40 since the increased metabolism of cancer 

cells produces an intracellular alkalinization and an extracellular 

acidification, leading to an acidic microenvironment around 

solid tumours.41 Thus, receptors able to increase ion transport 

in slightly acidic pH values would be able to selectively kill 

cancer cells without affecting those healthy cells surrounded by 

neutral or slightly basic medium. Several groups have 

developed ion transporters with those pH-dependent transport 

ability,42–47 but requiring a pH-range much wider than that 

observed in cancer cell biology. Within this specific topic, we 

have been working for more than one decade with small 

tripodal pseudopeptidic cages that are able to strongly bind 

chloride anion when they are partially protonated (Fig. 3a).48 

Interestingly they showed a high selectivity for chloride versus 

the very similar fluoride and bromide anions, as demonstrated 

by 1H NMR titration experiments in aqueous acetonitrile and by 

X-ray diffraction of single crystals in the solid state.49 The 

selectivity is due to a size matching with the inner cavity of the 

cage that nicely hosts chloride but is not suitable for the larger 

bromide halide, while smaller fluoride allows water molecules 

to compete for the cage binding pocket. This size matching is 

reflected on the strong binding constant (Ka ≈ 104 M-1) of 

protonated cages towards chloride in aqueous acetonitrile, that 

is retained regardless the nature of the side chain, suggesting a 

conserved binding pocket for the anion, as confirmed from the 

crystal structures of several cages (Fig. 3b). Actually, the 

syntheses of the cages themselves were improved when 

chloride was added as template during the triple nucleophilic 

substitution reaction.48,49 

 

Fig. 3. (a) Chemical structures of the pseudopeptidic cages able to selectively bind 

chloride anion when protonated. (b) Solid state structures for the tetra chloride salt of 

selected cages showing the bound anion within the cage cavity as space filling green 

sphere (carbon colour code as in the depicted side chain, non-polar H atoms, 

crystallization solvent molecules and additional chloride anions are omitted for clarity). 

(c) Schematic representation of the mechanism for the H+/Cl- symport mediated by the 

cages, which would lead to a pH-dependent cancer cell cytotoxicity. 

The protonated cages transport chloride through lipid bilayers 

by a H+/Cl- symport mechanism (Fig. 3c), with differential 

effectivity depending on the nature of the amino acid side chain 

decorating the external surface of the cages. The necessary 

protonation allowed us to identify some cages derived from 

aromatic amino acids that improved their chloride transport 

properties when a slightly acidic pH gradient is imposed, similar 

to the one expected around solid tumours.50 Thus, the 4-F-Phe 

derived cage (1f) is a better HCl transporter at slightly acidic pH 

pHe < 7.0

HCl

HCl

CELL DEATH

a)

b)

c)
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values as demonstrated by Ion Selective Electrode and 

fluorescence measurements. Concomitantly, it is able to 

dissipate those pH gradients, therefore impacting on the overall 

ionic transmembrane imbalance. Satisfyingly, this property 

correlates with its pH-dependent cytotoxicity against human 

lung adenocarcinoma cells: a five-fold increase in cytotoxicity 

was observed for cells grown in slightly acidic pH values 

mimicking those found around solid tumours.50 The intriguing 

effect of the fluorine atom must be related to the fine tuning of 

the corresponding physicochemical properties that modulate 

the activity of the cage as potential therapeutical ionophore in 

cancer chemotherapy. 

Molecular recognition of small biomolecules 

Recognition of small molecules in biomimetic environment is a 

hard task because their usually high hydration energy must be 

compensated by the interactions with the receptors. This is 

specially challenging when dealing with ionic51 or zwitterionic52 

structures. In a recent work, Quesada and co-workers described 

a pincer-like receptor for lactate anion that is able to bind this 

hydroxy acid in competitive media.53 Moreover, this receptor 

transport the substrate through lipid bilayers with a remarkable 

efficiency, meaning the first example of a transporter for this 

type of molecules. The recognition of amino acids is also very 

appealing for the development of sensors or ligands able to 

recognize these motives in water. For instance, receptors 

against N-methyl lysine54 or N-acetyl lysine55 have been 

reported, with a potential activity in the histone biology. Also 

the binding of proline and its transport through cell membranes 

has been recently described.56 

In our group, we have used an alternative DCC approach for the 

selective and efficient recognition of cysteine amino acid, both 

in the reduced and oxidized forms. Starting from a curiosity-

generated DCL of pseudopeptidic disulphides,57 we identified 

the spontaneous assembling between a tripodal (2) and a 

bipodal (3) building block with Cys, leading to a heterotrimer 

stabilized by the recognition of the zwitterionic form of Cys and 

a favoured disulphide bond within a folded compact 

conformation (Fig. 4). The stability of the structure was 

established as dependent on parameters like pH or ionic 

strength, with a very good correlation with the proposed 

recognition motif.58,59 Considering the high specificity, we used 

that dynamic system to prepare a dynamic covalent mixture 

that renders a fluorescent response in the presence of Cys and 

cystine, by including the monopodal building block 4 in the 

mixture. The presence of Cys or cystine rearranges the initially 

complex DCL for the formation of the very stable heterotrimer, 

releasing the disulphide of thiol 4, which exhibits a strong 

excimer emission in a folded conformation in aqueous media. 

The excimer/monomer emission ratio can be used to quantify 

the amino acid and its oxidized form even in the presence of 

other biologically relevant thiols or a large excess of other 

amino acids. Remarkably, this dynamic sensing system is able to 

detect the amino acid even in biological human fluids like urine, 

as a prospective diagnostic tool for cystinuria.60 

 
Fig.4. DCL for Cys recognition and fluorescent sensing in biorelevant environment. 

Among other small biomolecules, mono- and disaccharides are 

specially challenging, for several reasons. First, the 

polyhydroxylated structure mimics a cluster of water molecules, 

precluding desolvation of the substrate and binding to the host. 

Moreover, the large number of chiral centres produces a wide 

range of stereoisomers with very subtle structural differences, 

making selectivity a specially challenging goal. Within this 

aspect, the group of Davis has mastered the design of extremely 

efficient synthetic receptors for carbohydrates with a common 

structural motif, the so-called temple receptors (Fig. 5).61 Over 

the years, Davis’ group has optimized their structure by tuning 

the binding epitopes complementary to the hydroxyl groups by 

H-bonding (red moieties in Fig. 5) and to the aliphatic core of 

the sugars by stablishing CH-π interactions62 (blue in Fig. 5). 

Within this design, several hosts have been prepared. For 

instance, a prototypical example is macrocycle 5a, which 

represents a simple and accessible synthetic lectin due to its 

easy preparation and similar behaviour to the natural 

carbohydrate-biding proteins. A combination of fluorescence, 

NMR and ITC rendered a modest Ka = 56 M-1, although the 

compound can be used to detect glucose in aqueous media. 

However, compound 5 shows moderate selectivity, which 

means a drawback to be used in biological environment. 

Actually, a structurally related host 5b was described to be very 

strong binder of purine and pyrimidine bases with affinities 

rising up to 107 M-1 in aqueous buffer.63 
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Fig. 5. General design of a temple receptor for saccharides and selected examples. The 

polar H-bonding columns are depicted in red while the aromatic non-polar roofs and 

floors are blue coloured. Peripheral solubilizing groups (R), anionic at neutral pH in water, 

are shown in black. 

The same group prepared more elaborated generations of 

temple hosts for different types of carbohydrates, mainly by the 

extension of the aromatic floor and roof, or the increasing of the 

number of H-bonding columns.61 This systematic knowledge 

allowed them to optimize an extremely efficient receptor (6 in 

Fig. 5) that is characterized by minimalistic aromatic CH-π 

recognition motives but a more elaborated H-bonding network 

to host the all-equatorial OH groups of glucose.64 The measured 

binding constant towards β-D-glucose goes up to 18000 M-1 

with a remarkable selectivity versus other simple carbohydrates 

and other biomolecules and drugs. As a matter of fact, the key 

macrobicyclization step in the synthetic scheme of 6 can be 

improved by the presence of β-D-glucopyranoside, meaning an 

important template effect.65–67 More remarkably, the receptor 

is able to operate in cell culture media and in human blood 

serum, which clearly demonstrates the future utility of 6 in real 

world for glucose sensing68 and monitoring or glucose-

responsive insulin applications. 

Saccharides have been used as templates also in DCC studies. 

Thus, a dynamic mixture of macrocyclic peptide disulphides was 

used for the molecular recognition of mono- and di-saccharides, 

with remarkable amplification of the macrocycles containing His 

and Tyr amino acids (Fig. 6).69 Interestingly, two considerably 

different targets were possible to recognize, namely N-acetyl 

neuraminic acid (NANA) and trehalose disaccharide. Further 

binding studies revealed the formation of complexes with 1 : 1 

and 1 : 2 receptor : sugar stoichiometry.70 Besides, parallel and 

antiparallel macrocyclic disulphides can be obtained with some 

differential binding behaviour. The His-containing macrocycles 

recognize one or two molecules of NANA, while the Tyr receptor 

binds just one molecule of trehalose. These facts would have 

been difficult to predict from molecular design, underscoring 

the potential of DCC for discovering unexpected receptors.  

 

Fig. 6. Disulphide peptide macrocycles identified as efficient receptors for NANA and 

trehalose. 

During a collaborative work, we have also contributed to the 

field of monosaccharide recognition by designing an extremely 

simple DCL of imines from isophthaldehyde and several amines 

and amino acids in aqueous carbonate buffer at pH 10 (Fig. 

7a).71 Different aldoses and ketoses were tested as templates of 

the DCL of imines, and in situ reduction allowed the 

identification and quantification of the amplified receptors, 

which were consequently synthesized at preparative scale, after 

reasonable structural simplifications (Fig. 7b). Isothermal 

titration calorimetry (ITC) confirmed that the observed 

amplifications correlate with the binding of the ligands to the 

sugar structures, being 8a,b the most efficient ones. Actually, 

8b showed a remarkable affinity (Ka ≈ 1700 M-1) and high 

selectivity for fructose over other monosaccharides (>50-fold) 

in pure water. Molecular modelling of the proposed complexes 

suggested that this selectivity arises from the specific H-bonding 

network within the anomeric moiety of β-D-fructopyranose 

form in addition to several CH-π interactions with the aromatic 

rings of the ligand (Fig. 7c). Despite this very simple host is far 

from finding practical applications, this study demonstrates the 

ability of DCC as a mechanism to discover unexpected binding 

motifs and systems for challenging biomolecules. 

Molecular recognition of biomacromolecules 

Molecular recognition of specific sequences in polypeptides is 

another biologically relevant but extremely difficult task.72 

Apart from the general issues on biomolecular recognition, the 

secondary structure and conformational flexibility of 

polypeptides add additional complications on the design of 

specific hosts. Some relevant groups have proposed different 

receptors able to recognize sequences or solvent exposed 

regions of proteins and peptides.73–81 The general background 

in these receptors consist of a hydrophobic cavity surrounded 

by polar interactions, leading to the efficient binding of specific 
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Fig. 7. (a) Sugar- templated DCL. (b) Simplified monosaccharide hosts thus identified. (c) 

proposed model for the interaction of 8b with β-D-fructopyranose (green C-atoms). 

sequences.54,75–77,82–84 In a long-term research project on the 

recognition of peptide sequences, we have designed large 

pseudopeptidic cages with a bigger cavity flanked by two 

aromatic rings and several polar groups (9a-d, Fig. 8a).85 The 

modular design of the synthetic scheme allowed us to prepare 

a large variety of cages decorated with different amino acid side 

chains. A systematic binding screening using fluorescence and 

NMR titration experiments, as well as ESI-MS competition 

assays identified di- and tri-peptide sequences bearing an 

aromatic amino acid (Phe or Tyr, but not Trp nor His) as suitable 

substrates.86 Further structural (NMR, fluorescence and 

molecular modelling) studies combined with Ion Mobility Mass 

Spectrometry suggested the inclusion of the Tyr side chain 

within the inner cavity of the cage, stabilized by aryl-aryl and H-

bonding interactions.87,88 Moreover, sequence selectivity was 

also achieved by secondary interactions between the external 

side chains of the pseudopeptidic cages and the amino acids 

surrounding the Tyr residue in the peptide substrates. Thus, 

electrostatic complementary contacts rendered stronger 

binding than those presenting residues with the same charge 

sign.88 Remarkably, this recognition can be translated to 

polypeptides containing these binding motifs, as clearly 

reflected when using specific random peptide co-polymers 

containing Tyr and different number of either Glu or Lys 

residues.89 Combination of fluorescence titrations with 

relaxation and diffusion-filtered NMR experiments 

demonstrated the selective and strong binding of large Tyr-

containing polypeptides in buffered aqueous media (Fig. 8b).  

 

Fig. 8. (a) Chemical structures of large pseudopeptidic cages 9a-d designed to bind Tyr aromatic amino acid side chains in peptides. (b) Molecular model for the interaction of CyLys 

with the Ac-EEYEEEEYEEEEYEE-NH2 peptide. (c) Schematic representation for the mechanism of inhibition of TK-mediated phosphorylation of Tyr-containing peptides (blue) mediated 

by the pseudopeptidic cages (orange). (d) Molecular model for the complex between CyHis and the Val5AngII peptide (sequence: DRVYVHPF). In (b) and (d), non-polar H-bonds are 

omitted, H-bonds and salt bridges are shown by black and pink dashed lines, respectively, and the peptide substrates are represented with green C-atoms. Both minimized structures 

show a Tyr residue included within the cage cavity with the phenolic OH setting H-bonds with different functions of the cage. 

a)

b)

d)

c)

9a-d
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The efficient binding of Tyr residues has important biological 

implications. Thus, Tyr phosphorylation by protein Tyr kinases 

(TK in Fig. 8c) is a key process in cell regulation and closely 

related to serious diseases.90,91 The efficient inclusion of Tyr side 

chain within the cage structure protects the residue from the 

action of the TK enzymes, as demonstrated by phosphorylation 

assays with different peptide sequences as substrates of Src 

TK.92,93 Satisfyingly, the inhibition of Tyr phosphorylation 

mediated by the cages correlates with their binding affinity 

towards the peptide substrates, as measured by fluorescence 

titration experiments.93 Moreover, the cages show promising 

substrate selectivity depending on the peptide sequence close 

to the Tyr, even for peptides bearing additional aromatic amino 

acids (Fig. 8d).93 Moreover, the generality of the strategy was 

demonstrated with a different TK enzymes. This TK-modulation 

allows protecting a defined Tyr-containing protein or peptide 

without affecting the activity of the TK enzyme towards a 

different substrate. Since a given TK is often implicated in 

several signalling pathways and in the modification of different 

proteins, this appealing approach has the potential to 

complement and improve the usually low specificity of available 

TK inhibitors.90,94  

Despite being major biomacromolecules with key functions in 

biological systems, the selective molecular recognition of 

polysaccharides remains a scarcely explored field. The group of 

Davis also reported a seminal work on the design of a temple 

receptor able to recognize cellulose, chitin and related 

biopolymers.95 Thus, temple receptor 10 with extended pyrene 

rings and wider portals form very stable complexes with all 

equatorial β-pyranoside oligomers as confirmed by NMR and 

ITC titration experiments. Very remarkably, the threading of the 

substrates within the host cavity (Fig. 9) was demonstrated by a 

combination of detailed NMR experiments (including NOE) and 

molecular modelling. These threaded structures are retained 

with polymeric cellulose and chitosan leading to unique 

polypseudorotaxane complexes observable by Atomic Force 

Microscopy on mica surfaces. This unprecedented molecular 

recognition system could facilitate exploitation of cellulose by 

improving solubility of the corresponding fibres, or the 

manipulation of biotechnologically relevant chitosan for tissue 

engineering. 

Another interesting group of polysaccharides are 

glycosaminoglycans (GAGs) that play an essential role in cell 

signalling and communication, being implicated in key serious 

pathological processes like cancer metastasis or viral 

infection.96,97 They are present in the extracellular matrix (ECM) 

either alone or conjugated with lipids and proteins, meaning the 

external face of mammalian cells.98,99  

 

Fig. 9. Macrobicyclic receptor for the binding of β-pyranoside polysaccharides in water. 

The molecular recognition process occurs by threading the biopolymer through the host 

cavity in a pseudorotaxane structure. 

GAGs are characterized by the repetition of highly anionic 

saccharides, leading to strongly hydrated and flexible 

polymers.100 These facts make them extremely difficult targets 

for molecular recognition by design, as they lack of conventional 

binding pockets. Therefore, we hypothesized that GAGs could 

be the ideal templates for DCLs, since this approach does not 

require a detailed knowledge of the target structure. As a 

prototypical GAG, we selected heparin (see structure in Fig. 

10a) which is the biopolymer with the highest negative charge 

density described so far. Heparin is a broadly used drug, mainly 

as anticoagulant101,102 but also employed in cancer103 and 

infections treatment.104 As a proof of concept, we selected a 

natural polyamine (spermine) that must be protonated in water 

at neutral pH105 and thus it would interact with the sulphates 

and carboxylates of the GAG.106,107 Additional CH-π interactions 

were implemented with a mixture of aromatic aldehydes 

leading to a dynamic mixture of structurally varied imines.108 In 

situ reductive amination of the DCL in the absence and presence 

of heparin rendered 11a as an amplified member of the library. 

We prepared the ligand at preparative scale to confirm its 

strong binding to heparin at the low micromolar range, using a 

combination of ITC, NMR and fluorescence spectroscopy. The in 

vitro activity of the ligand was also tested with an enzymatic 

cascade reaction closely related to blood coagulation (Fig. 10c), 

which showed the ability of 11a to revert the inhibitory effect 

of heparin. Very remarkably, a closely related ligand (11d) that 

was not amplified in the DCC experiments show weak binding 
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Fig 10. (a) DCL of imines from spermine and a mixture of aromatic aldehydes, by reductive amination reaction and using heparin as template. Some selected representative spermine 

structures there studied are also shown. (b) Illustrative snapshot from molecular dynamic simulations performed with a heparin oligomeric model (orange) and six molecules of 

compound 11b (green). Non-polar H-atoms are omitted for clarity, H-bonds and CH-π interactions are shown in yellow and pink dashed lines, respectively. (c) Schematic 

representation for the enzymatic reaction used to test the in vitro activity of the identified ligands as reversal agents of heparin anticoagulant. In brief, the ternary complex [ATIII-

Hep-FXa] inactivates the FXa protease, while strong heparin ligands dissociate this complex releasing FXa, which triggers the hydrolysis of a peptide substrate mimicking those related 

to the coagulation cascade. (d) The biological activity of the spermine derivatives in mice blood was additionally confirmed by ex vivo and in vivo experiments. 

to heparin and no in vitro activity.108 In a later study, we 

expanded the molecular diversity of the DCL by increasing the 

number and structural variety of the corresponding aldehydes. 

In this way, we identified two additional ligands (11b and 11c) 

that were more amplified than 11a in competition 

experiments.109 Binding studies using Surface Plasmon 

Resonance (SPR) and fluorescence titrations rendered 

submicromolar affinity of 11b-c towards different forms of 

heparin. Structural studies by NMR (including DOSY) and 

molecular dynamics simulations (Fig. 10b) confirmed the 

formation of stable complexes in water, by the polyamines 

wrapping around the GAG and establishing polar (coulombic 

contacts and H-bonds) and non-polar (CH-π) interactions. The 

corresponding enzymatic tests (Fig. 10c) of amplified and non-

amplified members of the DCL served as a definitive validation 

of the screening protocol, since we found a very good 

correlation between the corresponding amplification factors 

and the in vitro activity. The most efficient ligands (11b-c) were 

additionally assayed as heparin reversal agents in more 

challenging and meaningful environment. Thus, both ex vivo 

coagulation experiments with freshly extracted mice blood and 

in vivo tests using the tail transection assay showed a dose-

response efficient activity as heparin antidotes (Figure 10d).109 

Accordingly, these works demonstrated how supramolecular 

principles can be used for the molecular recognition of 

challenging biopolymer targets, even with potential 

applications in real life as hits towards the development of 

future drugs. 

Molecular recognition and self-assembling in 
specially challenging biological environments 

When dealing with molecular recognition in chemical biology, 

the ultimate goal must be to characterize the supramolecular 

systems in living matter. This objective, despite being appealing 

and necessary for any type of real applications, is extremely 

challenging as living matter is molecularly complex and a 

Hep 0      +       +       +

11b   0        0       +      ++

a) b)

d)c)
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strongly competitive environment for non-covalent 

interactions. 

In this context and as a step further in the development of GAGs 

ligands, we wanted to demonstrate the concept also with other 

structures apart from heparin. As mentioned before, GAGs form 

part of the ECM of mammalian cells, and their structure and 

composition strongly depend on the cell type.110 Moreover, in 

certain pathological processes like cancer metastasis111 or host-

pathogen infection,112 the nature and composition of the ECM 

suffer from important changes, being the GAG composition a 

fingerprint for the characterization of the cell type or its 

progression stage in pathology. With this idea in mind, we 

hypothesized if the native ECM of living cells could be used as 

template in a similar DCL of imines against GAGs (Fig. 11). 

 

Fig. 11. Schematic representation of live-cell-templated DCC experiment targeting the 

GAGs of the ECM. The inset shows a model interaction between the amplified member 

of the library (11a) and chondroitin sulphate A (CDS-A), the main GAG in the ECM of A549 

cells used for de DCC experiments. In the model, non-polar H atoms are omitted, CDS-A 

and 11a are represented with orange and green C-atoms, respectively. On the other 

hand, H-bonds and CH-π interactions are depicted with blue and pink dashed lines, 

respectively. 

Gratifyingly, the reductive amination reaction of a DCL 

generated from spermine and a small selection of aromatic 

aldehydes showed a strong amplification of 11a in the presence 

of human lung adenocarcinoma (A549) cells.113 The 

amplification pattern varies with the cancer cell type (i.e. HeLa 

cells) suggesting that the DCC approach could be used as a cell-

type fingerprint. Moreover, experiments performed in the 

presence of protamine (a small Arg-rich protein) as a competing 

binder, or with A549 cells grown with an inhibitor of ECM 

sulfation, supressed the observed amplifications. These 

experiments identified GAGs as the binding motives for the DCL. 

On-cell NMR experiments with 11a (amplified ligand) and 11e 

(non-amplified ligand) confirmed their reversible non-covalent 

binding to the ECM, being much stronger for 11a. Since 

chondroitin sulphate A (CDS-A) is the most abundant GAG in 

A549 cells, their strong binding to 11a was confirmed by SPR 

and NMR, while illustrated by molecular dynamics simulations 

that revealed the proposed polar and non-polar interactions 

(Fig. 11, inset). This work shows that living cells can be used in 

DCC and brings the supramolecular chemistry concepts to an 

especially relevant and meaningful environment for chemical 

biology. 

Non-covalent self-assembling of designed building blocks inside 

living cells has been also used to target different organelles like 

nucleus or mitochondria, controlling cell fate and viability. Thus, 

short peptide sequences,114,115 DNA nanostructures116 or abiotic 

disulphides117,118 can be exploited in this regard. The key issue 

here is triggering the self-assembling to occur within the precise 

location and timing,119 using chemical117,118 or enzymatic114,115 

stimuli (Fig. 12). There is a promising future of this type of 

systems for cancer treatment, while intracellular 

characterization of the assemblies still represents a challenge 

for which fluorescence imaging or in-cell NMR might play a key 

role. 

 
Fig. 12. Schematic representation of selected mechanisms for the self-assembling 

process inside a live cell. A chemical entity (orange oval) with a modifiable function 

(purple circle) enters the cell (A) and is transformed by a chemical or enzymatic reaction 

(B) to be transferred and aggregated in the nucleus (C). On the other hand, a species 

targeting mitochondria (pink oval) is internalized in the cell (A) and accumulated in this 

organelle, inducing aggregation due to a much higher local concentration (D). 

As a final example of the elegant use of molecular recognition 

for the control of an extremely complex biological process, a 

recent contribution was reported in the field of bacterial 

infection. Thus, cationic pillarenes can be used to efficiently 

encapsulate chemical signals (homoserine lactones) for the 

quorum sensing of pathological bacteria, disrupting their 

intercommunication.120,121 This binding effect precludes biofilm 

formation and improves healing in open wound in vivo models. 

This inspiring supramolecular approach paves the way towards 

an alternative mechanism to fight antimicrobial resistance to 

conventional drugs, which is one of the main current concerns 

in human health.122,123  

Conclusions 

The molecular recognition of biorelevant species is an essential 

topic of research in chemical biology. Thus, processes like the 

reading and transference of the genetic information, cell 
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communication, enzymatic activity or even the integrity of the 

cell rest on the establishment of non-covalent interactions 

between chemical entities. Since chemical biology focuses on 

the study, understanding and intervention of the biological 

processes from a chemical perspective, supramolecular 

chemistry has concomitantly influenced chemical biology. 

Despite their intrinsic connectivity, there are still important 

hurdles for classical supramolecular chemistry to step into the 

field of chemical biology. Efficiency, specificity and, specially, 

water compatibility of the supramolecular systems are essential 

in this regard. Also, temporal and spatial control of the 

supramolecular process to occur can be an issue in case of 

biological complex media. Different approaches for the design 

of biorelevant molecular recognition systems have been 

described in the literature, all of them having pros and cons. In 

our own experience, rational design usually renders more 

predictable outcomes while requiring higher synthetic efforts 

and sometimes leading to frustrating results. Dynamic covalent 

chemistry methodologies are interesting alternatives to speed 

up the identification of hits, although less predictable results 

and false positives are frequently obtained. Templated 

synthesis of designed receptors represents a somehow hybrid 

possibility as already illustrated in the syntheses of several hosts 

(i.e. 1a-h or 6). In any case, no methodology is perfect and 

keeping in mind all the accessible options is strongly 

recommendable.  

Methodological connectivity between supramolecular 

chemistry and chemical biology is also evident when reviewing 

the experimental techniques or concepts supporting the 

hypotheses used in both disciplines. Moreover, the establishing 

of clear structure-activity relationships will benefit 

advancement in the joint multidisciplinary field. 

The final transfer of the research to real-life applications 

requires testing the supramolecular systems in meaningful 

biological environments, which imposes additional hurdles. To 

that, sensitive assays in complex matrices like cells, organoids, 

tissues or even living animals must be developed. Regarding 

that, the early introduction of the matrix in the development of 

the molecular recognition systems is desirable, for which 

methodological alternatives like live-cell-templated DCC or the 

use of high-resolution imaging techniques are especially 

appealing. 
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