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The thermal motion of long and stiff polymers in a crowded environment is anisotropic and highly 

confined. Understanding the fundamental dynamics of such systems remains an obstacle despite 

theoretical and experimental studies for more than thirty years. Here we describe the dynamics of 

extremely stiff synthetic polymers using time-resolved single molecule fluorescence microscopy and 

demonstrate that individual chains display tube-like motion, as predicted by the theory of De Gennes, 

Doi, and Edwards. We show that in one experiment all characteristic time constants and length scales 

including their distributions in heterogeneous systems can be obtained, providing a detailed 

understanding of polymer dynamics at the single chain level. 

The rheology of polymers in melts and solution that arises from chain entanglement effects has been 

unveiled by the reptation model, which was proposed by de Gennes 1 and extended by Edwards and    Doi 

2. In this model a polymer chain is confined by the surrounding matrix, and moves inside an imaginary 

tube defined by the transient network of entangled neighbouring chains. The polymer molecule cannot 

make transverse movements, and may relax only along the tube in a snake-like fashion (reptation). 

Reptation occurs if several criteria are fulfilled: for instance, the polymer chain should exceed a critical 

length, which depends on the system under investigation. Furthermore, the concentration of the polymer 

solution should be larger than the critical concentration at which entanglement starts to play a role. 

The fundamental work on reptation theory has stimulated both theoretical and experimental studies to 

investigate the tube-like motion (reptation) in entangled media. Several experimental techniques such as 

nuclear magnetic resonance 3-5, neutron 6-9 and light 10-13 scattering as well as fluorescence autocorrelation 

spectroscopy 14-17 have been used to probe the dynamics of entangled polymers in bulk. Texeira et al 18 

studied the dynamics of individual entangled DNA chains under the effect of a bulk flow deformation. For 

different chains in the same flow experiment very different behaviour, which is evidence for molecular 

individualism, was found. 
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Perkins and co-workers 19 were the first to directly observe reptation using optical microscopy. They 

followed the relaxation of a labelled individual DNA chain after stretching it with optical tweezers. It was 

shown that the only way the polymer chain could relax was by following its own path without making 

transversal movements. Käs and co-workers 20 followed the motion of labelled actin filaments and imaged 

the confining tube in which the polymer chain could move by superimposing a large number of images 

and plotting the contours of the observed polymer chains. The restricted motion could be seen as 

undulations of the actin filament in a tube formed by its neighbours. The tube diameter was determined 

and was shown to decrease with increasing concentration. Further studies on actin filaments and DNA 

chains have been published in more recent years21-26. Also a study on the motion of synthetic single-walled 

carbon nano tubes in a gel, aimed at understanding the effect of flexibility on the diffusion of stiff 

filaments under confinement, has appeared 27.  

Sofar, the direct observation of the reptation behaviour of completely synthetic polymers by single 

molecule techniques has not yet been reported in the literature. In this work we present a comprehensive 

study on the dynamics of extremely stiff synthetic polymers in concentrated polymer solutions at the 

single-chain level by means of fluorescence microscopy in both space and time. We show that in a single 

experiment all relevant length scales and time constants can be accessed. Furthermore, we probed the 

dynamics of the individual polymer chains in their longitudinal relaxing modes and demonstrate the 

validity of the scaling laws in reptation theory at the single chain level.  

Results and Discussion 

The synthetic polymer that we used in our study is a polyisocyanopeptide that can be synthesized by a 

nickel(II) catalyzed polymerization reaction from an isocyanopeptide28. The polymer molecules have a 

rigid helical backbone with approximately 4 monomer units per helical turn. In our approach, we directly 

visualized the reptation motion of a polyisocyanopeptide, by tracking the motion of a perylene labelled 
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derivative (FP) , poly(isocyano-L-alanine propanylperylene) (L-PIAP), in a matrix of unlabelled poly 

(isocyano-L-alanyl-D-alanine methyl ester) (L,D-PIAA)molecules 29 using wide-field microscopy. The high 

molecular weight and the rigidity of a polyisocyanopeptide, which can be unusually long (up to 20 μm) 

and extremely stiff (persistence length = 76 ± 6 nm),30 make it a unique model to investigate the different 

aspects of polymer chain dynamics in an in-depth single molecule study. This type of polymer has been 

characterized extensively29,31,32. The molecular weight (Mw) of the unlabelled polymers can be varied using 

different ratios of nickel (II) initiator to monomer. In our study we used ratios of [initiator]/[monomer] = 

1/10,000 and 1/2,000, yielding polymers with an average length of 400 nm. 

 

Figure 1| Schematic representation of the single polymer reptation experiment. a, Chemical 
structure of unlabelled L,D-PIAA (UP) and labelled L-PIAP with perylenediimide as chromophore 
(FP) and cartoon of the helical structure of a polyisocyanide (backbone in blue, side groups in red). 
b, 3D presentation of the reptation. A fluorescently labelled polymer, FP (red line), moves within 
an imaginary tube (wireframe purple tube with diameter a) formed by the entangled 
neighbouring unlabelled polymer chains, UP, (the grey lines). c, Schematic representation of the 
experiment. The labelled polymer (FP, red lines) in a transparent matrix of unlabelled polymers 
(UP, grey lines) was excited with a laser (green light). The fluorescence emission (red light) was 
collected by an objective lens and imaged on a CCD camera. 
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The basic molecular structures of the unlabelled and labelled polyisocyanide polymers (backbone in blue, 

side groups in red) are shown in figure 1a. The polymer helical conformation is stabilized by hydrogen 

bonds between the amide groups of the side chains 29. Details of the characterization of the polymers can 

be found in the Materials Section.  

The studied tube motion in three dimensions is illustrated in figure 1b, where a labelled polymer (FP, red 

line) moves within an imaginary tube (the purple wireframe tube with diameter a) characterized by its 

tube diameter defined by the surrounding polymer chains (UP, grey lines). The diameter of the tube, a, 

corresponds to the average distance between the nearest entanglement points 1. 

The tube motion of the labelled polymer, FP, within the unlabelled ones, UPs, was directly visualized using 

a wide-field fluorescence microscopy set-up (Fig. 1c). The sample containing mainly unlabelled polymers 

and only a few labelled ones was photo-excited with a laser (𝜆𝜆 = 543 nm). The fluorescence (emission) 

was collected through an objective lens and imaged with a CCD camera. Movies with predominantly 2D 

motion were selected (> 20 movies out of 100) for further analysis. These movies were analyzed using 

home-made software, as exemplified in figure 2. Each raw frame (Fig. 2a) was analyzed individually. First, 

a background, which was calculated using a 51 x 51-kernel median filter, was subtracted and the image 

was smoothed using a 5 X 5-kernel Gaussian filter. Using 5 x 5-Kernel turned out to yield the best 

consistent fit. The resulting picture (Fig. 2b) was then fitted with 2D Gaussians (Fig. 2c). The coordinates 

of Gaussians belonging to a single polymer chain were grouped together, spline-interpolated, and used 

for further analysis. Using this procedure, we obtained, as a function of time, the end-to-end distance, 

contour length (𝐿𝐿), centre of mass position and motion, and the middle point of the polymer chain (Fig. 

2d). This method permits us to study the polymer motion as a function of the properties of the reptating 

polymer, most importantly the contour length, and the characteristics of the surrounding matrix, which 

is only possible in a single molecule experiment. To this end, we calculated the perpendicular (𝑑𝑑⊥) and 
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longitudinal displacements (𝑑𝑑∥) from the movies, as shown in figure 2e. The perpendicular displacement 

in time (related to the tube diameter, see below) was calculated as the distance between the middle-

point of the chain in frame 𝑡𝑡2 to the nearest point of the chain in frame 𝑡𝑡1, for all pairs of frames in a 

movie. The longitudinal displacement (related to forward motion) was then calculated from the center-

to-center displacement and Pythagoras’ theorem. 

 

Figure 2| Data analysis. a,b, An example of a raw, and a background subtracted, smoothed fluorescence 
image. c, Reconstructed image from the fitting procedure and the chain conformation (the black line in 
the image). d, The parameters extracted from the fitting procedure, such as end-to-end distance (𝑅𝑅), 
centre of mass (𝐶𝐶.𝑂𝑂.𝑀𝑀.), middle point of the contour (𝑀𝑀), the contour length (𝐿𝐿) and the tube diameter 
(𝑎𝑎). The points along the polymer chain indicate the fitted Gaussians. e, 𝑑𝑑⊥ between the chain at 𝑡𝑡1 and 𝑡𝑡2 
is calculated as the smallest distance between the curve at 𝑡𝑡1 and 𝑀𝑀 at 𝑡𝑡2; 𝑑𝑑∥ is calculated using the centre-
to-centre displacement and 𝑑𝑑⊥. 
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Figure 3| Movie snapshots showing the reptation motion (movie #1, S.I.). a, Snapshots of a labelled L-
PIAP (FP) chain in a concentrated solution of unlabelled L,D-PIAA (UP). The overall tube was obtained by 
superposition of the snapshots corresponding to the timescales indicated. In the second column (10-15 
s), the polymer molecule started to escape the yellow tube (0-9 s) represented by the dashed lines in the 
first column since the new tube (green solid line in the second column) did not follow the same path of 
the original tube. The tube escape can be seen in all the following images. b, The superimposed 
conformations of the labelled polymer for the entire movie from 𝑡𝑡 = 0 to 𝑡𝑡 = 84 s. The colour code indicates 
the time. The tube diameter was extracted to be 𝑎𝑎=160 ± 10 nm and the disentanglement time (the time 
where all overlap with the previous conformation has vanished) of the first tube motion (the U shape in 
the right part of the figure) was estimated to be 𝜏𝜏𝑑𝑑 = 50 s.  

 

Figure 3a shows representative snapshots of a movie recorded from a labelled L-PIAP polymer chain (FP) 

in a concentrated solution of unlabelled L,D-PIAA (UP) molecules. It is clearly visible that the labelled 

polymer chain is moving in an imaginary tube (indicated with lines next to the chain) formed by its 
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unlabelled neighbours (see also movie#1 in the S.I). The overall tube in which the single polymer molecule 

is moving for short time periods is shown in the lower part of the figure. It is obtained by superimposing 

the snapshots corresponding to the timescales indicated. For example, in the second column (10-15 s), it 

can be seen that the polymer has started to escape the yellow tube (0-9 s) represented by the dashed 

lines in the first column since the new tube (green lines in the second column) does not follow completely 

the same path of the original tube. This tube escape can be seen in all the following images as the 

surrounding polymers that make the tube are dynamic. Looking at the snapshots it is evident that after 

about 50 s the polymer chain has left its original tube completely. In figure 3b we have plotted the 

superimposed conformations of the labelled polymer for the entire movie from 𝑡𝑡 = 0 to 𝑡𝑡 = 84 s and the 

tube diameter is estimated to be 𝑎𝑎 = 160 ± 10 nm. The imaginary tubes in figure 3a are clearly visible in 

figure 3b. It can be seen that the blue lines (the most left part of Fig. 3b) define a completely different 

tube and, thus, the polymer chain has left the original tube (the U shaped tube in the right part of Fig. 3b) 

There is no overlap between the most left lines in the figure and the first tube (the U shaped lines in the 

right part of the Fig. 3b). This gives an approximation of the disentanglement time for the first tube, which 

is estimated to be 𝜏𝜏𝑑𝑑  = 50 s. Additional data is provided in the Supplementary Information. 

The polymer dynamics is found to be strongly dependent on the concentration of the surrounding matrix, 

UP (Fig. 4). The inset of figure 4a displays the FP polymer motion within a dilute UP polymer matrix, 

(concentration = 3 mg/ml). In a period of 80 s the polymer chain explores a rather wide area (4 × 4 μm2) 

in a diffusive manner typical for Brownian motion; in contrast, a FP polymer in a more dense UP matrix 

(concentration = 5 mg/ml, Fig. 4b inset) is restricted by the neighbouring chains limiting the lateral motion 

with respect to the tube. The tube diameter (𝑎𝑎  = 0.16 ± 0.03 μm) can be estimated from this image (arrows 

in the inset of Fig. 4b), but also by plotting a histogram of the perpendicular displacements (𝑑𝑑⊥, solid 

symbols, Fig. 4b). The latter data revealed a very narrow Gaussian distribution (solid lines in Fig. 4b) the 

width of which corresponds to a tube diameter of 𝑎𝑎 = 0.15 ± 0.03 μm. The 𝑑𝑑⊥ histogram of the dilute 
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matrix showed a very broad peak (symbols in Fig. 4a) with a width of 𝑎𝑎 = 1.00 ± 0.03 μm, one order of 

magnitude larger than the tube diameter in the concentrated matrix (see movies #2 and #3 in S.I.). The 

persistence length, 𝑙𝑙𝑝𝑝, and contour length, 𝐿𝐿, of the labelled polymer also can be calculated from our 

experimental data (see S. I.). 

 

Figure 4| Polymer motion in dilute (upper panel) and concentrated (lower panel) solutions. Insets (both 
have the same scale) show: a, the polymer motion in a dilute matrix (concentration = 3 mg/ml) during a 
time of 𝑡𝑡 = 80 s. The polymer chain explores a large area representing Brownian motion, b, the polymer 
motion in a concentrated matrix (concentration = 5 mg/ml), which by contrast represents a confined 
motion referred to as reptation with a tube diameter of 𝑎𝑎 = 0.16 ± 0.03 µm (indicated by arrows in the 
figure). The occurrence of perpendicular displacements, 𝑑𝑑⊥, (solid symbols in Figs. a and b) is indicated. A 
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narrow Gaussian distribution (solid lines in Fig. 4b) is observed for the concentrated UP matrix, of which 
the width corresponds to the tube diameter (𝑎𝑎  = 0.15 ± 0.03 µm), while the dilute matrix shows a broad 
peak (symbols in Fig. 4a) with a width of 𝑎𝑎  = 1.00 ± 0.03 µm. 

 

Our movies unambiguously demonstrate that the polymer molecules display constrained motion. 

Moreover, from the data we can obtain detailed and quantitative information about the space- and time-

dependence of the polymer dynamics. This information becomes apparent when the mean value of 

perpendicular displacement, 〈𝑑𝑑⊥〉, and the mean square value of longitudinal displacement, 〈𝑑𝑑∥2〉 , as a 

function of the lag time for a singly labelled chain in a concentrated matrix, is calculated. As an example, 

we considered a situation, in which the polymer chain changes its original tube completely several times 

within 80 seconds of its motion (Fig. 5a). In order to calculate the tube diameter of this chain, we divided 

the movie (movie#4 see S.I.) into four parts, such that each part contains at least one tube. The 

perpendicular displacement, 𝑑𝑑⊥, was averaged for each lag time and is plotted in figure 5b (1-4), along 

with 〈𝑑𝑑⊥〉 for the entire movie (Fig. 5b (5)). We observed two regimes where 〈𝑑𝑑⊥〉 follows a power law 33. 

The slope of the fits changes from 1/4 to 1/2 in each plot. This change is the point where the polymer 

segments face tube constraints and transition from local reptation to reptation occurs. The average 

perpendicular displacement in the crossing point corresponds to the tube diameter, which is extracted 

for 1 to 4 and the entire movie, 5 (Fig. 5c). The average value is the same, 𝑎𝑎 = 0.08 ± 0.02 μm, for all parts 

of the movie highlighting the remarkable homogeneity of the matrix over the studied area. We emphasize 

that with this method we can probe directly the local homogeneity or the heterogeneity of the matrix by 

tracking the tube diameter of the labelled single polymer over time. To obtain information about the 

dynamics of the reptation motion of individual chains we plotted the mean square value of longitudinal 

displacement, 〈𝑑𝑑∥2〉, (〈𝑑𝑑∥2〉 was calculated using same procedure as 〈𝑑𝑑⊥〉) versus lag time, figure 5d. The 

reptation model predicts four dynamical regimes for segment diffusion. They are summarized below 34: 
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(i) 𝑡𝑡 < 𝜏𝜏𝑒𝑒: In this regime, the chain explores the maximum of its lateral displacement and does not 

feel topological constrictions. The timescale on which the defect propagates along the chain is 

referred to as entanglement time 𝜏𝜏𝑒𝑒. In this regime, the mean square longitudinal displacement 

scales with time as 〈𝑑𝑑∥2〉 ∝ 𝑡𝑡1/2, where 〈𝑑𝑑∥2〉 is the mean square longitudinal displacement of the 

chain segments. Though this time scale is very small we have access to it indirectly within our 

experimental approach.  

(ii)  𝜏𝜏𝑒𝑒  < 𝑡𝑡 <  𝜏𝜏𝑅𝑅 : this regime is referred to as local reptation and 〈𝑑𝑑∥2〉 ∝ 𝑡𝑡1/4. The polymer diffuses 

over a distance of the order of its size during a characteristic time called the Rouse time 𝜏𝜏𝑅𝑅.  

(iii)  𝜏𝜏𝑅𝑅  < 𝑡𝑡 <  𝜏𝜏𝑑𝑑 : this is the regime of reptation where the longitudinal creep through the tube is 

possible and 〈𝑑𝑑∥2〉 ∝ 𝑡𝑡1/2. The parameter 𝜏𝜏𝑑𝑑, the disentanglement time, is the time required for 

one chain to move out of its original tube.   

(iv)  For times longer than 𝜏𝜏𝑑𝑑, normal diffusive behaviour takes place and 〈𝑑𝑑∥2〉 ∝ 𝑡𝑡. 

In figure 5d we observe two regimes (the solid lines separated with a dashed line in Fig. 5d) where 〈𝑑𝑑∥2〉 

relates in a power law to the lag time with an exponent of 0.28 ± 0.05, the first referring to the local 

reptation and the second with exponent of 0.5 ± 0.05 to the reptation regime. The crossing point of these 

two regimes is the Rouse time, 𝜏𝜏𝑅𝑅   = 0.4 ± 0.1 s, for a reptating chain within the single molecule approach 

in agreement with numerical simulations33. To the best of our knowledge, our result is the first 

experimental observation of the specific time dynamics of polymers within the Rouse (ii) and reptation 

(iii) regimes. Due to photo-bleaching of the labelled polymer, it was difficult to obtain enough data points 

to determine the disentanglement time, 𝜏𝜏𝑑𝑑 , from this plot. The time resolution is limited in our 

experimental setup to 0.1s and does not allow us to directly probe the processes faster than the 

entanglement time. Occasionally, in a small percentage of our real-time data the reptation time was 

longer than the measurement time and we were not able to observe the reptation regime (see S.I.).  
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Figure 5| Space- and time-dependence of the polymer motion. a, The motion of a labelled FP polymer 
chain in the concentrated UP matrix where the polymer chain changes its path several times within 80s. 
The colour bar shows the time. This movie is divided into four parts (solid lines below the figure). b, 〈𝑑𝑑⊥〉 
versus lag time for all parts of the movie, 1 to 4, and for the entire movie, 5. The average value of 
perpendicular displacement at the crossing point (which we define as the point where the slope of the 
fitted lines changes from 1/4 to 1/2) gives an estimate of tube radius, 𝑎𝑎/2. c, The tube diameter for movie 
parts 1 to 4 and the entire movie 5 versus plot numbers (the dashed lines is the tube diameter of the 
entire movie) indicating the homogeneity of the matrix over this period. d, 〈𝑑𝑑∥2〉 as a function of lag time, 
indicating the regimes of local reptation (solid line with a slope of 0.28 ± 0.03) and reptation (solid line with 
a slope of 0.55 ± 0.04). The time point between the two regimes is the Rouse time 𝜏𝜏𝑅𝑅= 0.4 ± 0.1 s. 

 

In order to link our single molecule data to bulk polymer properties, we have used the parameters (𝜏𝜏𝑑𝑑, 𝜏𝜏𝑅𝑅 

and a) to explore the analytic expressions for time- and space-dependent behaviour of entangled 

polymers at the single chain level. The Rouse time, 𝜏𝜏𝑅𝑅, disentanglement time, 𝜏𝜏𝑑𝑑, and entanglement time, 
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𝜏𝜏𝑒𝑒 , are related by 35: 𝜏𝜏𝑅𝑅 = 𝑍𝑍2𝜏𝜏𝑒𝑒  and 𝜏𝜏𝑑𝑑 = 3𝑍𝑍3𝜏𝜏𝑒𝑒  thus, 𝜏𝜏𝑑𝑑 = 3𝑍𝑍𝜏𝜏𝑅𝑅  where 𝑍𝑍  is defined as the number of 

entanglements per chain. The relationship between disentanglement time and Rouse time is illustrated 

in figure 6a where the slope of the linear fit (solid line) corresponds to 3𝑍𝑍 thus, 𝑍𝑍 = 14.0 ± 0.1. Knowing 𝑍𝑍 

enables us to calculate the entanglement time for the labelled chain (using the relationship 𝜏𝜏𝑑𝑑 = 3𝑍𝑍𝜏𝜏𝑅𝑅) 

which in our system is in the order of 10-3 s. We performed rheology measurements on the polymer L,D-

PIAA (see Methods Section), (inset of figure 6a). The plateau modulus, 𝐺𝐺𝑁𝑁0 , was extracted for the UP 

polymer matrix using the MIN method36 to yield 𝐺𝐺𝑁𝑁0  = 300 Pa. Using the relationship 𝐺𝐺𝑁𝑁0 = 4
5
𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌
𝑀𝑀𝑒𝑒

 for a 

polymer solution with  𝜌𝜌 = 1600 kg/m3 and 𝜑𝜑 = 0.003 (𝜑𝜑 is the volume fraction of the polymer in solution 

and 𝜌𝜌 the density of the polymer solution), gives 𝑀𝑀𝑒𝑒  = 31 kg/mole where 𝑀𝑀𝑒𝑒  is the average molecular 

weight between topological constraints within a tube 37. The polymer average molecular weight (𝑀𝑀𝑤𝑤) was 

measured with AFM and amounted to 380 kg/mole. The ratio between the average polymer weight and 

the entanglement molecular weight (𝑀𝑀𝑒𝑒), 𝑍𝑍 = 5𝑀𝑀𝑤𝑤
4𝑀𝑀𝑒𝑒

 35 was calculated to be 𝑍𝑍 = 15, which is very close to the 

value 𝑍𝑍 = 14 found for the single molecule data. This shows that our approach from the single molecule 

study in agreement with the rheology experiments.  

In figure 6b we have plotted the tube diameter a of the polymer chain versus the contour length L of the 

reptating polymer for a UP matrix consisting of polymers with different molecular weights (𝑀𝑀𝑤𝑤 ) 

([Initiator]/[monomer] = 1/10,000 (red round symbols) and 1/2,000 (black square symbols)). As can be 

seen no correlation is observed since the tube is defined by the density of neighbouring obstacles, which, 

as long as the matrix polymers are long enough, solely depends on the polymer concentration. In figure 

6c both 𝜏𝜏𝑅𝑅 (left axis, square symbols) and 𝜏𝜏𝑒𝑒 (right axis, round symbols) are plotted as a function of the 

contour length 𝐿𝐿. We observed the power laws 𝜏𝜏𝑅𝑅 and 𝜏𝜏𝑒𝑒 ∝ 𝐿𝐿2.07±0.05 , which is in good agreement with the 

theory of reptation (the relationship should be with 𝐿𝐿2). Additionally, we plotted 𝜏𝜏𝑑𝑑 as a function of 𝐿𝐿 (Fig. 

6d) revealing a power law 𝜏𝜏𝑑𝑑 ∝ 𝐿𝐿2.9±0.01 in agreement with reptation theory, which predicts (𝜏𝜏𝑑𝑑 ∝  𝐿𝐿3)1. 
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Figure 6| Scaling laws. a, Disentanglement time (tube renewal time) as a function of the Rouse time. The 
slope of the linear fit is 3𝑍𝑍, in agreement with 𝑍𝑍 extracted from the rheology measurements (see text). 
Inset: Storage (𝐺𝐺′) and loss (𝐺𝐺") modules of the UP matrix L,D-PIAA in tetrachloroethane (5mg/ml). b, Tube 
diameter, 𝑎𝑎, versus contour length, 𝐿𝐿, of the labelled chains (symbols) for polymers of different molecular 
weight, showing no correlation confirming the fact that the tube diameter depends on the surrounding 
chains (Ups). No relationship between the tube diameter and molecular weight is observed (see text). c, 
𝜏𝜏𝑅𝑅  and 𝜏𝜏𝑒𝑒  as a function of contour length 𝐿𝐿 confirming the predictions 𝜏𝜏𝑅𝑅  and 𝜏𝜏𝑒𝑒 ∝ 𝐿𝐿 2  . d, Relationship 
between disentanglement time and contour length. The slope of the curve is in agreement with reptation 
theory, which predicts 𝜏𝜏𝑑𝑑 ∝ 𝐿𝐿3. 

 

Conclusion 
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We have shown that direct visualization of the tube dynamics of a synthetic organic polymer using wide 

field microscopy is possible. Different analysis methods, which allow one to obtain the tube diameter, 

have been applied. By carefully analyzing the space- and time-dependence of the dynamics of the polymer 

chains and using the tube diameter we have probed the local homogeneity/heterogeneity of the polymer 

matrix. The local reptation and reptation regimes have been observed and the Rouse time has been 

extracted. Surprisingly, neither the contour length of the reptating chain nor the molecular weight of the 

surrounding matrix showed any correlation with the tube diameter. We found that the scaling laws as 

derived from our single molecule experiments are in excellent agreement with De Gennes-Doi-Edwards 

reptation model. In contrast to biopolymers, which usually have properties that cannot be easily changed, 

synthetic polymers have the advantage that the parameters of the reptating polymer chains such as the 

persistence length and the surrounding matrix (material, density, orientation and morphology) can be 

independently varied. We have demonstrated that with only one experiment all the relevant length and 

time scales can be extracted. It is good to note that single polymer studies are also in complete agreement 

the bulk rheology measurement. This approach would allow extracting the same parameters in highly 

heterogeneous samples, especially crowded cytoskeletons in the cell, as a function of concentration, 

stiffness, chirality, and type of matrix.  

 

 

Methods 

Synthesis of polyisocyanides. Poly-isocyano-L-alanyl-D-alanyl methyl ester (L,D-PIAA) was synthesized 

following the procedure as previously reported29, using 1,1,2,2-tetrachloroethane (TCE) as a solvent and 

nickel(ll) perchlorate as the catalyst. The monomer/catalyst molar ratio was 10,000:1 or 2,000:1 

depending on the experimental requirement and the as-prepared gelatinous solution was used as the 
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matrix for the reptation measurements. The labelled polymer, L-PIAP, was prepared according to an 

established procedure38 with a monomer/catalyst molar ratio of 10,000:1 and stored in solution at 4 °C. 

The polymer was diluted with L,D-PIAA as indicated for the fluorescence measurements. The average 

polydispersity index (PDI) of polyisocyanides is 1.6-239.  

Rheology measurements. The unlabelled polymer matrix L,D-PIAA was physically characterized as 

published before29,30. In addition, rheological measurements were performed using a stress-controlled 

rheometer (Discovery HR-1, TA Instruments) with aluminum parallel plate geometry (40 mm diameter) 

and a gap of 200 µm. The storage and loss modulus of the material in the linear regime were obtained by 

applying an oscillatory strain of 2% with a frequency range of 0.01 to 100 rad/s and measuring the 

sinusoidal stress response at 𝑇𝑇 = 20 ℃. 

Time-resolved fluorescence microscopy experiments. The motion of the labelled L-PIAP chain was 

visualized with a wide field microscopy setup. The labelled polymer chains were excited at a wavelength 

of 543 nm focused in the back focal plane of a 100x oil objective lens (N.A. = 1.3, ZEISS). The emission 

signal was collected with the same objective, separated from the excitation light by a dichroic mirror (DCLP 

560) and filtered (LP-565). The movies were recorded with a Princeton Instruments ProEM 512B charge 

coupled device (ProEM 512B CCD, model: 7555-0005) camera using an integration time of 100 ms. The 

temporal and spatial resolutions of the experimental setup were 0.1 s and 200 nm, respectively.  Fitting 

multiple Gaussian point spread functions using MATLAB program allowed us to extract the single chain 

conformations to a resolution of ~ 30 nm. 

Sample preparation. The samples were prepared by putting a drop of the polymer solution in 

dichloroethane in between two cover slips, using a perforated Teflon sheet with a thickness of 100 µm as 

a spacer. This closed sample configuration enabled us to limit the evaporation of dichloroethane during 

the measurement time. 
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