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ABSTRACT 

	Aims: This study aims to investigate the structural and mechanical properties of major ampullate (MA) dragline silk from six different spider species using advanced analytical techniques. By examining molecular and nano-scale features through SAXS, WAXS, ATR-FTIR, SEM-EDX, and mechanical testing, the research seeks to uncover species-specific differences and contribute to the development of high-performance synthetic silk.
Study design:  Experimental and employs software for modelling.
Place and Duration of Study: Department of Physics Engineering (Hacettepe University), National Synchrotron Radiation Research Center, and Nigde Omer Halisdemir University, Department of Biology between 2021 and 2024.
Methodology: Spider silk samples from six species were analyzed using SAXS, WAXS, and ATR-FTIR for structural insights. SEM-EDX provided surface morphology and elemental data, while mechanical tests evaluated strength and elasticity.
Results: Structural analyses revealed distinct nano-scale arrangements and molecular compositions among the six spider species. SAXS and WAXS data showed variations in nanoscopic and crystalline domain sizes, while ATR-FTIR confirmed differences in protein secondary structures. SEM-EDX highlighted surface morphology and elemental diversity. Mechanical tests demonstrated species-specific differences in tensile strength and elasticity. 
Conclusion: The results revealed notable variations in the structural organization and mechanical behavior of dragline silk across the studied spider species. The combined use of scattering, spectroscopy, and microscopy techniques provided a detailed understanding of silk’s hierarchical architecture and elemental composition. These findings offer valuable insights for biomimetic material design and support ongoing efforts to replicate the unique properties of natural spider silk in synthetic applications.
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1. INTRODUCTION 

The major ampullate gland is the most studied due to its large size and the attractive properties of its dragline silk. It has been found to be comparable to synthetic rubbers in terms of toughness and to have a yield strength one third that of Kevlar fibre. This has led to extensive research into using this material to create synthetic silk analogues or to reproduce elements of silk protein structures in biomimetic polymer fibres (Lewis et al., 2006; Hardy et al., 2008; Doblhofer et al., 2015; Tsuchiya et al.,2018). Natural silk fibers are composite materials composed mainly of multiple proteins along with other minor components such as lipids, glycoproteins, and inorganic salts (Sponner et al., 2007).The molecular structure that leads to the functional properties of the material.  A silk’s strength is largely associated with polyalanine β-sheet nanocrystals interconnected by hydrogen bonds, which can break and reform under loading (Keten et al., 2010).
X-ray diffraction studies indicate the presence of three types of structure: amorphous, oriented amorphous and oriented crystalline material (Riekel et al., 2001).  The dragline silk proteins compose of a long repetitive domain and highly conserved N-and C-terminal domains, which are assembled into higher ordered macro-molecular and nano-scaled structures. The middle repetitive domain which includes hard -sheet crystallites have the chemical structures of linear or telechelic poly(l-alanine) (L- or T-polyA) in the sequence of recombinant spider dragline silks.  SAXS/WAXS X-ray scattering   investigate nanofibrillar structures in silk. Small- and wide-angle X-ray scattering (SAXS/WAXS) techniques have proven to be powerful tools for probing the nanoscale architecture of silk nanofibrils, owing to their high sensitivity to conformational and structural changes in protein assemblies. These methods have been extensively employed to unravel the hierarchical organization, molecular orientation, and phase behavior associated with silk fiber formation and processing, as demonstrated in a broad spectrum of studies (Lefevre et al., 2007; Yang et al., 1997; Sapede et al., 2005; Trancik et al., 2006; Makowski et al., 2008; Mertens et al., 2010; Lin et al., 2017; Riekel et al., 1997; Tsuchiya et al., 2018; Riekel et al., 2020; Blamires et al., 2023; Türkeş et al., 2018; İde et al., 2011; İde et al., 2017).
The structural model of nano-micro -bundle (globule) was developed to explain extreme mechanical properties of the silk filaments (Fig.1) by the previous studies.  Nanoglobular structures may form the basis of micro-globular structures and play an effective role in making the filament structures more robust by clustering. 
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Fig. 1. Micro/nano bundle model of the silk filament

In order to understand how structure and properties are related in silk, it is essential to clarify their structural composition. ATR-FTIR spectroscopy is one of the fast, non-destructive, inexpensive and effective technique, which can be used to determining protein content and protein secondary structure composition (İde et al., 2018; Boulet-Audet et al., 2008; Byrne et al., 2020; Yang et al., 2015).

The mechanical properties of spider dragline silk are of particular note, with a range of potential applications in military and medical contexts (Tintor et al., 2024; Altman et al., 2003). The specific mechanical properties of dragline silk are attributable to different amino acid motifs (Vendrely et al., 2007; Brooks et al., 2005; Gu et al., 2020).  

In the current study, an experimental and comparative investigation was conducted on the dragline silk produced by major ampullate silk of orb weavers. Structural characterization was performed by the SAXS/WAXS X-ray scattering techniques using synchrotron source, in conjunction with ATR-FTIR spectroscopy.  We also measured the mechanical properties of dragline silk filaments.
[bookmark: _Hlk211435224]
2. material and methods 

2.1 Materials

The spiders we used were: Aculepeira  ceropegia (Ac),  Arenaus diadematus(Ad), Araneus quadratus(Aq), Argiope bruennichi (Ab), Argiope lobate(Al) from the Northeastern  Black Sea Region of Turkey, (each N=3)  and Nephila clavipes (Nc) from Taiwan N=2) (Türkeş et al.; 2018). They are orb-web spiders and members of the spider family Araneida. 

[bookmark: _Hlk211434957]2.2 Sample Preparation
 
The dragline The dragline silk samples were collected at laboratory conditions just after the spiders came to laboratory from their natural habitats. The reeling device was designed in-house to allow simultaneous control over rotational and lateral translational speeds of the reel (Fig. 2). 
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Fig. 2. Apparatus for harvesting dragline spider silk.

The starting point of draglines were hauled out by manually stimulating onto a spooling glass mandrel with the diameter of 5 mm and the length of 100 mm. The reeling speed was set at 20 rpm (an optimal setting for facilitating the natural production of silk by spiders). One case silking length was 500 cm, consistent with the uniform nanostructured forms of the draglines.    
               
2.3 Experimental Methods 

The SEM microstructure imaging of spicules was performed using an Environmental Scanning Electron Microscope (FEI model Quanta 200FEG) and Energy Dispersive X-ray Spectrometry (EDX) attached to the scanning microscopy system was used for identifying the elemental composition of spider draglines
Synchrotron radiation (SR) SAXS and WAXS experiments were performed at the BL01C1 and BL23A of National Synchrotron Radiation Research Center (NSRRC), Taiwan, with a monochromatic beam of   λ= 0.7748 and 1.2398 Å, respectively. X-ray diffraction pattern was recorded with a Mar 345 image plate and a typical exposure period ~32min. Data collection times varied accordingly, 60s for one image of each silk filament with 350±12 draglines. The X-ray data were analysed using Fit2D software (Peng et al., 2024). All X-ray data were rigorously corrected for electronic noise, sample transmission, background scattering and detector sensitivity.  Polyethylene and silver behenate were used for the calibration of the absolute scattering intensity and the scattering wavevector “q respectively. We used Equations 1 and 2 to plot the logarithmic graphics of ln I(q) – q2 and  ln [I(q).q2] – q2. 
[bookmark: _Hlk211262193]                                I(q) = I(0) exp [-q2.Rg2 /3]         (3D, Globular)                      (1)

                                I(q) .q2 = I(0) exp [-q2.Rg2]        (2D, Flat)	                     (2)

where, I(q) scattering intensity, q- magnitude of the scattering vector which is defined by 4π sin/λ,  λ  wavelength of X-ray and 2 is the scattering angle. The radius of gyration (Rg) values of the nanostructured aggregations were calculated by using the data in Guinier region (q0).
FTIR spectra of dragline silks were recorded using a PerkinElmer- Spectrum One FTIR spectrometer equipment with attenuated total reflection (ATR) accessory with a monolithic diamond crystal (Pike, GladiATR). Spectra were collected over the range of 4000-450 cm-1 at 4 cm-1 and 64 co-added scans. Before each measurement, the crystal was cleaned and a new background was acquired. Three spectra were recorded of each sample and average spectra were calculated. For visual demonstration of the spectral differences in the spectra, the average spectra were smoothed using a Savitzky-Golay filter (polynomial order 25), the baseline corrected and then normalized with respect to Amide A (3650–3100 cm−1).  The hierarchical cluster analysis (HCA) was implemented with vector normalization was done with OPUS 5.5 software (Bruker Optics, Germany). Spectra were smoothed using 13-points. The dendrogram was calculated using Ward’s method and Euclidean distances.
Silk filaments were prepared with a length of 55 mm and a diameter of 285 ± 10 µm.   Zwick/Z010 microscale mechanical testing system (Hacettepe Univ. Dept. of Chemistry, Polymer Lab.) equipped for tensile testing was used to measure stress-strain data.









3. RESULTS AND DISCUSSION

3.1 SEM 
A bundle of microfibrils is shown to be the spider dragline in the selected representative SEM images in Fig. 3.  EDX analysis revealed the presence of C, N, O and Na, which can be explained by considering the biological components of the silks.
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Fig. 3. Scanning Electron Micrographs (SEM) of selected spider silk draglines
 (5000X; Scale bar: 20 m)
                          
3.2 SAXS and WAXS

The 2D SAXS profile  were comparatively given in Fig. 4.  Guinier data was used to measure Rg (Radius of gyration) values of 3D (Globular) and 2D (Flat) formed nanostructured aggregations. Globular aggregations are related to alanine rich regions while the flat like nanoformations include glycine rich structural contents. 
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Fig. 4.  SAXS profiles of the dragline silk filaments of the studied spider species

The most possible size (Rg) values of the mentioned nano aggregations, which are defined by globules and flat like aggregations were obtained (Table 1).  The empirical evidence and the Rg values indicated that the dimensions of the alanine and glycine-rich nano aggregations in the spider dragline silks from Turkey exceed those of the dragline silk content of Nc from Taiwan. Bigger flat nano aggregations may make filaments more flexible due to weak hydrogen bonds in glycine-rich nanoplates.

Table 1. The sizes of the 2D and 3D nano aggregations of the six species 

	Species
	Rg (nm)
(globular)
	Rg (nm)
(Flat)
	Colour
of the silk

	Al
	96.6 ± 0.3
	65.6 ± 0.4
	Light yellow

	Ac
	94.8 ± 0.2
	64.3 ± 0.3
	White

	Aq
	83.2 ± 0.9
	63.1 ± 0.6
	White

	Ad
	89.7 ± 1.1
	60.4 ± 0.2
	White

	Ab
	67.8 ± 1.3
	55.6 ± 0.9
	Light brown

	Nc
	39.3 ± 0.5
	15.6 ± 0.4
	Light Pink



1D- and 2D-WAXS profiles of the silk filaments are presented in Fig. 5. The crystalline structures and the related interplanar distances were focused on the scattering profiles to evaluate the WAXS data.  The profiles also showed the expected traces of the L- and T- polyA crystallographic planes.
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Fig. 5. 1D (A) and 2D-WAXS (B) profiles of the studied dragline silk flaments. The arrows indicate β-sheet crystalline domains’ trace between (020) and (210) peaks (Hammersley, 2016).




The indexing of the peaks related with crystalline ordering were done by using the known and expected crystallographic structural contents as seen in Fig. 6. 
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Fig. 6.  X-Ray diffraction profiles of polyA based crystalline structures

The average dimensions of the nanodomains along selected [hkl] lattice directions compare well with values from other spider species.  The orthorhombic crystallographic planes of (020), (210) and (211) are evidences of the antiparallel pleated -sheet. These planes indicate d-spacings of 5.1, 4.5, and 3.7 Å, respectively (Lin et al., 2017; Shanthi et al., 2013; Metwalli et al. , 2007; Wang et al., 2019).  

The WAXD patterns of the β-sheet crystals of the L-and T-poly A were similar, showing a shift for the peak of the (210) plane (d = 0.43 nm) (Shanthi et al., 2013).  It has been demonstrated that no intensive (111) peak is evident in Nc from Taiwan, in contrast to the other  species from Turkey, which do exhibit such a peak. This finding is of particular interest given the established relationship between the intensity of the (111) peak and the presence of single-crystal beta-alanine. As can be seen in Fig. 5, Ab has very intense peaks, and the characteristic sharp and broad peaks that are closest to those of Nc (Hammersley, 2016).  A distinctive absence of the (111) peak in Nc silk, compared to the intense β-alanine crystalline signatures in species from Turkey highlights unique molecular organization within these silks.













3.3 ATR-FTIR Spectra

Representative ATR-FTIR spectrum of a dragline silk in 4000 to 900 cm-1 region is shown in Fig. 7. The main bands are labeled in the figure and the band assignments are given in Table 2.
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Fig. 7.  A general representative ATR-FTIR spectrum of dragline spider silk in 4000 to 900 cm-1 region.

Infrared bands representative of the secondary structure are mainly due to the peptide bonds, especially regarding the amide modes. Amide I and amide II bands are two major bands of the protein infrared spectrum (Wang et al., 2022).  These bands originate from different vibrations of protein structure and depend on the protein structural composition.   Amide I band mainly result from C=O stretching (80%), with less from C-N stretching (10%) and N-H bending (10%) of the polypeptide and protein backbone. Amide II bands are due to N-H bending (60%) and C-N stretching (40%) of proteins (Ling et al., 2011).













Table 2. Band assignments of major absorptions in ATR-FTIR spectra of dragline spider silk 

	No
	Wavenumber
(cm-1)
	Definition of the spectral assignment

	  1
	3270
	Amide A: (N–H ) protein

	  2
	3070
	(CH) Amide B: (N–H ) protein

	  3
	2922
	a(CH2) mainly lipids

	  4
	2853
	s(CH2) mainly lipids

	  5
	1741
	 Saturated ester (C=O) phospholipids,

	  6
	1623
	Amide I,protein, β- sheets

	  7
	1516
	Amide II, protein, β- sheets

	  8
	1446
	a (CH3 ) / a (CH2) 

	  9
	1409
	s (CH2)

	10
	1333
	 (CH),  (CH2)

	11
	1233
	(PO2− ) nucleic acid

	12
	1166
	β-Polyaniline, s (CH3 )

	13
	1050
	Sericin protein , (C–O), (N–Cα)

	14
	965
	Polyalanine, r(CH3),  β-sheet


* ν- stretching vibration; s - symmetric  a- asymmetric  δ - In plane bending vibration;   r- rocking vibration;

The amide I band in the 1620-1640 cm-1 spectral region is attributed to β -sheet structure, whereas the 1650-1658 cm-1 spectral region   is attributed to the -helical conformation (Stuart, 1997; Krimm et al., 1986).  The ATR-FTIR spectra of the investigated spider draglines (Fig. 8) revealed the presence of bands at around 1623 cm⁻¹ and 1516 cm⁻¹, indicating that the silk protein is dominated by β-sheet structures in all species (Wang et al., 2022; Zhong et al., 2019; Bandekar et al., 1980; Barth, 2000; Goormaghtigh et al., 2006; Paquet-Mercier etal., 2013). The shape and position of the amide I bands are similar across the six spider species indicating identical protein conformation. To distinguish among spider dragline molecular structure for six spider species, their averaged infrared spectra in the 4000-450 cm-1 were input in the hierarchical cluster analysis (HCA).     
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Fig. 8. ATR-FTIR spectra of spider draglines of Aculepeira  ceropegia (Ac), Arenaus diadematus (Ad), Araneus quadratus (Aq), Argiope bruennichi (Ab), Argiope lobata (Al) and Nephila clavipes (Nc) in 4000 to 800 cm-1 region (Spectra were normalized with respect to Amide A band)

The dendrogram (Fig. 9) showed two main groups. It indicates similarities between Al and Aq (and between Ad and Ac).   However, Nc from Taiwan was separated from the others. The results obtained from the HCA analysis suggest that the samples can be categorized according to their chemical composition. However, these differences were not statistically significant.  The relatively small number of samples indicated that the results should be further investigated using a larger number of samples. 
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Fig. 9. Dendrogram obtained from hierarchical cluster analysis on spectral cluster averages associated to different spider species. Heterogeneity represents the discriminating distance given by arbitrary units (au).

3.4 Mechanical testing

Among the species examined, Nc demonstrates the highest tensile strength accompanied by minimal elongation (Fig. 10). In contrast, Al is distinguished by its superior flexibility, whereas Ab presents a well-balanced profile of strength and extensibility, suggesting its potential as the most adaptable candidate for diverse mechanical applications (Table 3).

Table 3. Comparison of the mechanical properties of spider silk draglines of selected species.

	Species
	Maximum F/A (N/mm2)
	Maximum
L/L (%)
	Mechanical property

	Al
	234.5 ± 0.5
	14.3 ± 0.3
	Max. flexibility

	Ab
	255.0 ± 0.5
	11.3 ± 0.3
	Max. strength and flexibility

	Nc
	327.0 ± 0.5
	10.6± 0.3
	Max. strength
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Fig. 10. Stress-Strain curves  of dragline silk of Argiope bruennichi, Argiope lobata and Nephila clavipes
�=��0�=�−�0�0=Δ��0
The dragline silk of orb-weaving spiders is known for its unique combination of strength, and extensibility (Lefevre et al., 2007; Elices et al., 2009). The strong mechanical properties of the filaments are related to small sized alanine rich nano aggregations and their special hierarchical distributions in the natural composite structure of silks (İde et al., 2011). In general, as the β-sheet content of the MA silk increases the silk becomes stronger (higher in tensile strength) (Ker et al., 2018; Htut et al, 2021).

4. CONCLUSION

This comparative investigation provides a comprehensive analysis of the major ampullate dragline silk produced by orb-weaving spiders, focusing on its molecular composition, nanoscale architecture, and mechanical performance. Through multi-level characterization techniques—including spectroscopy, electron microscopy, and tensile testing—the study reveals how specific protein motifs contribute to the hierarchical organization and extraordinary strength of the silk filaments. These findings offer valuable insights into bioinspired material design and potential applications in engineering and biomedicine. 

Structural analyses via synchrotron SAXS/WAXS and ATR-FTIR spectroscopy demonstrated notable species-dependent variations, particularly between spider species from Turkey and Nephila clavipes from Taiwan. The larger alanine- and glycine-rich nanoaggregations in spider silks from Turkey are indicative of more flexible mechanical behaviour, potentially due to weaker hydrogen bonding within glycine-rich nanoplates. The orthorhombic crystallographic planes [(020), (210), (211)] confirmed the presence of antiparallel β-sheet structures, with consistent d-spacings that align with prior reports. Spectral evidence further revealed consistent dominance of β-sheet secondary structures, corroborated by amide I band across all species

Spider webs in Taiwan are generally elastic and resistant to humidity, reflecting adaptations to warm and damp climates, while spider webs in Turkey tend to be more durable and irregular, suited to varying weather conditions. Studying these differences contributes to the development of advanced materials in technology, such as flexible and resilient synthetic fibers. Our results are also supporting these statements. Together, these findings broaden the understanding of spider silk architecture and offer promising implications for the design of bioinspired synthetic fibers. The molecular diversity observed among orb-weavers underscores the potential for tailoring silk-based materials through species-specific structural cues.
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