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GRAPHICAL ABSTRACT  

 

 

HIGHLIGHTS 

• Effects of tightening a synthetic molecular overhand knot by pulling the strands ends apart 

are revealed by single-molecule force spectroscopy. 

• Quantum chemical calculations indicate that the mechanism of tightening involves sliding 

of part of the entangled region within the knot cavity. 

• A lanthanide ion that templates the entanglement remains coordinated during both 

tightening and the reverse, loosening, process that regenerates the original knotted 

conformation. 
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• The presence of the overhand knot increases the extensibility that the strand can 

accommodate by ~13 kcal mol-1 of mechanical stress compared to an unknotted strand. 

 

SUMMARY  

Little is known regarding the effects of knotting on the mechanical properties of individual 

molecules. Here we report on the force response of discrete synthetic small-molecule trefoil 

knots upon tightening. By combining single-molecule force spectroscopy with QC calculations, 

we provide evidence for the mechanism of tightening. It is associated with a high resisting force 

compared to that for larger protein knots and is modulated by the chemical environment. The 

central metal coordination was found to play a crucial role in the tightening process, and in the 

reverse process that recovers the initial knotted conformation. Due to the compact structure, the 

recovery of conformation after mechanical perturbation is very fast. The tightening is also found 

to play an important role in accommodating mechanical stress. It provides a reserve of 

extensibility; the extra energy that the knotted strand can absorb in comparison with an 

unknotted strand is ~13 kcal mol-1. 

 

THE BIGGER PICTURE 

Molecular level knots and entanglements occur in DNA, RNA, proteins and polymers of 

sufficient length and flexibility. However, to date there are few experimental reports on the 

consequences of molecular knot tightening. Quantifying the response of knots to external stress 

is central to both their usefulness and limitations. Here, the mechanical response of small-

molecule synthetic trefoil knots has been investigated by single-molecule pulling experiments 

and quantum chemistry calculations. The data provide, for the first time, experimental details 

concerning the response of well-defined entanglements to an external load. In addition to the 

rapid reversibility of the tightening process, the tightening force was shown to be modulated in 

different environments. The results are illustrative of the relative rigidity of such synthetic 

small-molecule knots, as well as their high resistance to external loads compared to biological 

knots. The higher extensibility of the knotted molecule, and the extra energy that it can 

accommodate in response to mechanical perturbations in comparison with an unknotted strand, 

has relevance for the design of extended knotted and molecularly woven materials. 
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INTRODUCTION 

At the macroscopic scale, the effect on properties of the mechanical tightening of knots is 

central to both their usefulness1,2 (e.g. nooses, stopper knots, etc) and limitations3,4 (e.g. 

weakening of strands at the point of knotting to different extents depending on the knot 
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topology). Molecular level knots and entanglements occur in DNA,5 RNA,6 proteins7 and form 

spontaneously and randomly in polymers of sufficient length and flexibility.8 However, to date 

there are few experimental reports on the consequences of molecular knot tightening.9-20 

Synthetic small-molecule knots are generally compact, with their conformations constrained by 

the entanglement topology and the number and types of atoms and bonds within the closed-

loop strand.21-41 Entangling molecular strands so that the crossing regions cannot pass through 

each other blocks pathways to particular conformations and alters strand dynamics. These 

effects have led to small-molecule knots showing promising properties for anion binding,42,43 

membrane transport,44 catalysis,45,46 materials,47-50 nanotherapeutics51 and the kinetic 

stabilization52 of supramolecular structures.  

 

For more than two decades, single-molecule force spectroscopy (SMFS) has proved efficacious 

in deciphering mechanistic information of individual biomolecules and in quantifying their 

force response to external stress53-55. SMFS experiments on biological open knots have 

suggested rationales for some of their biological roles10-14. An example of untying a protein 

slipknot has also been demonstrated12,17, as well as the tightening of a protein slipknot into a 

trefoil knot13. In addition to its widespread use with biological macromolecules, atomic force 

microscopy (AFM)-based SMFS has been adapted for the study of synthetic macromolecules 

including polymers56, mechanophores57-60, and interlocked systems61,62. However, only a few 

investigations have been realized on small molecules, successful examples including molecular 

recognition pairing63, helical structures64 and artificial molecular machines prototypes65-70. The 

rarity of such studies stems from the difficulty in developing proper tools and preparing 

appropriate molecules that can be interfaced with SMFS techniques, especially when one wants 

to probe sub-molecular motions. 

 

Here we employ AFM-based SMFS and quantum chemical (QC) calculations to probe the 

mechanics of a synthetic small-molecule trefoil knot, 1 (Figure 1).30 We study a single strand 

containing three tridentate 2,6-pyridinebiscarboxamide units that folds around a nine-

coordinate Lu3+ cation to form an open trefoil (overhand) knot (1).46 We bridge the lanthanide-

coordinated overhand knot between a gold substrate and a gold-coated tip of the AFM 

(Figure 1A). The coordinated Lu3+ cation is known30 to maintain the knotted conformation in 

solution (Figure 1C). The mechanical response of the knot was investigated in different 

environments and compared with the unknotted strand. The force required to mechanically 

tighten the knot was quantitatively measured and the extra energy that the knotted molecule can 

accommodate in comparison with an unknotted one was estimated. The metal coordination was 

found to play a crucial role in the tightening process, and in the reverse process that recovers 

the initial knotted conformation.  

 

RESULTS AND DISCUSSION 
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Knot synthesis and substrate grafting  

The synthesis of overhand knot 1 (chemical structure shown in Figure 1C) followed previously 

published protocols46 using lanthanide metal ions as templates to direct the folding of the 

tri(2,6-pyridinebiscarboxamide) strand in the entanglement of an overhand trefoil knot. To the 

ends of the strand we added poly(ethylene glycol) (PEG) tethers bearing thiolane end-groups 

by CuAAC71 ‘click’ reactions (Section S1). The addition of the disulfide groups and PEG chains 

allowed interfacing of the molecules for AFM experiments. The synthetic procedures and 

characterization data are provided in the SI. Molecules of 1 were grafted in solution onto gold-

coated silicon substrates following a strict protocol to attain a low grafting density and favour 

single-molecule attachments with the tip68,70. 

 

 

 

Figure 1. AFM-based single-molecule force spectroscopy on a synthetic overhand knot. 

(A), Depiction of the interfacing of the molecular knot between the AFM tip and the substrate. 

The knot (in blue) conformation is maintained in solution by coordination to Lu3+ (in green). 

Two functional poly(ethylene glycol) chains are used as tethers for the trapping of the knot 

between the tip and the substrate. The mechanical tightening of the knot is associated with an 

incremental distance of 1.1 nm.  

(B), Characteristic force-distance profile of the knot pulling experiments in 1,1,2,2-

tetrachloroethane (TCE) showing a 1-nm pseudo-plateau. Two worm-like chain (WLC) fits are 
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added in red as a guide to the eye (original to tightened conformation), raw data appear in grey 

dots and the filtered curve in black.  

(C), Chemical structure of overhand knot 1 used for the AFM experiments. 

 

Characteristic force profile 

During standard force spectroscopy experiments, the grafted substrate was immersed in 1,1,2,2-

tetrachloroethane (TCE) and the AFM tip advanced to approach the surface. A contact force 

was applied to favour the attachment of the molecule (1) onto the tip, then the distance between 

the tip and the surface was increased in a controlled manner. During the retraction, the force 

exerted by the interfaced molecule was monitored directly as a deflection of the flexible tip-

bearing cantilever (Figure 1A). A typical force-distance curve is displayed in Fig. 1B and 

features a pattern characteristic of the knot response to the external stress. Control experiments 

performed on the unknotted molecule display only single-peak profiles (Figure S3) 

corresponding to the usual worm-like chain72 (WLC) behaviour of a flexible polymer under 

load. Conversely, when the knot was stretched, we observed a deviation from the typical WLC 

behaviour (WLC fits in red in Figure 1B). This characteristic deviation appears either as a small 

pseudo-plateau or a small peak in the force curve (see also supplementary force curves in Figure 

S4). As shown in Figure 2A, the incremental distance related to the deviation (∆x) is 

reproducible, with a most-probable value at 1.1 ± 0.1 nm. The force associated is 103 ± 5 pN 

(Figure 2B), corresponding to the rupture of weak interactions within the molecular structure. 

The presence of this characteristic deviation results in an increase in the extensibility of the 

molecule. The area between the two WLC curves corresponds to the extra energy that the 

knotted molecule can accommodate73 in comparison with an unknotted one (Figure 2C), i.e. the 

additional energy that a single chain can sustain under an external force if a molecular knot is 

incorporated along the chain. We can indeed consider that a polymer chain with a tightened 

knot is comparable to a single chain of similar length without any knot (in other words, the 

tightened part does not lead to a length increase upon stretching). This energy was determined 

to be 13  1 kcal·mol-1 in TCE (Figure 2D).  
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Figure 2. Characteristic deviation length and force distributions in TCE.  

(A), Distribution of the length increase (∆x) associated with the characteristic deviation from 

the WLC behaviour (pseudo-plateaus and small peaks) in TCE. The most probable population 

is obtained from a multi-gaussian analysis (details in SI) and is centered at 1.1 ± 0.1 nm (in red, 

N=210).   

(B), Distribution of the force of the deviation in TCE. The multi-gaussian analysis returned one 

main population centered at 103 ± 5 pN (in red, N=210).  

(C), Force-distance curve of the knot pulling in TCE fitted with the WLC model (in red) before 

and after the deviation region. The hatched red area between the two WLC fits represents the 

extra energy that the single knot molecule can accommodate.73  

(D), Distribution of the measured value for the hatched area (N=200).   

 

QC calculations and tightening mechanism 

In order to relate the characteristic feature observed in the force curves with the detailed 

behaviour of the molecular knot under load, we performed QC calculations on the Lu3+ 

overhand knot. The calculations excluded the tethers required for the AFM experiments. The 

geometry of 1 was optimized at each step of the extension (by increasing the distance between 

the oxygens at both ends of the thread) and the energy of each optimized geometry determined 

(Figure 3). The values of the energy obtained by the QC calculations describe the potential 

energy curve along which the AFM experiments take place. As such, they do not consider the 

entropic components and the dissipation energy related to the process. In the presence of an 

external force, 𝐹 , the energy barrier is modified proportional to Fd, where d is the 

displacement.74 Nevertheless, the calculated evolution of the molecular geometry upon 

increasing the end-to-end distance is a good illustration of the behaviour of the knot under 

external load. The energy profile in Figure 3 (top) is associated with the optimized geometries 

at selected points of the extension (bottom). First, the molecule was aligned along the pulling 

axis (steps a to c). The sliding of the first sterically hindered unit, here a naphthalene group, 

inside the knot cavity occurs between steps d and f. After this step, the size of the cavity 

decreases and conformational strain appears on the next naphthalene unit of the chain, impeding 

the sliding motion of the connecting ethylene glycol units in the cavity (h to j). A similar 

variation in energy is observed for both the d-f and g-j steps. Finally, the energy increases to 

much higher values for the passing of the second naphthalene unit inside the cavity (j to l).  

 

Between 40-50 Å of extension (d to i), the calculations show a sawtooth pattern, consisting of 

subsequent increases and drops in energy. Figure 3 and Movie S1 show that these steps 

correspond to the sliding of one arm of the knot (ethylene glycol chain bridging both 

naphthalene units, in red in Figure 1C) inside the knot cavity. The distance over which this 

sliding occurs, about 1.2 nm (which corresponds to the length of one arm of the knot), matches 

the ∆x value observed experimentally (1.1 nm).  
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The combination of the analysis of the QC calculations and the characteristic AFM force profile 

of Figure 1B map well onto each other and describe the behaviour of the single small-molecule 

overhand knot under load. First, the force increases following the WLC model, which 

corresponds to the stretching of the flexible tethers. Once the knot is under tension and the 

external load is sufficiently high, one arm of the knot slides inside the knot cavity, this step 

appearing as the characteristic deviation pattern (in green in Figure 1B). The inherent 

experimental noise prevents the identification of individual steps (sliding of the naphthalene 

and the ethylene glycol units) or coordination changes during this molecular motion, as 

evidenced in the QC energy profile. The tightening is complete when the second naphthalene 

unit reaches the cavity and blocks the sliding, as illustrated in Movie S1 and Figure 3 (step j). 

Then the typical extension of the tethers resumes (second WLC in Fig. 1B) until the detachment 

of the chain from the AFM tip at higher force.  

 

In recent SMFS studies employing AFM or optical traps to investigate the tightening of open 

knot proteins, as well as the unknotting of slipknot proteins,12,13,17 representative force curves 

associated with the tightening of such proteins generated only one large peak, corresponding to 

the sliding from the original conformation to the tighten one. The force required to stress protein 

knots is relatively small (< 20 pN). Here, for the small-molecule synthetic knot (1), the original 

conformation is much more constricted, the molecular dynamics more constrained, and metal-

ligand coordination interactions are modified during the tightening process (Section S5). We 

found that a higher force was required to stress the synthetic small-molecule knot (about 100 pN) 

compared to protein knots, reflecting the compact entanglement of the small-molecule knot. 

Each step of the tightening process is taking place at a similar force and over a very small 

distance, resulting in a force profile that appears as a pseudo-plateau. The appearance of small 

peaks instead of pseudo-plateaus can be explained by several experimental parameters: the 

pulling geometry or the fact that the transition occurs in a very short time, approaching the time 

response of the cantilever and possibly hiding some specific features. Given the very small 

revealed length considered here (∆x = 1.1 nm), it is not possible or too hazardous to further 

analyze and distinguish specific behaviours based on the type of profiles.  
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Figure 3. QC calculations of the knot mechanical tightening.  

The distance between oxygens at both ends of the knot strand was increased incrementally with 

the geometry shown at key steps (a to l). The quantum chemical simulations (details in SI) 

returned optimized geometries (bottom) and associated energies (top). A saw-tooth profile is 

observed between steps d to j, corresponding to the sliding motion of three ethylene glycol units 

inside the knot cavity. The distance increase from d to j (in red) matches with the pseudo-plateau 

extension evidenced during SMFS experiments. In the process, the coordination of the Lu atom 

changes substantially (Section S5). 
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Environmental modulation of the knot tightening  

The force required to tighten the overhand knot (1) was probed in different environments. First, 

we performed SMFS experiments in a polar solvent, acetonitrile (MeCN). A representative 

force-distance curve in MeCN is shown in Figure 4A. The force curves display the 

characteristic deviation with ∆x = 1.1 ± 0.1 nm (Figure S5A), similar to the characteristic 

profiles obtained in TCE. The associated force distribution (Figure S5B) presents a population 

at lower forces (64 ± 4 pN) in MeCN, in complete agreement with the destabilizing effect of 

this solvent on metal-ligand coordination interactions.75 A second population of force is also 

found at 134 ± 16 pN, corresponding to cases when a second 1-nm deviation appears at a higher 

force (Figure 4B). These profiles correspond to events where the external force is high enough 

to allow the sliding of the second naphthalene unit within the knot cavity (Figure 3, step l), 

appearing as a second deviation in the force curve. Such behaviours were only observed in 

MeCN, where the metal-ligand interactions are weakened and the sliding is facilitated despite 

the overall compactness of the knot structure. The extra energy accommodated by the knotted 

molecule in MeCN was also determined. The most-probable value observed in MeCN (7  1 

kcal·mol-1) (Figure S6) is about half that observed in TCE (13 kcal·mol-1).  

 

Similar pulling experiments performed on 1 in an even more polar solvent, N,N-

dimethylformamide (DMF), resulted only in single-peak profiles (Figure 4C), without any 

deviation from the typical WLC behaviour, exactly as observed for the unknotted molecule 

(Figure S3). The absence of the characteristic knot tightening profile indicates that the 

coordination interactions have been disrupted in solution, likely causing unknotting of the 

molecule prior to the AFM attachment. This untangling is supported by similar 1H NMR spectra 

for the knotted strand and a linear (i.e. unknotted) strand in DMF-d7 (Figure S2). We can thus 

conclude that the solvent has a strong effect on the stability of the overhand knot, from the 

destabilizing of the intramolecular interactions that maintain the entangled structure in MeCN 

to the complete unknotting of the molecule in DMF.  

 

 

Figure 4. Modulation of the knot tightness in three environments.  

(A), Characteristic force-distance curve of the knot stretched in acetonitrile (MeCN). The 

deviation length (Figure S5A) is similar to that observed in TCE, but the force is lower (64 ± 4 

pN, Figure S5B), evidencing the destabilization of the original knot conformation in this polar 
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solvent. 

(B), Representative force curve with a double deviation profile obtained in MeCN. The second 

1-nm deviation explains the origin of the second force population observed in Figure S5B and 

corresponds to the sliding of the second naphthalene unit inside the mechanically constrained 

knot cavity. 

(C), Characteristic force-distance curve observed for the knot in N,N-dimethylformamide 

(DMF) illustrated by the loss of the characteristic deviation of the knotted conformation in 

favour of a typical single-peak profile associated with an unknotted conformation.  

WLC fits, in red, are added as a guide to the eye. Raw data appear in grey dots and filtered 

curves in black. 

 

Reversibility of the mechanical tightening  

We investigated the reversibility of the mechanical tightening process by performing pulling-

relaxing experiments in TCE. Such custom force measurements consist of stretching a single 

molecule up to a threshold force higher than the tightening force, but without detaching the 

molecule from the tip. Once this force is reached, the external load is reduced by approaching 

the tip back to the surface in a controlled manner (Section S4). In other words, the knot is 

successively tightened and then loosened. During the pulling process (Figure 5, blue trace), we 

observed the characteristic tightening of the knot discussed previously. The relaxing process 

(red trace) revealed a similar pattern, i.e. a characteristic deviation similar to the one observed 

in the pulling curve. This behaviour is different from previous experiments performed on knot 

proteins, where the relaxing curve did not display evidence for reversible dynamics,14 or at 

much lower forces.15,17,18 A closer look at the QC calculations at large end-to-end distances 

revealed a distortion of the aromatic moieties in the optimized geometries (Figure 3). The 

presence of this conformational strain in addition to the compactness of the knot may be what 

facilitates the observation of this reverse sliding of the chain, back to the original conformation. 

It is also clear evidence that the Lu3+ ion remains within the knot and is not expelled from the 

cavity during the tightening process, but modifies its coordination (Section S5) during the 

tightening and stretching process.  

 

These experiments highlight the high stability and fast recovery of the knot conformation after 

mechanical perturbation. We note that the reverse motion shows very little or no hysteresis 

compared to the mechanical tightening, indicative of a non-dissipative pathway.  
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Figure 5. Single-molecule pulling-relaxing experiments in TCE show the reversibility of 

the knot tightening. 

The pulling movement starts away from the substrate (4 nm away from the contact point) with 

a single knot trapped between the tip and the surface. The pulling trace (in blue, raw data) shows 

the characteristic deviation profile corresponding to the mechanical tightening of the knot. The 

extension is stopped before the molecule detaches from the tip, and the tip is then moved back 

towards the surface (relaxing curve in red, raw data). An identical profile is observed during 

the relaxing part, including the reverse deviation. At the end of the relaxing part, the force 

profile follows the original WLC curve (black trace) corresponding to the behaviour of the knot 

before mechanical tightening. 

 

DISCUSSION 

The mechanical response of a small-molecule synthetic trefoil overhand knot (1) has been 

investigated by single molecule AFM pulling experiments. QC calculations provide optimized 

geometries at various increasing extensions of the strand that provide a tightening mechanism 

consistent with the experimental results. The force spectroscopy data show a characteristic 

deviation from the typical stretching of a polymer chain, a pattern corresponding to the sliding 

of one arm of the knot within its cavity, in agreement with the pathway indicated by the QC 

calculations. Advanced force measurements demonstrate that the metal ion remains bound 

within the knot during the tightening experiments, aiding the facile recovery of the original 

knotted strand conformation with no or very little hysteresis. In addition to the rapid 

reversibility of the tightening process, the knot’s tightening force is modulated in different 

environments. The results are illustrative of the relative rigidity of such synthetic small-

molecule knots, as well as their high resistance to external loads compared to biological knots. 

They also provide, for the first time, experimental details concerning the response of such 

topologies to an external load. The higher extensibility of the knotted molecule and the extra 

energy that it can accommodate in response to mechanical perturbations in comparison with an 

unknotted strand should be relevant for the designs of extended knotted and woven 2D48 and 

3D49,50 materials. 
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B. (2018). Dynamics of individual molecular shuttles under mechanical force. Nat. Commun. 

9, 4512.  

68. Sluysmans, D., Hubert, S., Bruns, C.J., Zhu, Z., Stoddart, J.F. and Duwez, A.-S. (2018). 

Synthetic oligorotaxanes exert high forces when folding under mechanical load. Nat. 

Nanotechnol. 13, 209−213.  

69. Sluysmans, D., Devaux, F., Bruns, C.J., Stoddart, J.F. and Duwez, A.-S. (2018). Dynamic 

force spectroscopy of synthetic oligorotaxane foldamers. Proc. Natl. Acad. Sci. USA 115, 

9362−9366.  

70. Sluysmans, D., Lussis, P., Fustin, C.-A., Bertocco, A., Leigh, D.A. and Duwez, A.-S. 

(2021). Real-time fluctuations in single-molecule rotaxane experiments reveal an intermediate 

weak binding state during shuttling. J. Am. Chem. Soc. 143, 2348−2352. 

71. Rostovstev, V.V., Green, L.G., Fokin, V.V. and Sharpless, K.B. (2002). A stepwise 

Huisgen cycloaddition process: Copper(I)-catalyzed regioselective ligation of azides and 

terminal alkynes. Angew. Chem. Int. Ed. 41, 2596−2599. 

72. Marantan, A. and Mahadevan, L. (2018). Mechanics and statistics of the worm-like chain. 

Am. J. Phys. 86, 86−94.  



 18 

73. Marszalek, P.E., Oberhauser, A.F., Pang, Y.-P. and Fernandez, J.M. (1998). Polysaccharide 

elasticity governed by chair-boat transitions of the glucopyranose ring. Nature 396, 661–664. 

74. Howard, J. (2001). Mechanics of motor proteins and the cytoskeleton (Sinauer Assoc.). 

75. Hunter, C.A. (2004). Quantifying intermolecular interactions: guidelines for the molecular 

recognition toolbox. Angew. Chem. Int. Ed. 43, 5310–5324.  

 


