Time-dependent response of bio-polymer networks regulated by catch and slip bond-like kinetics of cross-linkers 
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Abstract
Although evidence has indicated that the presence of catch bond-like crosslinking proteins can significantly alter the viscoelastic response of bio-polymer networks, a detailed mechanistic understanding is still lacking. Here we report a computational investigation to examine how catch- or slip-bond kinetics of crosslinking molecules affects the time-dependent behavior of realistic F-actin and collagen networks. Specifically, it was found that, under oscillating shear, the rate of cross-linkers getting ruptured and then reformed reaches the maximum at intermediate driving frequency, eventually leading to a locally peaked bulk loss modulus of the network. Interestingly, when a pre-stress was applied the position of such peak shifted to higher frequencies for networks with slip bond cross-linkers. In comparison, the peaked loss modulus of actin network constructed by catch bond-like crosslinking molecules was reached at a lower driving frequency because of the stabilization effect of pre-stress on such cross-linkers. Similarly, the appearance of catch bond cross-linkers was also found to greatly alter the hysteresis of networks under staircase of sinusoidal shear excitations, all in good agreement with experimental observations. Finally, we showed that stress relaxation in slip-bond collagen networks becomes faster under increasing imposed strain, in direct contrast to networks constructed by catch bond crosslinking proteins where the characteristic timescale for stress decay grows with the strain. By elucidating the mechanism by which crosslink kinetics profoundly affects the bulk behavior of biopolymer networks, our study provides useful insights for the development of future biomaterials and understanding the physical role of cytoskeleton in various cellular processes.


Introduction

Cells employ the intracellular cytoskeleton, a dynamic network of bio-filaments, to migrate, divide, and maintain their shapes in response to external stimuli [1-3]. It is commonly believed that the mechanical response of cytoskeleton is heavily influenced by the properties of a wide range of binding proteins interconnecting individual filaments together [4-6]. To elucidate the exact biochemical and physical roles of these cross-linking molecules (in how cytoskeleton behaves), reconstituted in vitro biopolymer network, as a model system, has become increasingly popular [7-10]. For example, it was shown that networks constructed by permanent and rigid cross-linkers exhibit strong non-linear elasticity, with the apparent modulus capable of undergoing order of magnitude increase upon the application of a few percent of strain [11]. This strain stiffening phenomenon is believed to be driven by the bending to stretching transition of the dominant deformation mode of filaments [12, 13]. Interestingly, a recent study also suggested that stress paths (formed by axially stretched polymers which carry most of the load) can be developed within the network under relative large strain, leading to power-law stiffening behaviors [14].  

On the other hand, rich time-dependent behaviors of bio-filament networks with transient cross-linkers (that can dissociate and rebind) have also been reported. For instance, it was observed that biopolymer networks with dynamic crosslinks behave like solid on short timescales that are too short for dissociation of cross-linkers to occur, yet exhibiting fluid-like response on timescales (such as minutes) that are much larger than the characteristic time for cross-linker binding/unbinding [15]. Experiments have also revealed that the breakage of transient cross-linkers strongly depends on the force applied on them [16-22]. Specifically, the dissociation rate of many crosslinking molecules was found to increase exponentially with the force, a feature often referred to as slip-bond behavior [15, 23, 24]. In contrast, the response of some actin binding proteins, such as -actinin-4 [22] and heavy meromyosin (HMM) [25], was reported to be catch bond-like, that is the presence of force (within certain range) actually makes it harder for such crosslinks to disengage. 

It is conceivable that different binding kinetics between slip and catch bond-like crosslinking molecules will lead to distinct bulk response of networks constructed by them, which has indeed been observed in several recent experiments [21]. Unfortunately, although intense theoretical effort has been spent on networks with slip bond cross-linkers [26-29], very few mechanistic studies on the influence of catch bond kinetics of cross-linkers on the network viscoelasticity can be found. Here, by adopting the combined finite element – Langevin dynamics (FEM-LD) approach developed recently (where the bombardment of medium molecules on the filament was represented by a randomly distributed force causing its deflection along with a viscous drag against its movement [30-32]), we systematically examined how the presence of catch bond cross-linkers affects the time-dependent behavior, including the rheological response, hysteresis and stress relaxation, of realistic F-actin and collagen networks. Specifically, it was found that, due to the stabilization effect of force on catch bond-like cross-linkers, the peak position of loss modulus of network will shift to lower driving frequencies as the applied pre-stress increases, in direct contrast to networks with slip-bond cross-linkers. In addition, we showed that the appearance of catch bond-like crosslinks also significantly alters the hysteresis and relaxation behavior of the bio-polymer networks, all in good agreement with experimental observations.  

Computational Model

In silico bio-filament networks were constructed by randomly placing N straight filaments, of equal length , into a box (with a length of  for each side) where periodic boundary conditions were enforced on both the horizontal and vertical direction, refer to Fig. 1. At the intersection point of filaments, a cross-linker (Fig. 1) was added to constrain the relative movement of two filaments being connected. Note that, by varying the values of N and L, we can effectively change filament density and average crosslink distance within the network. The elastic properties of filaments are characterized by two parameters: the stretching rigidity  and the bending rigidity , with  being Young’s modulus,  and  being the area and area moment of inertia of the cross-section, respectively. The bulk response of network was probed by moving the top surface of the box horizontally (according to the type of test to be examined) while fixing the bottom of the box.
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Figure 1. A randomly generated network consisting of numerous equal-sized filaments cross-linked by transient proteins that undergo kinetic dissociation and rebinding. 


During the simulation, each filament was discretized into 40 nonlinear beam elements where the total Lagrangian formulation [33] was adopted to handle possible large deformations of the filament. In addition, to account for thermal undulations of individual filament, the network was assumed to be immersed in a viscous medium (with viscosity ) that exerts a drag force on a deforming/moving filament as [34] 
                                                   (1)
with  being the velocity of filament segment in the transverse direction. In addition, the bombardments of fluid molecules on the filament effectively generate a random force distribution  acing on it, which according to Langevin must satisfy:

  (2)

where  and  are position vectors,  and  represent time variables and  is the thermal energy. Essentially, the Dirac functions  here ensure spatial and temporal independence of the random force. A detailed description of the combined finite element – Langevin dynamics (FEM-LD) formulation as well as its implementation can be found in our previous study [31]. 

Binding kinetics of cross-linkers

As pointed out above, points where two filaments intersect were treated as cross-linkers. Physically, crosslinking protein will prevent two filaments from separating from each other. To describe such effect, the crosslinks were modeled as linear springs with a spring constant . In addition, to account for the transient nature of crosslinking molecules, crosslinks were allow to dissociate with a rate . On the other hand, each broken crosslink was assumed to be able to re-bind with a rate . From thermodynamic argument, the breakage rate of a crosslink without any external force can be expressed as [35] 
                           ,                    (3)
where  is a thermal oscillation frequency of the crosslink and  is the energy barrier for it to transit from the bound to unbound state (Fig. 2). 
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Figure 2. Schematic force-modulated energy profiles of slip bond- (left) and catch bond-like (right) crosslinks. Insets illustrate the relationship between the dissociation rate and applied force on crosslinks. For slip bond-like crosslinks, the force will lower the barrier energy between the bound and unbound state, leading to a dissociation rate monotonically increasing with the force. In comparison, the breakage of a catch bond-like crosslink can follow two pathways, with energy barriers increasing and decreasing with the force respectively. As a result, the dissociation rate will decrease with the force initially before reaching the minimum and then increasing with the force after that.  

Once a force is applied on the crosslink, its dissociation rate will change. Specifically, for slip bond-like cross-linker, the force is expected to lower the barrier energy and result in an increased breakage rate as   
                            ,                  (4)
where  (usually of the order of a few tenths of nanometer) represents the distance between the bound state and the transition barrier along the dissociation path (Fig. 2A). On the hand, the presence of force (within certain range) could decrease the breaking rate of catch bond-like crosslinks. One simply description to capture such behavior is the so-called two pathway model, where the dependence of  on  is given by 

                        .          (5)
Essentially, the energy profile in this case is the superposition of those from a conventional slip bond (with  and  being the characteristic breakage rate and transition distance) and a catch bond as illustrated in Fig. 2B. Note that, for the catch bond dissociation pathway, the energy barrier actually increases (by the amount of ) once a force is applied. Here,  and  are the base-line dissociation rate and characteristic length of the catch bond, respectively. If the energy barrier corresponding to the slip bond part is higher than that of the catch bond (i.e.  is much smaller than  in Eq. (5)), then the crosslink will dissociate along the catch bond pathway (Fig. 2) initially and therefore the presence of force will make it harder to break. Of course, as  becomes larger, the first term on the right-hand side of Eq. (5) will eventually take over, resulting in an increasing dissociation rate (of the crosslink) with the applied force at this high load regime.    
  
On the other hand, a broken crosslink was allowed to rebind to the original binding sites on the two filaments. In this case, the association rate was assumed to be given by  
                           ,                     (6)
where  is the crosslinking rate between two filaments when their binding sites are placed sufficiently close to each other,  represents the elastic energy stored in the re-formed crosslink, with  being the separation between two binding sites from opposing filaments, and  stands for the effective spring constant of the crosslinking molecule. Note that, once re-formed, the force sustained by the crosslink is . 

These kinetic descriptions were then implemented in the FEM-LD method described above ([32]) to investigate the time-dependent response of networks under various testing conditions. 



Results and discussion

Pre-stress modulated rheological response of F-actin network

We first examined the rheological response of the constructed network as well as how such behavior is modulated by the pre-stress within the network. Under such circumstance, a constant shear strain was first applied to the network (to induce a pre-stress level of ~1.2 Pa) by moving the upper boundary horizontally and fixing the bottom of the network. After that, a small oscillating strain , with 0.1%, was then superimposed to the network. The average stress  induced in the network was recorded from the simulation to obtain the frequency-dependent differential complex modulus: , with the real () and imaginary () part representing the differential storage (elasticity) and loss (viscosity) modulus of the network respectively. By varying the driving frequency  from  rad/s in the simulations, the so-called rheological spectrum (i.e. the relationship between  or  and ) can be obtained.  

To make a close connection to the experiment conducted by Mulla et al. [19] where the average crosslink distance within the actin gel was estimated to be ~, the length and total number of filaments in our network were chosen as  and . For F-actin, the bending and stretching rigidity of filament are  and  [36]. Given that the dissociation and association rates of α-actinin-4, a catch bond-like crosslinking protein used in that study, were believed to be in the range of  and  [37] respectively, the kinetic parameters in Eq. (5) were chosen as ,,  and  in our simulations. All parameters adopted in the present study, along with their values and sources, are summarized in Table 1. Interestingly, our results based on six randomly generated networks indicate that the storage modulus increases with the driving frequency initially (i.e. at relatively small  values), reaches a plateau and then grows rapidly with  again at high driving frequencies (Fig. 3A). In comparison, the loss modulus reaches a local maximum at an intermediate value of  (Fig. 3B). Changing the pre-stress level from 0 to 1.2 Pa resulted in an increase in both moduli. More interestingly, the presence of pre-stress also shifted the peak position of  to lower driving frequencies. These predictions are in excellent agreement with experimental data (given by the circular and square symbols in Fig. 3) of α-actinin-4 crosslinked actin gels [19].  

Table 1
Parameters adopted for different cross-linkers of bio-polymer networks
	Variable and Physical meaning
	α-actinin-4
	HMM
	collagen

	Breakage rate along the slip pathway
  ()
	
0.2 [38]
	
0.06
	
0.05

	Characteristic length of the slip pathway 

	
0.2
	
0.1
	
0.5

	Breakage rate along the catch pathway
  ()
	
20
	 
10
	
5

	 Characteristic length of the catch pathway 
	
1
	
1
	
5

	Breakage rate of in slip bond formulation
 
	
15
	 
0.09 [39]
	
0.1 [20]

	Characteristic length in slip bond formulation
 
	
0.5
	 
0.5
	
1

	Rebinding rate
  ()
	
60 [37]
		
 5
	
5

	Spring constant
 
	
12
	 
120
	
10


   

We have also conducted simulations by assuming that each crosslink behaves like a slip bond with the dissociation rate given by Eq. (4). By selecting  and 0.5nm (and the same  and  values as the previous case), simulation results can match the experiment under zero pre-stress. However, once a pre-stress of 1.2 Pa was added, predictions started to deviate from measurement data significantly. In particular, the peak of the local maximum of  shifted to higher frequencies (Fig. 3B) in this case, which is opposite to experimental observations [19].
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Figure 3. The storage (A) and loss (B) modulus of F-actin networks as functions of the driving frequency. Note that, without pre-stress, the frequency spectra obtained from the catch bond (black line) and slip bond (black dash line) network simulations are almost identical and fit well with experiment observations (black circle). However, under a pre-stress of 1.2Pa, the simulated response (blue dash line) of slip bond network deviates significantly from experiment whereas good agreement between measurement data (red square) and catch bond network results (red line) is maintained. Simulation results presented here represent the average of six different networks with random configurations.  

To understand the physics behind these intriguing results, we proceed by analyzing the average fraction of crosslinks remaining engaged during the imposed oscillatory deformation as well as the rate of crosslinks got ruptured but then reformed (not necessarily on the same crosslinks). As shown in Fig. 4A, the average number of engaged crosslinks kept increasing with . This is likely due to the fact that, under high driving frequency, crosslinks don’t have sufficient time to dissociate and hence most of them will remain engaged, eventually leading to an elevated storage modulus with increasing . Furthermore, the appearance of pre-stress was found to stabilize catch bond-like cross-linkers, resulting in an increased engaged fraction (Fig. 4A) and  (Fig. 3A). In comparison, a smaller engaged fraction of slip bond crosslinks was induced by pre-stress, indicating the disruptive effect of force in this case. Interestingly, the rate for cross-linkers to get ruptured and then reformed is maximized at an intermediate driving frequency (Fig. 4B). Physically, this means that the dissipation of energy reaches a local maximum at intermediate value of  and hence leads to a peaked loss modulus there (Fig. 3B). Another observation from Fig. 4B is that, for networks constructed by slip bond-like crosslinks, pre-stress causes the peak to shift to higher driving frequencies, whereas such peak for catch bond networks will shift to smaller  values. To see such difference more clearly, the frequency leading to peaked  as a function of the applied pre-stress is plotted in Fig. 5, where again excellent agreement between our simulations and experimental data by Mulla et al. [19] has been [image: C:\Users\weixi\AppData\Local\Temp\1594174447(1).png]achieved.    








    
[bookmark: _GoBack]Figure 4. A – Percentage of cross-linkers that remain engaged/active. B – Normalized unbinding and rebinding events per second as a function of the driving frequency. Clearly, the rate of cross-linkers getting ruptured and then reformed reaches the maximum at an intermediate driving frequency, eventually leading to a locally peaked loss modulus. 
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Figure 5. The peak position (of the loss modulus) under different values of pre-stress. For slip bond networks, the peak shifts to higher driving frequencies monotonically as the pre-stress increases. In contrast, the peak moves to lower frequencies for networks constructed by catch bond-like crosslinks. Experimental data from a recent study by Mulla et al. are also shown for comparison. Initial configurations of the deformed network, under a pre-stress of 0 and 5.2 Pa, are given in the insets where engaged/broken cross-linkers are indicated by the green/red circles.    

  
Next, we examined the influence of the crosslink density and filament length on the bulk rheological response of the network. Specifically, from our simulations, the storage and loss moduli of networks corresponding to  are shown in Fig. 6. Not surprisingly, both  and  increase with decreasing L (or, equivalently, increasing crosslink density given that the total number of cross-linkers within the network was fixed in the present study). Finally, we want to point out that both moduli were found to decrease slightly if entropy effect (i.e. thermal fluctuations) was neglected in the simulation (Fig. 3A and 3B), which is consistent with previous studies [31] showing that “hardening” of the network will take place at a smaller strain level if thermal undulations of filament were taken into account. 
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Figure 6. Influence of filament length on the storage () and loss modulus () of the network (under a pre-stress of ).


Hysteresis of actin networks

Recently, Wolff and co-workers [40] examined the hysteresis of reconstituted F-actin networks crosslinked by heavy meromyosin (HMM), a stiff cross-linker for actin.  Interestingly, it was found that the stress-strain curve of such network under one cycle of small amplitude sinusoidal strain is almost elliptical. However, under relatively large strain amplitude, the hysteresis curve first assumed a convex shape and then became concave (Fig. 7). To understand the mechanics behind, we carried out simulations by modeling the HMM as a catch bond or slip bond crosslink. In particular, given that the dissociation rate of HMM was around 0.09  [39], kinetic parameters in Eqs. (4) and (5) were chosen as   and , and ,, ,  respectively. In addition, since the binding energy between actin and HMM was reported to be ,  was taken to be . Finally, the stiffness of HMM was chosen heuristically as . During simulations, an oscillating shear (at 0.025 Hz) with amplitude of 5%, 16% or 28% (identical to those used in experiment [40]) was applied to the network whose response within the full deformation cycle was then recorded. 

[image: C:\Users\weixi\Desktop\3.PNG]
Figure 7. Hysteresis curves of actin networks cross-linked by HMM under an oscillatory shear strain of , with (C). Simulation results from catch bond and slip bond networks are represented by the red and blue line, respectively. Experimental data (under 5% and 28% oscillating shear) reported by Wolff et al. [39] are shown by the dot symbols in (A) and (C).   

As shown in Fig. 7A, the observed hysteresis curve can be well explained by either slip bond or catch bond description of HMM when a 5% oscillating shear strain was imposed. However, once the strain magnitude became relatively large, the recorded hysteresis response of network can only be explained by treating HMM as a catch bond cross-linker, while deviating significantly from predictions from the slip bond formulation (Fig. 7B and 7C). In particular, when the imposed strain is large, the maximum stress that can be achieved in catch bond networks is noticeably larger than that in slip bond networks, presumably again due to the initial stabilization effect of force on catch bond-like crosslinks.   

Stress relaxation

Relaxation test is also widely used to characterize the viscoelastic response of biological materials. For example, a recent study by Nam et al. [20] showed that stress relaxation in collagen gels becomes faster and faster as the imposed initial strain increases, a phenomenon they believed to originate from the force-dependent unbinding of cross-linkers. To test whether this is indeed the case, we simulated the relaxation response of randomly generated collagen networks. In this case, the total number, length, bending and stretching rigidity of filaments were chosen as , ,  and  [20]. No reported values on the properties of naturally formed crosslinks between collagen fibers can be found, so corresponding parameters were selected heuristically to best match the experimental data. Specifically, for slip bond formulation, we chose ,  and . In comparison, these parameters were selected as  and ,, ,  in the catch bond formulation. During the simulation, a fixed shear strain of 2 or 5% was imposed suddenly to the network, the resulting stress level (within the network) was then monitored for 30 seconds. 
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Figure 8. A – Stress relaxation of the collagen network under a 2% or 5% strain. B – Simulated relaxation response of the collagen (slip bond) network under 5% strain if rebinding of crosslink is allowed to take place only at original sites, or at any binding sites along the filament (as schematically shown in the inset). 

As illustrated in Fig. 8, the relaxation behavior of the network under 2% strain can be reasonably explained by both the slip bond and catch bond description. However, under 5% strain, stress relaxation in the catch bond network became slower (again likely due to that the elevated stress makes the catch bond-like crosslink more stable) than that when the strain level is 2%, which is opposite to what was observed on collagen gel. These observations suggest that crosslinks between collagen fibers should behave like a slip bond, rather than a catch one. Indeed, results from our slip bond network simulation under 5% strain also agreed very well with the observed relaxation behavior (Fig. 8A).

One thing must be pointed out is that, for simplicity, broken crosslinks were only allowed to rebind to the original binding sites on opposing filaments in our simulations. In reality, it is conceivable that crosslinks can be reformed at other binding sites along the filament (refer to the inset of Fig. 8B). To examine how this will influence the relaxation behavior of the network, we allocated 40 (equally distributed) binding sites along each filament. Once broken, the crosslinking molecule was assumed to attach to one of the filament (a process that was randomly determined) and was then allowed to bind to the nearest binding site (not necessary the original one as illustrated in the inset of Fig. 8B) from another filament. Interestingly, the relaxation of slip bond networks under such circumstance became much slower (Fig. 8B), which can be understood by realizing that more broken crosslinks can be re-formed in this case leading to a stronger resistance against the imposed deformation as well as a slower decay of the stress. 

Conclusion

In summary, we have presented a computational model to examine how the time-dependent behaviors of bio-polymer networks, including frequency dependence of storage/loss modulus, hysteresis loop and relaxation response, are regulated by different binding/dissociation kinetics of crosslinks. We showed that, under oscillating shear, the bulk loss modulus of networks will reach a local maximum at intermediate driving frequency, reflecting a peaked rate of cross-linkers getting ruptured and then reformed at that point. Interestingly, when a pre-stress is applied, the position of such peak shifts to lower frequencies for networks constructed by catch bond cross-linkers because of the stabilization effect of pre-stress on crosslinks, in direct contrast to networks with slip bond crosslinking molecules (where the peak moves to higher driving frequencies). Similar distinct influence of catch and slip bond like cross-linkers has also been found in the hysteresis and relaxation response of networks. It must be pointed out that, compared to previous studies where the model was constructed either semi-phenomenally [18] or from the behavior of single filament (along with mean field assumptions), important factors like the dissociation/association of individual crosslinks, network structure and thermal excitations have all been taken into account in our approach explicitly, enabling us to systematically examine how the binding kinetics of cross-linkers dictate the bulk behavior of the network as well as elucidate the mechanisms behind. In addition, given that the filament length and cross-linker density adopted in our simulations were all comparable to the reported/measured values, we feel that a close connection between theory and experiment has been achieved. Finally, we want to emphasize that since all simulations were carried out in a two-dimensional configuration, possible twisting of filaments was neglected here. How such new feature influences the time-dependent response of 3d networks (when compared to 2d ones) is certainly something warrants further investigation.     


Given that different cellular processes can take place over a wide spectrum of timescales, findings here will help us understand how cytoskeletal networks deform viscoelastically in phenomena such as cell migration [41, 42], adhesion [43, 44] and embryo development [45]. In addition, the mechanistic insights provided by the present study could also be useful for the design and development of new biopolymeric materials [46-48]. Finally, it is conceivable that our computational model can serve as a platform for analyzing other intriguing phenomena such as the shear-induced structural evolution (i.e. alignment of filaments) of biological gels [49] or the enhanced intracellular transport [50, 51] caused by active stress (generated by motor proteins within the network) in the future. 
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