Defect size and cross-linker properties controlled fracture of biopolymer networks
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Abstract
Damage in cytoskeleton can occur frequently during processes like cell migration and division. However, the question of how the presence of micro-cracks affects the deformation and fracture response of such bio-filament networks remains unclear. Here, we report a computational study to address this unsettling issue where large deformation and thermal fluctuations of individual biopolymers, as well as the forced breaking of crosslinks between them, have all been taken into account. It was found that the introduction of micro-cracks could alter the fracture path inside the network, change its ductility and actually result in an increased fracture energy of the material. More interestingly, we showed that on average the maximum fracture resistance will be achieved when the crack length is a few times of the network pore size, highlighting the flaw insensitive nature of such materials. Finally, the network fracture energy was observed to increase with the linear stiffness of crosslinking molecules monotonically but reach its minimum at an intermediate rotational stiffness value. In addition to enhancing our understanding of how cytoskeleton performs different cellular duties, findings here could also provide useful information for the development of high performance biological materials in the future. 
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1. Introduction
Cytoskeleton and biological tissues/gels are dynamic biopolymer networks, constructed by a variety of crosslinking molecules, and play crucial roles in many in vivo and in vitro processes [1-4]. For example, cytoskeleton shields the cell from external disruptive forces and maintains its proper internal partition [5]. In addition, the cytoskeletal network needs to be partially disrupted or undergo irreversible re-arrangements [6,7] during cellular activities such as division and migration. On the other hand, degradable polymers have been increasingly used in different sustainability and healthcare applications [8], including drug delivery [9], resorbable device [10] etc. It is conceivable that micro damages/cracks will be introduced to the cytoskeleton/biological gels during these aforementioned processes (or even during their formation [11]), and therefore affect their mechanical integrity as well as capability to function properly.  
Extensive efforts have been spent in the past few decades to reveal key factors regulating the fracture response of biopolymer materials. For example, the critical role of water content in regulating the fatigue fracture and hysteresis of hydrogels have been elucidated by several investigations [12,13]. In particular, it was shown that siloxane bonds in stressed polydimethylsiloxane (PDMS) can react with water molecules, leading to a crack propagation speed orders of magnitude higher than the overall degradation rate of the material [14]. On the other hand, the presence of stiff fibers in the soft PDMS matrix can help to re-distribute the stress near the crack tip [14], slow down the water-siloxane bond reactions and eventually retard the crack growth. Furthermore, the stiffness of cross-linkers was also found to affect the fracture behavior of biological gels with softer crosslinking molecules leading to larger fracture energy of the material [15,16]. This suggests that, in general, the rigidity and toughness of biopolymer materials are negatively correlated. However, interestingly, a recent study showed that such stiffness-toughness conflict can be resolved by having much more polymer entanglements than cross-links in the material [17]. The reason is that dense entanglements allow a polymer chain to transfer its tension to many other chains while, at the same time, sparse crosslinks prevent the network from unraveling.
Despite these aforementioned efforts, the fundamental question of how the presence of damages influences the bulk fracture response of biopolymer materials remains unclear. Intuitively, one would expect that micro cracks will make rupture of the material more easily. On the other hand, it is conceivable that the introduction of micro damages could change the rupture path of the random biopolymer network and therefore lead to an altered, or even increased, fracture energy. Here we report a computational investigation to address this unsettling issue. Specifically, the deformation and fracture response of randomly generated actin networks, with or without prescribed micro cracks, were systematically examined via the combined finite element – Langevin dynamics (FEM-LD) method [18,19] where important factors like the enforced breakage of cross-linkers between F-actins and the large deformation of individual filament have all been taken into account. We will show that, surprisingly, the network fracture energy actually reaches its maximum when the length of introduced micro cracks is a few times of the average pore size of network. Physical mechanisms behind this interesting finding, as well as its implications in our understanding of different cellular processes and the development of new biological materials, will also be discussed.


2. Computational model
To investigate the influence of micro cracks on the deformation and fracture response of biopolymer materials. 2D networks were generated by randomly placing N straight filaments, each with the same length L, inside a W×W (W =2L) square area, refer to Fig. 1a. Periodic boundary conditions were enforced on the left and right edges of the square, whereas filaments at the upper and lower boundary were assumed to have the same orientations and angle changes during deformation. When two filaments intersect each other, a cross-linker was added at the intersecting point to prevent them from separating and rotating with respect to each other. Finally, a horizontal crack (cutting all filaments it crosses into two) was introduced at the center of the network (Fig. 1a). 
To simplify the analysis, we proceed by treating each cross-linker as a combined linear and rotation spring (Fig. 1b), with a stored elastic energy given by
                  ,                     (1)
where  and  are the linear and angular spring constants of the crosslinking molecule,  stands for the separation distance between two opposing points and  represents the change in the relative angle between two filaments. Effectively, a restraining force F and moment M with amplitudes taking the form  
                                        (2)
were introduced to act on both filaments at their crosslinking point. Furthermore, a cross-linker was assumed to break once the energy stored inside  is over a critical value . Finally, each filament was described as a Euler-Bernoulli beam [20] in the present study. 
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Fig. 1. (a) – A crack (represented by the back line) is introduced to the random network consisting of multiple actin filaments where crosslinking points between filaments are indicated by red dots. Periodic boundary conditions are enforced on the left and right edge of the network, and the upper and lower boundary share the same angular change. During simulations, the bottom of the network is fixed while its top is assumed to move with a constant speed. (b) – The cross-linker is modeled as a combined linear and angular springing restraining the relative separation and rotation between two filaments. 

With these descriptions at hand, the deformation and fracture response of the network was then examined via the combined finite element-Langevin dynamics (FEM-LD) method [18,19] where thermal fluctuations of filaments were captured by applying stochastic loads on them. Specifically, within each discretized filament segment (with length ), a random force  (following Gaussian distribution) with amplitude given by
                         (3)
was assumed to be acting on it during each time step (with increment ). Here  is thermal energy and  represents the viscous coefficient of the surrounding medium in resisting the movement of the filament [21]. Since we focused on the tensile behavior of the network, its bottom was assumed to be fixed while its upper boundary was forced to move with a constant speed  during simulations (Fig. 1). To take into account large deformations of filaments during the rupturing process, nonlinear beam formulation [18,19,22,23] was adopted in calculating the elastic energy stored in them. 


3. Simulation 
In this study, simulations were conducted on 26 randomly generated networks, each consisting of 70 F-actin filaments. The average pore size, normalized by the filament length L, of these networks was found to be around 0.05, refer to Fig. 2, which is much smaller than the length of crack introduced. In addition, the randomness of the networks was confirmed by the evenly distributed orientation angles of filaments (Fig. 2) as well as their small Hermans' orientation parameter [24], calculated to be ~0.06.
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Fig. 2. (a) – Distribution of the size of pores (normalized by filament length L) in the random network shown on the right that consists of 70 filaments. (b) – Distribution of the orientation angles of filaments within the network. (c) – The random network consists of 70 filaments. Here, the pore size is defined as the diameter of the largest inscribed circle (indicated by the orange regions) in each empty area.

The filament length L in this study was adopt as 1.2, a value that is comparable to the rough size of F-actins in the cell cortex [2]. Given that the stretching and bending rigidities of actin filament were reported to be around 35 nN and 10-15 [18], respectively, we chose  and  =10 in our simulations where the entire network was divided into approximately 1800 elements. Since more than 23 types of crosslinking proteins have been identified in cells with totally different properties [25, 26], the linear () and rotational () stiffness of cross-linkers can vary a lot. Here, the normalized values of these two parameters were fixed as  and , respectively (see Table 1), unless specified otherwise. 
To examine the role of viscous dissipation in the deformation response of the network, the percentages of different energies (including the stretching and bending energies of filaments, elastic energies stored in the cross-linkers and viscous dissipation) stored/dissipated in the network from a representative simulation (in the absence of thermal excitations) are shown in Fig. 3. Clearly, except at the very beginning, viscous dissipation is negligible (under the small loading rate  adopted here, refer to Table 1) and therefore should not play any significant role in the fracture response to be presented next.
 
[image: ]
Fig. 3. (a) – Snapshot of the deformed network at an imposed strain of 0.3. (b) – Comparison of different energies stored/dissipated in the deformed network. Here, viscous means the energy dissipated by deforming/moving the network in the viscous medium.  

Table 1 List of parameters used in the simulations [18,19]
	Parameter
	Physical meaning
	Real value
	Normalized value
	Normalization Rules

	N
	Filament number
	70
	70
	

	W
	Network size
	2.4
	2
	

	L
	Filament contour length
	1.2
	1
	

	EA
	Stretching rigidity
	35 nN
	
	

	EI
	Bending rigidity
	12 
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	Thermal energy
	
	
	

	
	Stretching stiffness of adjacent beads
	
	
	

	
	Bending stiffness of neighboring segments along each filament
	
	
	

	
	Cross-linker binding energy
	
	6
	

	
	Upper boundary moving speed
	
	0.0001
	

	
	Time increment
	
	0.0001
	

	S
	Crack size
	0~1.68
	0~0.7
	S




4. Results 
4.1 Introduction of micro-cracks alters the fracture path of the network and its ductility 
	To examine how the presence of defects influences the fracture response of bio-filament materials, micro-cracks with different sizes were introduced at the center of random actin networks subjected to uniaxial stretching in the vertical direction (Fig. 4). Interestingly, it was found that, without any crack (or if the crack size is very small), cross-linkers started to break at the most vulnerable points within the network (Fig. 4). These broken crosslinks distributed rather randomly at the beginning and then got connected as imposed strain grows, eventually leading to the total rupture of the network. In comparison, the presence of a crack with relatively large sizes could cause crosslinks near its edge to break in a successive manner, resulting in the propagation of the crack more or less along its initial direction. 
   Our simulations also indicated that the apparent ductility of the network was crack-size dependent. Interestingly, the network ductility actually increases with the crack length initially before dropping to very small levels (i.e. total rupture of the network occurred quickly) under large introduced cracks, refer to Fig. 5 and the Supplementary Video.    
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Fig. 4. Distribution of broken crosslinks (marked by the red dots) within the same network under four different introduced crack sizes. 

4.2 Maximum fracture energy achieved at intermediate introduced crack size
It is conceivable that this aforementioned change of rupture path and ductility will be accompanied with an altered network fracture energy. Indeed, as shown in Fig. 5, the fracture energy (or equivalently the amount of work done by external load) was found to strongly depend on the size of the crack introduced. Surprisingly, this energy (along with the total number of broken crosslinks within the network, see Fig. 6) reached the maximum at an intermediate crack size (Fig. 5). On the other hand, under the same imposed strain, the magnitude of external force decreased as the size of introduced crack grows (Fig. 7), indicating that the network becomes softer under such circumstance. 
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Fig. 5. Work done by the external load as a function of the imposed deformation under different introduced crack sizes. Since the input work is plotted against  (with 𝛿 being the imposed deformation) here, the slope of each curve reflects the apparent stiffness of the network. 
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Fig. 6. Number of broken cross-linkers as a function of the imposed deformation under different introduced crack sizes.
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Fig. 7. Force-displacement curves for the same network with or without introduced cracks.

To see whether this is a general feature, similar simulations were conducted on a total of 26 randomly generated networks (containing the same number of filaments) to identify the optimum crack length in each of them leading to maximized fracture energy. The distribution of optimum crack size is shown in Fig. 8 which clearly shows that, on average, the network fracture toughness reaches the maximum at an introduced crack length of ~S/W=0.3. 
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Fig. 8. Distribution of the optimum crack size (based on 26 randomly generated networks) leading to maximized fracture energy.

4.3 Influence of cross-linker properties on the network fracture energy
Besides defect size, it is conceivable that the fracture response should also be tightly regulated by the physical properties of the cross-linker. Indeed, as illustrated in Fig. 9, the network fracture energy was found to increase monotonically with the linear stiffness of cross-linkers but will reach its minimum at intermediate rotational compliance values. This is consistent with our previous study [19] which showed that most of the strain energy will be stored in the distorted filaments with rigid cross-linkers while the imposed deformation will be “evenly” distributed among significantly more crosslinking molecules with high rotational compliance, both leading to a relatively high fracture energy.
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Fig. 9. The fracture energy of networks as a function of the linear and rotational compliance of crosslinking molecules. Results here are based on simulations of the network shown in Fig. 4 (with S/W=0.3) where the crosslink binding energy was fixed as . Note that the three curves correspond to three different linear stiffness values of cross-linkers.
    
5. Discussion and Conclusion
	The strong non-monotonic relationship between network fracture energy and length of introduced cracks indicates an unintuitive toughening mechanism of biopolymer materials via the presence of defects. Physically, this is likely due to several reasons. First of all, it is well-known that the presence of cracks leads to a tradeoff between stiffness and toughness [17,27] of materials. In our case, introducing micro-cracks to the network will make crosslinks near their edges easily to break, which weakens the network’s ability to resist deformation. At the same time, filaments attached with failed cross-linkers are still attached to the rest of the network through other engaged crosslinks, referring to Fig. 10. This results in an increase in the effective chain length (defined as the distance between two adjacent active crosslinks), allowing the network to undergo larger deformation and therefore absorb more energy before fracture [17,28-30]. Indeed, as shown in Fig. 5, the stiffness of the network decreases with the size of the crack introduced but the fracture energy actually increases with the crack-length initially. 
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Fig. 10. Schematic diagram showing the rupture of crosslinkers leads to a larger effective chain length. Black nodes represent engaged crosslinks while red lines indicate individual filaments. The blue line shows that a longer effective chain is induced by the breakage of two cross-linkers.

On the other hand, this kind of toughening effect hinges on the assumption that the introduced crack does not rapidly develop into a catastrophically penetrating one [31]. In general, there are two types of fracture for filamentous networks. One is global-like fracture which typically happens in networks with no pre-inserted cracks, see Fig. 4(a). Under such circumstance, the system will explore all possible fracture paths and then choose the easiest one to propagate. For random networks (consisting of filaments with the same length), this always leads to global failure of the material via the interconnection of many short local cracks within the network. Another type of fracture is localized rupture which usually occurs when the size of introduced crack is significantly larger than that of the pores between filaments (Fig. 4(d)). In this case, severe stress concentration near the edges of the large crack [32] will cause rapid breakage of crosslinks in that region and eventually lead to a catastrophically penetrating crack propagation along its initial direction. Note that, since the amount of total broken cross-linkers in this scenario is much smaller than that in brittle-like fracture mentioned above (Fig. 4(m) versus Fig. 4(p)), the network will exhibit a much-reduced material strength. 
Interestingly, in the transition regime where the length of introduced cracks is comparable to the network pore size, both types of fracture event can occur within the network [33]. Specially, in this case, the introduced crack will propagate to certain extent but not develop into a penetrating one (Fig. 4(n) and Fig. 4(o)). At the same time, inadequate stress concentration near the crack tip cannot prevent the breakage of crosslinks in other places. Consequently, more cross-linkers will get broken in this transition regime which translates to a maximized fracture energy (Fig. 4(o) and Fig 8).
Given that the cytoskeletal network needs to be partially disrupted or irreversibly re-arranged in different cellular processes, findings from this study could greatly help us understand how cells regulate their cytoskeleton to perform biological duties such as spreading [34-36], embryo development [37,38], volume regulation [39,40] and migration [41,42]. In addition, the toughening mechanism and the optimum crack length (around a few times of the pore size of the network), for achieving maximized fracture energy, identified here may also provide critical insights for the development of new biopolymer materials for, for example, regenerative medicine and drug delivery applications [43-45].
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