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Abstract


Silk fibers derived from the cocoon of silk moths and the wide range of silks produced by spiders exhibit an array of features, such as extraordinary tensile strength, elasticity, and adhesive properties. The functional features and mechanical properties can be derived from the structural composition and organization of the silk fibers. Artificial recombinant protein fibers based on engineered spider silk proteins have been successfully made previously and represent a promising way towards the large-scale production of fibers with predesigned features. However, for the production and use of protein fibers, there is a need for reliable objective quality control procedures that could be automated and that do not destroy the fibers in the process. Furthermore, there is still a lack of understanding the specifics of how the structural composition and organization relate to the ultimate function of silk-like fibers. In this study, we develop a new method for the categorization of protein fibers that enabled a highly accurate prediction of fiber tensile strength. Based on the use of a common light microscope equipped with polarizers together with image analysis for the precise determination of fiber morphology and optical properties, this represents an easy-to-use, objective non-destructive quality control process for protein fiber manufacturing and provides further insights into the link between the supramolecular organization and mechanical functionality of protein fibers.
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1. Introduction


Protein fibers, such as those made by spiders or silk moths, have been found to present remarkable properties, and significant research efforts both experimentally and with computer modeling have been spent on elucidating the underlying mechanics of these spectacular materials [1,2,3,4,5,6,7,8,9,10,11,12,13,14,15]. As reviewed previously, natural silk has numerous and diverse applications [16,17], ranging from, e.g., medicine [18,19,20] to photonics [21,22]. Although native spider silk fibers, in particular, present a range of features and thus also several possible applications, with spiders being cannibalistic [23], spider silk fibers can be very cumbersome and costly to produce on a larger scale [24]. Artificial spider silk fibers based on recombinant proteins present a tantalizing option for obtaining protein-based fibers with tailored mechanical properties while avoiding the production issues of native spider silk. Thus, as recently reviewed, recombinant silk constructs based on spider silk proteins as well as on silk moth silk are currently being developed and studied for use in a range of applications [25]. However, challenges remain in the design and production process to achieve fibers with strengths as high as those that have been found for native silk fibers [26].



Various properties, such as molecular alignment, internal organization and the morphology of protein fibers, may contribute to the ultimate mechanical strength, although to what relative extent different possibly cumulative factors contribute is difficult to determine. The tensile strength of protein fibers can be determined experimentally by tensile testing, whereby a fiber is pulled until breaking while measuring its mechanical response to the applied strain creating a stress–strain curve. The strength can then be calculated from the stress–strain curve given a known fiber diameter. An estimation of the diameter can be obtained in a straightforward manner using regular light microscopy, or in more detail using electron microscopy or atomic force microscopy [27]. However, if fibers are not perfectly uniform along their entire length, a representative estimation of the average diameter can only be derived from measuring at multiple points along the length. Multiple measurements will come closer to the true average diameter, but manually measuring at multiple individual points has the evident drawback of being both a time-consuming and subjective process as well as prone to errors due to varying fiber morphology.



As is already well established for polymeric structures in general, an increase in structural alignment in protein superstructures can be linked directly to an increase in birefringence [28,29,30,31]. Well-ordered anisotropic structure sections in a sample will appear bright against a dark background when viewed with crossed polarizers. This feature has been used as a method of classification based on polarized microscopy (POM) for a variety of soft materials and structures, including liquid crystalline phases [32], films [33], gels [34], protein aggregates and spherulites [35,36,37,38]. Several studies have also previously investigated the birefringence of both natural and synthetic fibers [39,40,41,42]. Such studies have provided indications of a link between fiber tensile strength and increased birefringence [31,43,44,45]. However, the local macroscale variations observed in natural silk fibers from silk moths as well as spider silk, such as shape, thickness, twists or deformations, can cause variations in the observed optical properties in addition to reducing the general accuracy of diameter determination [46,47,48]. This is true also for artificially spun fibers that can be far from perfectly uniform throughout their entire length [49,50,51]. A calculation using the measured diameter to determine the cross-sectional area in order to calculate the engineering stress will be inherently imperfect for irregularly shaped fibers. To obtain a calculated strength that is as representative as possible for the fiber, the determination of fiber size is crucial. Single-point manual measurements of fiber diameter or birefringence are likely to yield non-representative results. In this study, we instead develop a semi-automated image-analysis procedure that avoids the time-consuming and subjective manual determination of these properties and that could be used for non-destructive quality control as well as for estimating fiber tensile strength.




2. Materials and Methods


2.1. Protein Expression, Purification and Spinning of NT2RepCT Fibers


The expression and purification of the recombinant protein NT2RepCT was performed as described earlier [52]. After purification, NT2RepCT was concentrated to 300 mg/mL using an Amicon Ultra-15 centrifugal filter unit (Merck-Millipore, Darmstadt, Germany) equipped with an ultracel-10 membrane (10 kDa cutoff) at 4000× g and 4 °C. The final concentration of the protein solution (dope) was calculated with the protein-specific extinction coefficient of 18,910 M−1 cm−1 after carefully diluting the dope 500 times into 20 mM Tris (pH 8) and measuring the absorbance at 280 nm in triplicates. Then, the dope was transferred into a 1 mL syringe Luer Lock tip (BD, Franklin Lakes, NJ, USA) and connected via a 27 G blunt end steel needle (B. Braun, Melsungen, Germany) with an outer diameter of 0.40 mm to silicon tubing as detailed in Greco et al. (2020) [53]. At the end of the silicone tubing a pulled glass capillary with a tapered tip and an opening between 39 and 67 µm was inserted. The spinning dope was extruded through the glass capillary at 17 µL/min into an 80 cm long spinning bath containing 4 L of a 750 mM acetate buffer at pH 5. Fibers were collected continuously at the end of the bath with frames placed on a rotating wheel with a circumference of 35 cm as detailed in Greco et al. (2020) [53], at 50 rpm to 120 rpm (29 and 69 cm/s, respectively).




2.2. Native Silk Materials


Bombyx mori silk was prepared according to a previously established protocol [54].



The dragline silk from a Swedish bridge spider (Larinioides sclopetarius) was collected from live spiders. The spiders were first anesthetized with CO2, placed on a wax plate and immobilized. The dragline silk emerges from the anterior spinneret [23], so the silk from this spinneret was gently pulled out with a tweezer under a Zeiss Stemi 305 stereo microscope and was collected onto a rotating diapositive slide frame mounted on a motorized roller at 7.5 m/min.




2.3. Light Microscopy


Two separate light microscope setups were used, referred to as setup 1 and 2.



Setup 1: Images were collected using a Nikon Eclipse Ts2R-FL inverted microscope equipped with a DFKNME33UX2495 MP camera (Bergman Labora, Stockholm, Sweden) and a CFI Plan Fluor DL-10X objective (Bergman Labora, Stockholm Sweden)). Image capture was conducted using the Nikon NIS-Elements BR software (5.30.02). For the image analysis, the exposure time was set to 2 ms for bright field images and 50 ms for polarized microscopy (POM) images. For the comparative POM images in Figure 1, the exposure time was reduced to 10 ms to avoid the overexposure of the native fibers. The brightness and contrast levels of the POM micrographs in Figure 1d–f were instead increased simultaneously as one image post capture for improved visualization using the GIMP 2.0 software [38]. Figure S1 shows the micrographs before and after this treatment. Setup 1 was used to acquire the data in Figure 1, Figure 3 and Figure 4f, Figure S1, S10 and S12 and Tables S1 and S2.



Setup 2: Images were acquired using a Nikon eclipse TE300 inverted microscope (Bergman Labora, Stockholm, Sweden) equipped with a DFK DFKNME33UX264 2.3 MP camera and a CFI Plan Fluor DL-10X objective (Bergman Labora, Stockholm, Sweden). Image capture was performed using the IC Measure software (2.0.0.286) from Imaging source. Setup 2 was used to acquire the POM images shown in Figure 2 and Figures S2–S7. Images acquired using setup 2 were used to generate the data in Figure S11.



Individual fibers were secured with double-sided tape to paper frames with a 10 mm gap. After mounting the fibers on paper frames, they were placed on a microscope glass slide for light microscopy imaging. For the image analysis, for both setups, the morphology was probed by bright field light microscopy and in a typical procedure, 6 sequential images were taken of the investigated fiber. Each fiber image, representing the smallest area unit over which an average value is calculated, covered approximately 1400 μm of the full fiber length. The fiber ends close to the attachment point of the paper frame were excluded to avoid interference on the image from the frame. Immediately after acquiring a bright field micrograph, a corresponding polarized microscopy image was acquired. For comparative analyses using both setups, all settings for exposure time, lamp light intensity and gain were kept the same for bright field and polarized microscopy, respectively.




2.4. Image Analysis


The image analysis script was designed and written in collaboration with the BioImage Informatics Facility, SciLifeLab, Sweden and designed as a FIJI macro pipeline for the FIJI image analysis software [55]. The script as well as instructions for use can be accessed through Github (https://github.com/BIIFSweden/ProteinFiberAnalysis, accessed on 29 October 2021). For each image pair consisting of a brightfield image and a POM image counterpart of the exact same area of the fiber, the script was designed to 1 (identify the fiber part of the image using the brightfield image and determine the fiber dimensions) and 2 (analyze the birefringent properties in the form of light intensity of the corresponding fiber region of the POM image of the image pair). For the segmentation of the fiber area in the bright field images as well as for the segmentation of bright areas in the POM images, the script was designed to identify two separate threshold values to determine the border of the fiber area in the bright field images and the bright areas in the POM images, respectively. The script has an option for using Yen’s thresholding method [56] as well as an alternative fixed user defined threshold value. After using the auto threshold method to identify a threshold value separating foreground from background and manual inspection of the resulting segmented fiber areas, a threshold value (148 and 103 for setups 1 and 2, respectively) was fixed and used for the analysis of all the fiber images. Bright areas in POM images were defined by a threshold value so that all the area segments within a fiber above the threshold were defined as bright.



For each bright field image analyzed, the script yields the identified fiber area, average fiber diameter and its corresponding average standard deviation, minimum diameter and the threshold value used. The diameter was calculated using Euclidian distance transform (EDT) [57]. For each POM image, the script yields the average intensity of the full fiber image and its corresponding standard deviation as well as the average intensity of only bright area segments. For bright area segments derived from a second segmentation process applied to the fiber region previously identified from the bright field image, the script also yields the average intensity of each identified segment as well as the mean, minimum and maximum bright area sizes. From the values directly given by the output of the script, the corresponding parameter values for all the images of a given fiber as well as additional combination parameters were put together using Microsoft Excel. Acquired images for setups 1 and 2 can be found at FigShare.




2.5. Statistical Analysis


Scatter plots were generated and the corresponding correlation coefficient analyses and curve fittings were performed using GraphPad Prism version 6.00 [58]. Curve fitting was performed with a model for simple linear regression after comparison with a quadratic model by a likelihood-ratio test (p = 0.12). With no significant benefit in using a quadratic model from a statistical point of view, the simpler model was chosen. All correlation coefficient values (Pearson) are reported as absolute values as the magnitude regardless of the sign informs on the degree of correlation.




2.6. Tensile Testing


Individual fibers were secured with a double-sided tape to paper frames with a 10 mm gap in preparation for pulling experiments. The mechanical properties of fibers previously characterized with light microscopy were determined using a 5943-Instron tensile tester machine and a 5 N load cell. The pulling rate was 60 mm/min (~1%/s) and the ambient temperature was 21 to 22 °C. To not affect the mechanical properties, tensile tests were exclusively performed at a relative humidity of 35% or lower [59]. This previous study saw no significant effect of water on fibers below 50% relative humidity [59]. Average fiber diameter values obtained from the image analysis procedure were used to calculate the engineering stress as the measured applied force over the cross-sectional fiber area. The engineering strain was calculated by dividing the imposed displacement for the gauge length (10 mm). In the engineering stress–strain curve, the ultimate strength is represented by the last point before fracture. From what we observed of the protein fibers in this study, as well as in previous works [52,53,59], NT2RepCT fibers have a non-circular cross-section with a longitudinal groove, as seen in Figure S8a. As depicted in Figure S8b, measuring the diameter in the face of a fiber with such a groove will result in an overestimation of the true area. Thus, the calculated stress and strength will be underestimated. Representative stress–strain curves are shown in Figure S9, with a notable absence of a so-called toe region [60].




2.7. Scanning Electron Microscopy (SEM)


For SEM characterization, a FE-SEM Zeiss—40 Supra was used. The metallization was performed with the Quorum Q150T sputtering machine (sputtering mode: Pt/Pd 80:20 for 5 min (Judges Scientific, Laughton, UK)). The samples were prepared according to a previously established protocol [54].





3. Results


Silk fibers of different origins can be difficult to tell apart by brightfield light microscopy (Figure 1a–c), but when investigated with polarized microscopy (POM) the level of birefringence is notably much higher for B. mori fibers (Figure 1d) and dragline silk fibers (Figure 1e) as compared to the recombinant fibers investigated in this study (Figure 1f). Silk moth and spider silk fibers typically have tensile strength values several times that of the recombinant silk fibers investigated in this paper [6,16,19,61,62]. We thus hypothesized that birefringence can be used as a convenient tool to predict the tensile strength of recombinant silk fibers.



To investigate if the birefringence of the recombinant silk fibers can serve as an indicator of tensile strength, as a first experiment, we visually sorted fibers spun from the recombinant protein NT2RepCT [63] as ‘good’ or ‘bad’ based on whether they displayed homogeneous and strong birefringence (Figure 2b–f). Subsequent tensile tests of the fibers (performed with blinded samples) revealed that the fibers sorted as bad had significantly lower engineering strength than the good fibers that showcased close to continuous high intensity when viewed with crossed polarizers (Figure 2a). The full set of POM images of the fibers in Figure 2b–g are shown in Figure S2–S7. Representative scanning electron microscopy (SEM) images of fibers selected based on the birefringence as good and bad are shown in Figure S8.



To investigate if we could establish a method that could be used to predict a fiber’s tensile strength utilizing birefringence, we developed a semi-automated image analysis procedure by creating a computer image analysis script where the morphology and the birefringent properties of multiple recombinant fibers were analyzed concomitantly. The process is outlined in Scheme 1. This approach allows the analysis of a long fiber section by acquiring multiple photos along a fiber’s length. The need for this was evident since the birefringence of the recombinant fibers could vary significantly along the length of the fiber (as exemplified in Figure 2e–g).



The script was designed to generate data on the morphology of the fibers by identifying the fiber in a bright field micrograph and analyzing the dimensions of the resulting fiber area. Initially, Yen’s auto thresholding method was used to identify a threshold value separating the bright background from the dark fiber [56]. Automatic thresholding worked very well for finding an approximate threshold value on a new system or with new settings. In this study, special care was taken to minimize any variations in background intensity by maintaining the same settings for the acquisition of comparative images. Furthermore, although Yen’s is a well-established algorithm for automatically finding a value separating a dark object from a bright background, or vice versa, using a fixed value for segmentation improved the script’s ability to avoid the false identification of local light shadows in a bright field image as part of the fiber. Thus, for this study, following the use of the algorithm for finding a threshold value, a threshold value was fixed and used for all further analyses. Data on the birefringent properties were generated by analyzing the light intensity within the segmented fiber area. In addition, to direct intensity related data, a further analysis was conducted by dividing the area within the fiber into bright and dark areas defined as brighter or darker than a given cut-off value. See the Methods Section for set values and a link to a detailed instruction of script use.



For the fibers investigated in this study, there was a general overall inverse correlation between size (fibers ranging in diameter from 3.1 to 24.0 µm; see Figure 3a) and strength. However, looking at fibers with a diameter of less than 5,0 µm, the correlation between diameter and engineering strength was notably low (see Figure 3b, r = 0.27). In contrast, when considering these fibers in terms of their average birefringence intensity normalized to their respective average diameter, the correlation to the engineering strength improved significantly (Figure 3c, r = 0.61).



Based on the values of normalized intensity, a curve fitting was performed on the data in Figure 4a to generate an equation for the prediction of fiber tensile strength. A new test set of 28 recombinant fibers from a new batch of proteins were subsequently subjected to tensile testing in a blind manner. The result from the prediction compared to the corresponding measured values are shown in Figure 4b,c and Table S2. The average percentual difference between the measured and predicted values in Figure 4b was 9% and the correlation coefficient r, when plotting the predicted against experimentally determined engineering strength, was 0.81 (Figure 4c). The predicted strength based only on diameter plotted against measured strength is shown for reference in Figure S12 (r = 0.51). Figure 4 conclusively shows that the image analysis procedure we developed can be used to predict the tensile strength of recombinant spider silk fibers with a high degree of accuracy.



Looking at the full data set of recombinant fibers, a series of parameters based on the identified bright areas relative to the total fiber area were also investigated for a correlation to fiber strength (the parameters and their description are listed in Table S1). However, the correlation to engineering strength of these parameters (see Figure S10 and Table S1) were found to be inferior to the normalized intensity. To verify the robustness of the method, a separate set of recombinant fibers was investigated using a second older light microscope setup. Additionally, in this setup, a correlation between the normalized intensity and engineering strength could be observed (r = 0.70, see Figure S11).




4. Discussion


To the best of our knowledge, this is the first time an image-analysis-based method has been successfully developed and implemented for predicting the engineering strength of artificial silk fibers. In contrast to a previously published prediction method based on molecular simulations [64], our method gives predictive values for individual fibers spun from the same precursor protein solution and can be used as a non-disruptive quality control procedure post spinning. A less time-consuming procedure for evaluating the quality of fibers post spinning compared to tensile testing will also be useful in future attempts to optimize spinning procedures, which should be conducted to reduce the variability in fiber properties observed even when using the same spinning set-up [49,50,51,53].



As shown in Figure 1 and Figure 2, birefringence alone can be used for manual classification and rough sorting of protein fibers. However, as evident from Figure 2e–g, for birefringence to be used for an accurate prediction of a fiber’s tensile strength, a more detailed analysis considering the normalized birefringence effect along the fiber length is essential. Regarding fiber morphology, obtaining the exact cross-sectional area along a non-homogeneous fiber is a difficult task that will require further studies and experimental set-ups. However, the method developed in this paper ensures that we get a significantly better estimate of the fiber diameter, as it is measured for every pixel along the captured fiber length. This is in stark contrast to current methods where the average diameter is calculated from 3–10 randomly selected points along the fiber. Increased material size increases the probability of internal structural defects and thus promotes lower tensile strength [65]. This would explain a general decrease in strength with increasing fiber size, an overall trend also previously observed for other types of fibers [15,66,67]. However, as illustrated in Figure 3b,c, using the protein fiber size alone for estimating fiber strength was inferior to using normalized birefringence intensity. In contrast, an estimation of fiber tensile strength by also considering large-scale structural alignments in the form of birefringence improved the estimation. This supports the idea that, for the successful design and production of artificial silk fibers of high strength, the material composition and organization should be prone to well-ordered alignment, increasing the likelihood of strengthening intermolecular interactions. At first glance, for protein fibers, a higher degree of alignment might appear to require and only occur for fibers with a high crystalline content, which for silk protein fibers would mean a higher content of ß-sheets. A high content of crystalline components in the form of ß-sheets is indeed likely to be found in silk fibers with high mechanical strengths [58,68,69], a trend also recently observed for recombinant artificial silk fibers [70]. However, alignment on a large scale and the strength of fibers may not be related so much to the absolute percentage of ß-sheets [71], but rather to how they organize into larger structures [43]. The comparison of silks from silk moths with spiders silks has also shown that, although they contain a similar fraction of ß-sheet, the spider silks can have a significantly higher strength [6]. This is possibly due to differences in the internal organization that could, e.g., enable an increased number of beneficial intermolecular crosslinks [69,72]. This likely applies not only to crystalline structural components, such as ß-sheets, but also to more amorphous components of silk fibers. The varying degree of large-scale ordered alignment of such non-crystalline structures has previously been shown to have a significant impact on the mechanical properties of spider silk fibers, with a higher degree of order correlating with beneficial mechanical properties [73]. Birefringence, unlike secondary structure content analysis, could thus reveal a structural organization beneficial for a higher strength originating with (but not differentiating between) both crystalline and amorphous structural content as it is based on structural alignment rather than content. The analysis of fiber properties enabled by brightfield and polarized microscopy images stresses the significant impact that observable structural defects and ordered alignment have on the tensile strength of fibers. Image analysis of fiber micrographs alone can provide enough information to identify and sort fibers of varying strength and thus be useful as a quality control procedure, despite not, by itself, fully elucidating the complex underlying molecular interactions ultimately leading to such differences.



For a more in-depth understanding of the specifics of structure function relationship in protein fibers, other established experimental methods could in future studies act as a valuable complement to the image analysis procedure. Detailed structural analyses using nuclear magnetic resonance spectroscopy or X-ray diffraction methods have the potential to elucidate the relationship between structure and function in fibers more clearly, although they by themselves have limited value as high throughput quality control techniques. Secondary structure content analysis using, e.g., Fourier transform infrared spectroscopy (FTIR) or Raman spectroscopy could add information on a possible connection between secondary structures and alignment. Although challenging techniques in practice for the evaluation of individual fibers, if coupled with a better concomitant understanding of large-scale organization, they could then help to better explain the mechanical properties of silk-like fibers [74].



For the determination of the tensile strength of fibers, a general challenge is that local defects can have an impact on the tensile strength of a fiber as a whole [62]. Any approach to determine the fiber tensile strength, either experimental tensile testing or predictive, that does not account for a large section of a fiber’s length is likely to miss this effect [15,75]. Unfortunately, conventional tensile testing by design destroys the sample in the process. An alternative method for measuring strain and investigating the mechanical properties based on image analysis that could be employed is the digital image correlation (DIC) method that has previously shown promise for use with bio-based structures [59]. However, as with conventional tensile testing, this method would require a sample to be isolated and subjected to structural alterations, thus preventing an analysis on a pristine spun fiber and the development of an automated quality control procedure. By instead using the image analysis script developed in this paper and a common light microscope equipped with polarizers, predictive values for fiber tensile strength could be achieved in a facile and precise manner on pristine fibers. As showcased in Figure 4, simply considering the average intensity of a fiber normalized to its average diameter can enable a highly potent estimation of a fiber’s tensile strength. Subsequently, the non-destructive feature of the methodology developed in this study enables intact fibers to be investigated further by other techniques. This is a proof of concept for a simple and inexpensive way to estimate protein fiber tensile strength that could also act as a commentary method of analysis useful for future fundamental research into the structure–function relationship of fibers. Lastly, our image analysis method could be developed into a fully automated high-throughput quality control procedure for the commercial production of protein fibers and possibly also different types of bio-based fibers.
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Figure 1. Representative light microscopy images of different fiber types were captured using the same settings. (a) Bright field image of a B. mori fiber. (b) Bright field image of a native dragline spider silk fiber derived from L. sclopetarius spider. (c) Bright field image of an NT2RepCT protein fiber. (d) POM image of a B. mori fiber. (e) POM image of a native spider dragline silk fiber derived from L. sclopetarius. (f) POM image of a NT2RepCT protein fiber. The orientation of the polarizers relative to the fiber is indicated by red double arrows. 






Figure 1. Representative light microscopy images of different fiber types were captured using the same settings. (a) Bright field image of a B. mori fiber. (b) Bright field image of a native dragline spider silk fiber derived from L. sclopetarius spider. (c) Bright field image of an NT2RepCT protein fiber. (d) POM image of a B. mori fiber. (e) POM image of a native spider dragline silk fiber derived from L. sclopetarius. (f) POM image of a NT2RepCT protein fiber. The orientation of the polarizers relative to the fiber is indicated by red double arrows.



[image: Materials 15 00708 g001]







[image: Materials 15 00708 g002] 





Figure 2. Manual sorting of fibers based on clearly visible different birefringent properties. (a) Plot of experimentally determined strength values for two categories of fibers. Insets: representative SEM images of fibers categorized as good and bad, respectively. (b–d) Representative POM images of fibers manually categorized as good. (e–g) Representative POM images of fibers manually categorized as bad. The orientation of the polarizers relative to the fiber is indicated by red double arrows. Insets: strength values of the fibers shown. 
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Scheme 1. Schematic drawing of the workflow for the semi-automated image analysis process. A pair of light microscopy images of a fiber—one obtained in bright field mode and one with crossed polarizers—is acquired, followed by an automated image analysis to generate data on the fiber regarding morphological and optical characteristics. The bright field image is then utilized for determining the border of the fiber and performing a segmentation resulting in a binary mask (outlined in yellow). Multiple sequential image pairs can be acquired to cover longer fiber sections and subsequent image analysis is performed. 
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Figure 3. Sorting fibers based only on the size and the effect of also considering birefringence. (a) Engineering strength plotted against average fiber diameter. Fibers with a diameter larger than 5 µm are shown as red solid squares. (b) Average diameter plotted against engineering strength for fibers of a diameter < 5 µm. (c) Average intensity normalized to fiber diameter plotted against engineering strength for the fibers in Figure 3b. Insets: correlation coefficient values. 
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Figure 4. The process for the prediction of recombinant spider silk fiber tensile strength values. (a) Curve fitting to a scatter plot of normalized birefringence intensity plotted against measured engineering strength. (b) The predicted engineering strength of the individual fibers (red solid circles) based on the equation derived from Figure 4a and the corresponding measured engineering strength (black solid boxes). (c) Predicted engineering strength plotted against measured engineering strength. Insets: equation used for prediction and correlation coefficient values. 
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