Improving the tensile properties of wet spun silk fibers using rapid Bayesian algorithm
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Abstract:
Wet spinning of silkworm silk has the potential to overcome the limitations of the natural spinning process, producing fibers with exceptional mechanical properties. However, the complexity of the extraction and spinning processes have meant that this potential has so far not been realized. The choice of silk processing parameters including fiber degumming, dissolving and concentration, are critical in producing a sufficiently viscous dope, while avoiding silk’s natural tendency to gel via self-assembly. This study utilized recently developed rapid Bayesian optimization to explore the impact of these variables on dope viscosity. By following the dope preparation conditions recommended by the algorithm, a 13% (w/v) silk dope was produced with a viscosity of 0.46 Pa.s, approximately five times higher than the dope obtained using traditional experimental design. The tensile strength, modulus and toughness of fibers spun from this dope also improved by a factor of 2.20×, 2.16× and 2.75× respectively. These results represent the outcome of just five sets of experimental trials focusing on just dope preparation. Given the number of parameters in the spinning and post spinning processes, the use of Bayesian optimization represents an exciting opportunity to explore the multivariate wet spinning process to unlock the potential to produce wet spun fibers with truly exceptional mechanical properties.

Keywords:
Regenerated silk, wet spinning, Adaptive Experimental Optimization, mechanical properties.
Table of Contents Graphic:
[image: C:\Users\bena\Syncplicity\gtp ben-allardyce\Students\Ya Yao\Wet spinning paper\2. ACS Biomat Sci Eng\Layout 2.emf]




Introduction 
Silk is one of the toughest known natural materials.1 It has been used for centuries in a broad range of applications because of its combination of high tensile strength, toughness and excellent biocompatibility.2 In many cases, silk outperforms synthetic polymer fibers.3, 4 Silk-based materials are now widely investigated in tissue engineering as lightweight spacers in tissue grafts,5 as scaffolds for producing mineralized tissues in bones and teeth,6 and as carriers for drug delivery.7 Among all naturally produced silks, spider silk shows the highest tensile strength and extensibility, and higher toughness than other high performance fibers such as Kevlar.8 However, spider silk is difficult to produce in large quantities since spiders have not been successfully domesticated. Other approaches such as the production of recombinant spider silk are making their way to the market, however, such methods remain considerably more expensive than traditional methods of producing silk. 
In contrast, the most extensively utilized silks are from the domesticated Bombyx mori (B. mori) silkworm. Silkworm silks have been produced commercially for centuries in huge quantities to meet the needs of the textile industry.9 However, despite their similarities, silkworm silks, while still offering good mechanical properties, are mechanically inferior to spider silks. This has led to significant research on the artificial production of silk fibers using the protein extracted from commercially available silkworm silk fibers, towards achieving properties comparable or even better than the natural spider silk.10-13 More recent efforts to wet spin silk have ranged from methods to spin hollow core fibers14 to the development of spinning systems that are more biomimetic15, 16 as well as the adaptation of wet spinning as a method to recycle textile fibres.17 
To produce regenerated silk dope from cocoons, one commonly used method consists of degumming the silk cocoons by boiling in an alkaline solution and then dissolving the degummed silk by heating in concentrated lithium bromide solution. The resulting solution is then dialyzed against deionized water and concentrated using reverse dialysis to produce the final spinning dope. This process is deceptively simple: each step of this process is controlled by multiple parameters, each of which can have a significant impact on the properties of the resulting silk dope (Figure 1). These parameters include degumming conditions (temperature, time, choice of alkaline), fiber dissolving conditions (time and temperature) and dope concentration methods (dialysis membrane molecular weight cut-off and reverse dialysis time). All of these variables must be carefully optimized to produce a spinning solution with a viscosity that is sufficiently high to form fibers but does not gel during preparation.18 
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Figure 1. Variables in the dope preparation process. Red text = independent variables, green text = dependent variable.

Given the large number of possible combinations of these variables, most studies simplify the parameter-space exploration by manipulating a small number of variables at a time, thus reducing the likelihood of successful outcomes through sequential space reduction.17, 19-21 A recent comprehensive analysis of the literature on regenerated silk fibroin (RSF) fibers suggests that producing RSF fibers with desirable mechanical properties through simple iterative development of existing solutions will take significant time.18 There is therefore a need to develop a system that allows for rapid exploration of the multi-variate set in order to discover conditions that may lead to spun fibers with exceptional mechanical properties. 
A more sophisticated approach to optimizing wet spinning is proposed here based on Adaptive Experimental Optimization (AEO) protocols. AEO approaches are iterative, suggesting the minimum number of experimental conditions needed to reach a pre-set target, as chosen according to Bayesian mathematics.22, 23 AEO protocols are mathematically proven methods that enable nimble exploration of an experimental space of process parameters, with the aim of reaching a set target value for a measured output.23 In the case of silk wet spinning, all dope preparation steps are considered variables, and dope viscosity is a suitable, process-relevant output for optimization.
The advantage of an AEO approach is that the experiment is treated as a “black box” problem, with no prior knowledge, opening up the possibility to explore otherwise not usually selected experimental conditions. Pre-designed constraints on the selection of parameter values can also be added, allowing the experimenter to set up multiple samples at any one time, thus further minimizing overall optimization time.22 Furthermore, AEO allows to incorporate constraints on a parameter conditional on the values of other parameters. It is generally acknowledged that spinning dopes with high viscosity lead to fibers with better mechanical properties than those produced from low viscosity dopes.18 For example, recent innovations in dry spinning24, 25 have led to significant advances in the mechanical properties of fibers through the use of highly concentrated dopes. Since viscosity can be easily quantified, this study used dope viscosity as the output parameter. To fully demonstrate the usefulness of an AEO approach towards wet spinning, a traditional systematic study of effects of degumming, dissolving and concentrating steps on dope viscosity was first performed. This traditional method of experimental design is referred to in this study as the “classical experimental approach”. The results of these initial experiments were used in the AEO software, which was then used to recommend multiple sets of promising experiments. The viscosity of the dope was measured for each trial. After running five trials, the dope that produced the highest viscosity was spun using the chosen spinning parameters. Finally, the mechanical properties of the best fibers produced using the AEO approach was compared with the best fibers produced using traditional experimental design approaches, in order to quantify the improvements obtained by using AEO, aside from the obvious savings of time and cost of experimentation.
Materials and methods
Materials
Reeled, undegummed B. mori silk was purchased from SRR Silk Reeling Unit (Ramanagaram Karnataka, India). Unscented olive oil soap was purchased from Vasse Virgin (Wilyabrup, Western Australia). Lithium bromide (LiBr, 99.0%, VWR-Chemicals, USA), sodium carbonate (Na2CO3, 99.9%, Sigma-Aldrich, St. Louis, MO, USA), polyethylene glycol (PEG; 20 kDa, Sigma-Aldrich, Germany) and ammonium sulfate ((NH4)2SO4, 99.0%, Sigma-Aldrich) were used without further purification. Cellulose dialysis tubing membranes (Sigma-Aldrich) with 3.5, 10 and 14 kDa molecular weight cut-off (MWCO) and Amicon Ultra centrifuge filters (MWCO of 10 and 30 kDa) were purchased from Sigma-Aldrich.
Degumming of raw B. mori silk
B. mori silk fibers were degummed according to a previously reported method, albeit with some modifications.26 Raw silk was degummed for a varying length of time (5, 15, 30, 60, 90 and 180 min), at each of two temperatures (90 and 98 °C), and using either 1 or 2 g/L sodium carbonate; all degumming solutions contained 1 g/L unscented olive oil soap (Vasse Virgin, Wilyabrup, Western Australia, Australia) as a wetting agent. The degumming process was carried out using an Ahiba IR Pro rotary textile dyeing machine (Datacolor, Lawrenceville, USA) with a solid (g) : liquor (mL) ratio of 1:50. After thorough washing with deionized water, the degummed silkworm silk fibers were dried overnight at room temperature in a fume hood.
Preparation of regenerated silk solution for spinning
The degummed silk fibroin solutions were prepared for wet spinning by dissolving the fibers in 9.3 M LiBr solution (7.5 ml solution per 1 g of silk fibers) at three different dissolving temperature (30, 45 and 60 ˚C) for a time between 1 and 5 h. The insoluble portions were removed by centrifugation (7000 rpm, 15 min, 20 °C). The solution was then dialyzed against flowing deionized water for 3 days to a concentration of approximately 6% (w/v) using cellulose tubes (14 kDa MWCO). The solution was then concentrated to 8% (w/v) using different methods: method 1 (reverse dialysis) or method 2 (centrifugal filter units). Then 0.5 ml silk solution were injected with pipette to four plastic trays separately drop by drop. Then after drying in the oven for 3 h, the tray and dried silk were weighted again to calculate the weight of silk solution. The average value was used to calculate the concentration. Treatment details for degumming, dissolving and concentrating of different samples are summarized in Table S1 with the changing variables highlighted in blue.
Rheological behavior of spinning solution
The rheological properties of the silk spinning dopes were measured using an ARES-G2 Rheometer, Advanced Rheometer Expansion System (TA System, U.K), with a cone and plate geometry (50 mm, 4° angle). To evaluate the flow behavior, the viscosity of each spinning dope was measured at different shear rates in rate-controlled mode. After obtaining the shear sweep curves of each dope, the viscosity at the shear rate of 1737 s-1 was plotted since it represented the shear rate produced using the selected spinning conditions in the wet spinning trials (see below). All viscosity measurements were calculated as the mean ± standard deviation of three experimental replicates (three independently made silk batches).
Silk Molecular weight
The molecular weight of silk solutions prepared using the different processing conditions was determined using sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) based on the Laemmli method.27 First, the total protein concentration of each sample was determined using a modified version of the BCA assay (Pierce Rapid Gold BCA Assay; ThermoFisher Scientific, Waltham, USA) using a standard curve generated using commercially available silk fibroin solution (Sigma-Aldrich). Then, for SDS-PAGE, 30 µg of silk protein from each sample was loaded onto a NuPAGE 3-8% Tris-acetate gel (ThermoFisher) alongside two protein standards to cover the entire molecular weight range of silk fibroin: the HiMark™ Unstained Protein Standard and the Novex™ Sharp Pre-stained Protein Standard (ThermoFisher). The gel was run at 150 V (voltage constant) for 1h, stained for 3 h using a Colloidal Blue staining kit (ThermoFisher) then de-stained overnight in Milli-Q water. The gels were then visualized using a Gel Doc XRS+ Gel Documentation System (Bio-Rad, Hercules, CA, USA).
Wet-spinning of RSF fibers
RSF fibers were spun at room temperature using a lab scale wet spinning line (Figure S1). In brief, the prepared spinning dope was extruded directly into coagulation bath containing 30% (w/v) aqueous ammonium sulphate at room temperature. The spinning needle with a diameter of 0.16 mm was placed horizontal to the coagulation bath. A syringe pump (KDS 100 Legacy, KD Scientific, Holliston, MA, USA) was used to extrude the spinning dope at a flow rate of 2.5 mL/h. The pump speed was calculated to be 2.1 m/min based on the diameter of the needle and the flow rate. The coagulated fiber was then collected on a take-up roller directly. The rotation rates of the take-up roller were set as 2.1, 4.2, 8.4, 12.6, 16.8 and 21 m/min, equivalent to spinning ratios of 1, 2, 4, 6, 8, and 10 respectively. We labeled the samples as RSF-1×, RSF-2×, RSF-4×, RSF-6×, RSF-8×, RSF-10× to represent spinning ratios of 1, 2, 4, 6, 8 and 10 respectively. The spun fibers were immersed in (NH4)2SO4 coagulation bath at room temperature for 6 h to further solidify the RSF fibers. After immersing, the wet spun fibers were washed with deionized water for 3 h to remove the coagulants. Finally, the RSF fibers were dried in the fume hood
[bookmark: _Hlk27486755]Fiber characterization
[bookmark: _Hlk27488299]The samples were gold - coated using a SCD 050 sputter - coater (Bal-Tec, Leica Microsystems), and observed using a field emission scanning electron microscope (FE-SEM, Zeiss Supra 55VP or Zeiss Leo 1530) at an accelerating voltage of 5 kV and working distance of 5 - 10 mm. The tensile strength of the obtained fibers was measured using an Agilent T150 UTM nanomechanical tensile tester (Agilent Technologies, Chandler, AZ) equipped with a 50 mN load cell. Fibers with a gauge length of 10 mm were conditioned for 24 h at 21 ± 2 ˚C and 65 ± 2 % relative humidity (RH) prior to testing. At least 12 samples from each spinning experiment were analyzed using a tension trigger of 0.3 mN and a strain rate of 0.003 s-1. The cross section was imaged by SEM. The cross section was imaged by contours of the silk fibers using ImageJ (NIH, Bethesda, MD). The toughness (MJ/m3) of each fiber specimen was calculated assuming a silk density of 1.35 g/cm.4, 28 The tensile strength, Young’s Modulus, tensile strain and toughness were obtained from the resultant stress-strain curves. Young’s modulus was calculated by measuring the slope of the linear region of the stress-strain curve within the initial steep elastic region (before the yield point). 
Adaptive Experimental Optimization (AEO)
Bayesian optimization was used to improve the properties of the spinning dope. In this work, dope viscosity was selected as the target (or output variable) for the algorithm. The overall iteration optimization process included the following five steps, based on a previous report.22 Briefly, the steps were: step 1 – a Gaussian function was generated in such a way to capture key process parameters and outputs; Step 2 – the algorithm provided the next set of values of experimental parameters by optimizing an acquisition function; Step 3 – the recommended experiments were conducted; Step 4 – the results were provided to the algorithm and the target utility was computed; Step 5 – results were checked to see if the product met the target specifications. Step 2 required a global optimization of the acquisition function under the constraints on search ranges of some parameters conditional on the values of other parameters. In particular, there were two constraints types: in the dissolution and in the concentration process.
In the dissolution process, the constraints involved dissolution temperature and dissolution time. If the dissolving temperature was below 30 °C, then the dissolving time was set between 1 to 12 h. If the dissolving temperature was between 30 to 60 °C, then the dissolving time was set between 30 min to 6 h. Finally, if the dissolving temperature was above 60 °C, then dissolving time was set between 15 min to 6 h. In the concentration process, two different methods were used, each with different MWCO values and time ranges. Method 1 consisted of reverse dialysis against PEG; dialysis tubing with MWCO values of 3.5, 10 and 14 kDa were selected and dialysis time range was set to 1 to 24 h. Method 2 used centrifugal filter units with MWCO values of 3, 10 and 30 kDa. The time range for method 2 was 1 to 10 h. These constraints emerged from the need to limit the search space to more physically relevant ranges for the dissolution step, and additionally from the need to use different membranes for the two systems, due to the membranes being not available with the same MWCO values across the two systems. AEO allows to incorporate such complex constraints without much effort unlike traditional design of experiments methods. Like all methods in literature, Bayesian AEO does have limitations. These limitations primarily arise from the assumptions made in the Bayesian AEO framework about the kind of functions that could be efficiently optimized. Bayesian AEO offers provably efficient convergence rate only when the function is reasonable smooth (see Srinivas et al29. for a detailed discussion). Intuitively, if a function is not smooth, it is not possible to extrapolate the function values at unobserved locations in the space through a function model and therefore, the usual efficiency guarantees of Bayesian AEO may not hold. Fortunately, real-world functions are usually smooth in most of the input space and therefore, Bayesian AEO continues to be effective.

Results and discussion
A traditional, iterative experimental approach for the optimization of silk spinning dope was first undertaken before Bayesian AEO was employed. Different sodium carbonate concentrations, degumming temperatures and degumming times were tested while keeping all subsequent parameters the same to find the degumming conditions that produced silk solution with the highest possible viscosity (Table S1). Silk degummed using each of these conditions26 was then dissolved at different temperatures and for different time, followed by dialysis and finally by concentrating the silk solution to between 8 and 16% (w/v). The viscosity of the resulting silk solution (herein referred to as “dope”) was determined as a quantitative measure of the effectiveness of the chosen conditions.
[bookmark: _Hlk30937909]The effect of degumming conditions on the viscosity, molecular weight and sericin removal of silk dopes
In order to understand the impact of changing the parameters of degumming, dissolving and concentrating steps, changes in dope viscosity were measured when changing one variable while keeping all other variables constant (Figure 2). The absolute viscosities of each set of results varied significantly, making comparisons confusing. Therefore, the viscosities in Figure 2 were presented as a “Relative change in viscosity” whereby the viscosity of the point in each graph was defined as 100% and changes in viscosity presented in each graph are presented as a percentage of this initial viscosity. The actual viscosities of every set of experimental conditions is presented in Table S2. To further investigate what drives these changes in viscosity, changes in molecular weight (measured by SDS - PAGE) were also measured and plotted underneath the appropriate graph (Figure 2, gel images). Finally, for parameters where the degumming conditions were changed, the weight loss was measured (Figure 2a, 2b and 2c; orange diamonds), since weight loss can give some insight to the amount of residual sericin that may be present and may influence dope viscosity.
Since alkaline protein hydrolysis is a non - specific process, degumming conditions should be as mild as possible in order to maintain an “as-intact-as-possible” fiber,30 with low hydrolytic degradation of silk fibroin, while still removing all sericin.31 Based on our previous work using the same variety of silk,26, 32 we have found that although both fibroin degradation and sericin removal occur simultaneously, a weight loss of between 27 and 28% represents the point at which sericin is essentially all removed. Any additional weight loss above 28% can be attributed to the loss of fibroin through degradation.26 This is in line with the proportion of sericin reported by others, which varies between 20 and 30%,33 depending on the strain of Bombyx mori.
It was found that, with all other conditions kept the same, the dope viscosity decreased by approximately 70% when the degumming temperature was increased from 90 to 98 °C (Figure 2a, green square). The changes in molecular weight in response to degumming temperature were less noticeable: compared with the 90 °C degummed silk, fibroin degummed at 98 °C showed less intense staining of the 25 kDa light chain, but the MW distribution of the heavy chain was unaffected by the higher degumming temperature (Figure 2a, gel image).  Measurement of the weight loss of these two samples (Figure 2a, orange diamonds) revealed that the 90 °C degummed silk had a weight loss of 26.5%, compared with the 27.6% weight loss of the 98 °C degummed silk. It therefore appears that the large drop in viscosity of the 98 °C degummed silk may be attributed primarily to the loss of residual sericin rather than by significant differences in MW.
The viscosity of dope solutions also decreased with increasing degumming time (Figure 2b, green square), which was expected since degumming time is known to cause significant alkaline hydrolysis to silk fibroin.20, 21, 34-36 The most significant decrease in viscosity was observed from 5 to 30 min; after 30 min degumming, the drop in viscosity as degumming time increased was much less dramatic. Again, this initial rapid decrease in viscosity is most likely due to the contribution of sericin, since the weight loss of the 5 and 15 min degummed samples were 22.4 % and 25.1 % respectively (Figure 2b, orange diamonds). This finding is consistent with previous reports, which also found that small amounts of residual sericin significantly increased the viscosity of silk fibroin dope.37 By contrast the molecular weight of fibroin from these short degumming times showed negligible changes (Figure 2b, gel image). The weight loss of the silk degummed for longer than 30 min continued to increase from 27.6 % (30 min degummed) to 32.5 % (180 min degummed; Figure 2b, origin quadrangle). These samples also showed progressively more fibroin degradation, as indicated by a broader MW distribution of the heavy chain smear (migration of the smear down the gel) and the progressive loss of the 25 kDa light chain band (Figure 2b, gel image). Interestingly, the loss of the light chain band corresponded with the progressive appearance of 3 lower MW bands (under 20 kDa), which may represent hydrolyzed fragments of the light chain protein. Weight losses above 28% (60 min degummed and longer) were previously also found to correspond with an increase in fiber surface damage, including surface cracks and fibrillation.26
Overall, the changes in viscosity as a function of degumming time can be considered as follows: the rapid drop in viscosity between 5 and 30 min degumming results from the removal of sericin, from 30 min onwards the less pronounced decrease in viscosity results from a reduction in the molecular weight of fibroin as a result of progressive alkaline hydrolysis. The impact of degumming time on dope viscosity may be due to a decrease in intermolecular interactions (molecular entanglement38, Van der Waals forces39 per chain and hydrogen bonding40 per chain) as a result of the lower MW. The significant impact of sericin on the dope viscosity may be explained by its role in inducing and accelerating shear-induced β-sheet formation.41 
The third variable that was altered in the degumming experiments was sodium carbonate (Na2CO3) concentration (Figure 2c, green square). Again, a drop in viscosity was observed when increasing the Na2CO3 concentration from 1 to 2 g/L. It again appears that this drop was more associated with sericin removal than fibroin hydrolysis since the 1 g/L Na2CO3 degummed silk showed a weight loss of just 23.3% (Figure 2c, orange diamonds); the MW of the two samples was quite similar, with no changes in the heavy chain smear (Figure 2c, gel image). Although the intensity of the light chain band decreased slightly at 2 g/L Na2CO3, there was no increase in the intensity of the <20 kDa fragments, suggesting that overall, Na2CO3 concentration had a negligible impact on MW.
Taken together, the degumming experiments indicate that residual sericin has the biggest impact on silk dope viscosity, changes in MW as a result of increased alkaline hydrolysis did reduce dope viscosity, but to a much lower degree. However, residual sericin was found to accelerate gelation of the silk dopes, particularly when concentrating the silk for spinning trials (results not shown). Therefore, the degumming conditions of 30 min degumming at 98 °C using 2 g/L sodium carbonate were chosen in order to completely remove sericin while minimizing the degree of fibroin degradation.
The effect of dissolving conditions on dope viscosity
The degummed silk was dissolved in 9.3 M LiBr to assist fibroin solvation while retaining high MW of the protein.42,43 It was observed that when the dissolving temperature increased from 30 to 60 °C, the viscosity of the silk solution decreased (Figure 2d). When keeping a constant dissolution temperature (60 ˚C), the viscosity also decreased more than 20% with increased dissolving time (from 1 to 5 h, Figure 2e).
Interestingly, previous studies have shown that dissolving conditions including the temperature and time do not degrade silk fibroin molecules.44 Indeed, in this study, none of the changes in dissolving variables significantly impacted fibroin MW, with all samples showing a similar heavy chain smear, minor changes in the light chain intensity but no changes in the <20 kDa fragments. It is therefore unclear why the viscosity changed when changing dissolving conditions. It is possible that increased dissolving temperature and dissolving time result in either complete solvation, or denatured silk fibroin molecules, leading to lower viscosity, although this effect requires further investigation. 
Approaches to increase viscosity 
Following dissolution, the silk solution is dialyzed to remove LiBr. However, the dialysis process dilutes the fibroin, resulting in a concentration that is too low for fiber spinning. To increase dope concentration and viscosity and to select for higher MW fibroin, centrifuge filters (10 and 30 kDa) were selected. At 8% (w/v) fibroin, the viscosity of the final dope was 250% of the other sample when concentrating with 30 kDa MWCO filter than using 10 kDa filter (Figure 2f). This is presumably because, when using 30 kDa MWCO filters, a higher proportion of low Mw fibroin is lost than when using 10 kDa MWCO filters. However, any differences in MW between these samples were not reflected using SDS - PAGE (Figure 2f, gel image) – despite changing the MWCO, the 30 kDa MWCO filtered silk dope still showed visible bands below 30 kDa on the gel, including the 25 kDa light chain and <20 kDa fragments. The fibroin light chain is known to be joined to the heavy chain by a disulfide linkage.45 This covalent bond presumably prevents it from eluting through the filter. Even though the SDS - PAGE in this study was run under non-reducing conditions, it appears that the electrophoretic conditions still enable the dissociation of the light and heavy chains. However, the differences in viscosity may still be due to the contribution of low MW silk that is retained on the 10 kDa filters but eluted through the 30 kDa filters but that cannot be detected on the gel. The presence of a greater concentration of low MW silk fibroin when using the 10 kDa MWCO membrane may result in the dilution of high MW fibroin. These low MW fragments presumably show weaker intermolecular interactions, resulting in a lower overall viscosity.46, 47
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Figure 2. Changes in viscosity, weight loss and fibroin molecular weight as a function of degumming temperature (a), degumming time (b), degumming alkaline concentration (c), dissolving temperature (d), dissolving time (e) and concentration method (using 10 kDa or 30 kDa MWCO centrifuge filters; f). Each panel shows relative changes in dope viscosity (measured at 1737 s-1) in the main graph and the corresponding molecular weight changes in the SDS - PAGE photo under each graph. Dotted lines across the gel images represent the expected sizes of the 390 kDa heavy chain and 25 kDa light chain of fibroin. For the top panels where degumming conditions were changed (a to c), the % weight loss is presented (orange diamonds, graphed on the right Y-axis). For each panel all variables (other than the one presented in the graph) were kept the same as follows: a) degumming temperature: 30 °C, Na2CO3: 2 g/L; dissolving temperature: 60 °C, dissolving time: 5 h; concentrating method: 14 kDa tubing); b) degumming time: 30 min, degumming temperature: 98 °C; dissolving temperature: 60 °C, dissolving time: 5 h; concentrating method: 14 kDa tubing; c) degumming time: 30 min, alkaline concentration: 2 g/L; dissolving temperature: 60 °C, dissolving time: 5 h; concentrating method: 14 kDa tubing; d) degumming time: 30 min, degumming temperature: 98 °C, alkaline concentration: 2 g/L; dissolving time: 5 h; concentrating method: 14 kDa tubing; e) degumming time: 30 min, degumming temperature: 30 °C, alkaline concentration: 2 g/L; dissolving temperature: 60 °C; concentrating method: 14 kDa tubing; f) degumming time: 30 min, degumming temperature: 98 °C, alkaline concentration: 2 g/L; dissolving time: 5 h, dissolving temperature: 60 °C). All viscosity measurements were taken from 8% w/v silk solutions.
Relationship between viscosity and spinnability
[bookmark: _Hlk30940253][bookmark: _Hlk30943098][bookmark: _Hlk30943160]A series of spinning trials were conducted to determine the conditions that would produce continuous fibers. An applied shear rate of 1737 s-1 was selected according to the dope solution viscosity needed for fiber formation. The viscosity of 0.097 Pa.s we mentioned here is the spinnable viscosity at shear rate 1737 s-1, not the maximum viscosity determined by the classical experimental design approach. Silk dopes were made from silk degummed for 30, 60 and 180 min and the viscosity of each solution was tested at a range of concentrations (Figure 3). The highest achievable concentration for each degumming time (before the dope gelled) was determined through trial and error. It was found that regardless of the conditions, a viscosity of at least approximately 0.1 Pa.s was required for continuous wet spinning (Figure 3). This value is consistent with previous reports, in which 0.08 Pa.s was found to be a critical viscosity for continuous spinning of regenerated silk solution.48 It is likely that below this critical limit, the fibroin MW is too low so that molecular chain entanglements is insufficient to allow fiber formation to occur. This suggests that tracking dope viscosity is an appropriate parameter to determine spinnability for subsequent Bayesian AEO modification of the dope preparation condition. 
[image: ]Figure 3. The relationship between the spinnability and viscosity of aqueous regenerated silk dope. Silk solution derived from 30, 60 and 180 min degummed fibers was concentrated by dialyzing against PEG. At different time points, the dialysis was stopped, the concentration of the dope was measured and wet spinning was attempted to determine spinnability. Other processing conditions were kept constant: degumming temperature: 98 °C, alkaline concentration: 2 g/L; dissolving time: 5 h, dissolving temperature: 60 °C, concentrating method: 14 kDa dialysis tubing.


Mechanical properties of RSF fibers prior to application of Bayesian optimization
Optimally degummed silk dope concentrated to 13% (w/v) had the highest viscosity and exhibited a good shelf-life with no gel formation at 25 ˚C for 12 h. To investigate the effect of drawing on the mechanical properties, a spin-draw of up to 10 times (10×) was applied during fiber coagulation process (Figure 4a). Spin-draw refers to drawing that occurs within the coagulation bath, expressed as the ratio or difference in the flow rate of the dope from the spinneret compared with the first roller. Spin-draw ratios higher than 10× could not be obtained without fiber breakage. Fibers at 1× drawing ratio possess a rough surface while the surface of the 10× drawn fibers showed fine striations (Figure 4b and 4c). Tensile tests were performed on fibers spun with different draw ratios (Table 1). The as spun and 2× drawn fibers were brittle, with poor mechanical properties compared with 4×, 6×, 8× and 10× drawn fibers. The RSF fibers exhibited considerably better mechanical properties with progressively increasing spin draw ratio of above 4×, presumably as a result of increased protein alignment upon fiber drawing.12, 49 Draw ratios of 4× and greater produced fibers that exhibited a sharp yield point with an initial drop in stress that was indicative of necking. Beyond the yield point these fibers exhibited a broad plastic deformation region before the final break. As the spin draw increased to 10× the yield point became less sharp and the plastic region became steeper (Figure 4a), which suggests a greater level of strain hardening. At a draw ratio of 6×, the RSF fibers displayed a breaking strain of 82.3 ± 15.5% and breaking stress of 103.1 ± 9.8 MPa (Table 1), which, although still lower than that of degummed B. mori  silk (400 ± 20 MPa),28 exhibited a higher breaking energy, calculated as the area under the stress strain curve (75.4 ± 17.3 MJ/m3 for 6× draw fibers vs 57.3 ± 4.7 MJ/m3 for B. mori silk).28 At the highest draw ratio of 10×, the breaking stress further increased (155.0 ± 13.4 MPa) but at the expense of a relatively low breaking strain (38.2 ± 6.9%) and breaking energy (46.7 ± 3.9 MJ/m3) compared with moderately drawn fibers (Figure 4a, Table 1). These results are consistent with previous studies on the effect of molecular alignment resulting in increased mechanical properties.10, 50  However, the fibers were not strong enough compared with natural degummed B. mori silk fibers (400 ± 20 MPa)28 and the strength of these fibers could be further increased by further optimizing the spinning dope.
Figure 4. a) Representative strain-stress curves of wet spun fibers with different spinning ratios and b and c) SEM images of morphologies for 1x drawing ratio (b) and 10× drawing ratio (c). Curves are representative of 12 measurements at each draw ratio.





[bookmark: _Hlk27487629]Table 1. A comparison of the mechanical properties of regenerated silk fibers. Values represent the mean ± standard deviation of 12 measurements at each draw ratio.
	Draw ratio

	Modulus 
(GPa)
	Breaking stress (MPa)
	Breaking strain (%)
	Breaking energy (MJ/m3)

	1×
	1.8 ± 0.2
	19.7 ± 1.6
	8.5 ± 2.6
	2.1 ± 1.1

	2×
	3.5 ± 0.4
	40.9 ± 5.1
	13.4 ± 2.2
	4.2 ± 2.0

	4×
	3.9 ± 0.5
	52.8 ± 8.4
	97.5 ± 21.2
	58.4 ± 15.6

	6×
	4.5 ± 0.3
	103.1 ± 9.8
	82.3 ± 15.5
	75.4 ± 17.3

	8×
	4.9 ± 0.3
	114.2 ± 12.9
	51.3 ± 11.4
	54.9 ± 15.1

	10×
	5.3 ± 0.3
	155.0 ± 13.4
	38.2 ± 6.9
	46.7 ± 3.9



Rapid Bayesian Optimization-driven parameter selection for silk solution preparation
A Bayesian AEO algorithm was developed to explore the matrix of parameters involved in the process of silk fibroin dope preparation for wet spinning. Table S2 shows the parameters used and their values. The algorithm was programmed to choose experimental conditions within appropriate ranges and with steps based on what is known of the effect of each variable (suitable ranges of time and temperature for degumming, thus excluding areas of the space known to not yield suitable dopes, Table S2). The results from the initial study described above were used as starting set for the algorithm. In order to optimize experimental resources and reduce analysis downtime, the algorithm was programmed to produce five different experimental conditions for each round of iteration. Within each round, the first suggested conditions were predicted to give the best results and following four conditions were used by the algorithm to explore the experimental space. Five iterations of the experiment were performed; after each set of experiments, the resulting dope viscosity values were fed back to the algorithm, which recalculated its model and produced five new experimental conditions to test. In some cases, the suggested conditions resulted in only partial dissolution of the silk or, if the silk did completely dissolve, in a dope that was so viscous it precipitated during the concentration step. These experimental conditions were reported back to the algorithm as a “fail” to guide the software to choose only the parameters that produced a stable spinning dope.
All tested experimental sets are displayed in Figure 5a; this is a parallel coordinate graph, the only graph which allows capturing all datasets and results from an n-dimensional experimental space. In this graph, the vertical axes represent each variable, with the name of the variable immediately above the axis, and along the vertical axis are represented all the permitted values of that variable (for example, degumming time, presented as tdeg min, shows a scale of 5 to 180 min). Each colored line running longitudinally connecting one point on each axis represents a single experiment; the point at which the colored line intersects each axis represents the value of that variable in that experiment. In addition, the color gradient used for the colored lines represents the quality of the output. In this case, since the output variable was viscosity, the line color represents dope viscosity – blue lines represent lower viscosity while red lines represent higher viscosity, as also displayed on the color scale on the right of the graph. Therefore, the line that is the brightest red represents the experimental conditions that produced the highest dope viscosity. In this way, all of the experimental conditions used in this work can be represented on a single graph. The viscosity values (Figure 5b) and molecular weight (Figure 5c) of the best conditions found in the classical approach and Bayesian were also displayed for comparison.  
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Figure 5 a) Suggested parameters for each experiment. (Where T is temperature; t is time; c is degumming concentration; CM is concentrating method; 1 for dialysis tubing and 2 for centrifuge filters; Mw is molecular weight of tubing or filters;  is viscosity of concentrated silk solution), b) The maximum spinning dope viscosity of 13% (w/v) silk solution  obtained with classical treatment and using Bayesian AEO, c) Molecular weight of the spinning dope obtained using classical treatment (lane 1) and using Bayesian AEO (lane 2).
The conditions that produced the highest dope viscosity using the classical approach vs. the Bayesian algorithm (reddest line in Figure 5a) are compared in Table 2.
Table 2: Comparison of the complete experimental conditions developed using the classical experimental design (classical treatment) vs. rapid Bayesian optimization (Bayesian AEO). NB: MWCO = molecular weight cut-off of the concentrating device used (dialysis tubing or centrifuge filters).
	
	Degumming
	
	Dissolving
	
	Concentrating

	
	Temp.
Tdeg (°C)
	Time
tdeg (min)
	Na2CO3 concentration
cdeg (g/L)
	
	Temp.
Tdis (°C)
	Time
Tdis (min)
	
	Concentrating method
CM (1 or 2)
	MWCO
 (kDa)
	Time
tcon (h)

	Classical treatment
	98
	30
	2
	
	60
	300
	
	1 (dialysis tubing)
	14
	10

	Bayesian AEO
	100
	30
	2
	
	40
	60
	
	2 (centrifuge filters)
	30
	10



The classical treatment produced a dope viscosity (0.1 Pa.s) that is only slightly higher than what was defined as the spinnable region. Upon subsequent iterations of the Bayesian AEO, the dope viscosity increased to a maximum value of 0.46 Pa.s at the same concentration at 13% (w/v), which was attained on the third iteration. This dope viscosity represents a 4.75 - fold increase over that obtained using the classical experimental design approach. Since both silk solutions (classical approach and AEO optimized) exhibited shear thinning rheology, the viscosity of both solutions was higher at lower shear rates. For example, at the lowest shear rate recorded (0.11 s-1), the viscosity of the classical approach and AEO optimized solutions was 0.859 and 7.144 respectively (Figure S5). This represents an even greater improvement for the AEO optimization of 8.3-fold. Such a high viscosity can be attributed to the lower dissolving temperature (40 ˚C) and dissolving time (60 min) compared with conditions found using traditional experimentation. Therefore, after five trials, the conditions that gave the highest viscosity were utilized for preparing the spinning dope.
Mechanical properties of RSF fibers using Bayesian AEO
In order to compare the mechanical properties of RSF fibers spun from dopes prepared with and without algorithmic assistance, the spinning parameters were kept constant to enable direct comparison between the two dopes. Room temperature wet pinning was carried using a dope concentration of 13% (w/v) and 30% (w/v) aqueous ammonium sulfate coagulation bath. The representative stress-strain curves for the RSF fibers using the classical dope preparation method and after using the algorithm at the same drawing ratio (10×) are presented in Figure 6. A more detailed figure containing the individual strain-stress curves results of RSF-6× and RSF-10× is included in Figure S4. The details of mechanical properties of between RSF-6× and RSF-10× were presented in Table S3. The stress-strain shape changed after using the algorithm. In addition, the surface and cross - section of RSF fibers with different drawing ratios were shown in Figure S3. Both RSF fibers showed distinct yield point followed with obvious strain hardening, with the yield point considerably higher for the fiber obtained using AEO-optimized conditions for dope preparation (Figure 6, Table 3). Not only did the viscosity of the dope increase using the algorithm, but the corresponding mechanical properties of RSF fibers were also improved, as presented in Table 3. By comparing our latest results with Zhao et al.51, we achieved a slightly higher strength (342.0 MPa vs 260 MPa), slightly lower strain (57.8% vs 78.9%) and slightly lower toughness (128.8 MJ/m3 vs 148.2 MJ/m3) than Zhou et al. This result is remarkable considering it involved no post drawing (only drawing during spinning) or steam annealing (both of which were used in Zhao et al. study). We believe this further highlights the great potential of the approach in study. Tensile tests show that the AEO-optimized dope produced fibers with greater modulus (11.4 GPa vs 5.3 GPa), a modest increase in breaking strength (155.0 vs 342.0 MPa) and a high plastic deformation region up to the fracture point at 57.8% elongation, suggesting a ductile mode of fracture. This large plastic deformation region and high elongation before break suggest that crystallinity and molecular alignment could be improved further in the fibers.52 As a result, the toughness of RSF fibers increased to 128.8 MJ/m3, which was higher than the native degummed B. mori silk (57.3 MJ/m3)28.
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Figure 6. Representative strain-stress curves of wet spun fibers with classical treatment and using Bayesian AEO. Both fiber groups were spun at a 10× spinning ratio (RSF 10×)

Table 3. Comparison of tensile properties at the same spinning ratio (10×).
	
	RSF 10×
Classical treatment
	RSF 10×
Bayesian AEO
	Fold change

	Tensile strength
(MPa)
	155.0 ± 13.4
	342.6 ± 23.9
	2.2

	Young's modulus
(GPa)
	5.3 ± 0.3
	11.4 ± 1.0
	2.2

	Maximum elongation
(%)
	38.2 ± 6.9
	57.8 ± 4.2
	1.5

	Toughness 
(MJ/m3)
	46.7 ± 3.9
	128.8 ± 14.4
	2.8


Conclusions
Using a traditional approach in experimental design demonstrated that degumming, dissolving and concentrating conditions have a significant impact on the wet-spinning process of silk fibroin solutions, and established that the dope preparation itself, in addition to spinning conditions, exhibits considerable multivariate behavior. The use of an AEO driven experimental design produced significantly higher dope viscosities, which led to fibers that were tougher than natural B. mori fibers, in relatively few experimental iterations. Such improvements are not typically achievable using human-only endeavor or traditional statistical approaches. These results demonstrate that the use of the AEO method to develop silk processing parameters can deliver significant improvements to fiber mechanical properties. We believe this method could also be applied to other spinning process, including dry spinning and electrospinning. This method may provide the basis for further improvements if applied to the other stages of the spinning process (spinning flow rate, coagulation method, fiber drawing and post-treatment conditions).
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