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The relationship between microstructure and mechanical properties has been investigated in Argiope

trifasciata dragline silk fibers (major ampullate silk, MAS) by X-ray diffraction, Raman spectroscopy

and tensile testing. We have analyzed three fractions of the material, i.e. amorphous, highly oriented

nanocrystals and weakly oriented material, for different values of the macroscopic alignment parameter

a, calculated as the relative difference between the length of the fiber and its length when

supercontracted. Two distinct regimes have been identified: for low values of the alignment parameter

a, microstructural changes are dominated by the reorientation of the nanocrystals; however, at high

values (a > 0.5) of the alignment parameter, an increase in the fraction of the crystalline phase is

revealed. The two regimes are also reflected in the mechanical behaviour, which can be explained by

microstructural changes. This finding of the two distinct regimes in the microstructural evolution,

which separates the reorientation and the increase in the crystalline phase, will be valuable to develop

and validate molecular models of natural and artificial silk fibers, as well as to deepen our present

knowledge of the origin of the outstanding properties of MAS fibers. In addition, we have analyzed the

characteristics of the crystal lattice, and discussed the relationship between the percentage of short side-

chain residues and the unit cell dimensions in different silks.
I. Introduction

Spider silk fibers are among the most attractive of biological

materials. Their outstanding mechanical properties triggered

their study within the frame of materials science to unveil the

relationship between composition, processing and properties of

silk fibers, and nowadays we seek to design artificial silk fibers

with the desired properties by means of biotechnology. Despite

our, to date, limited knowledge, silk-based materials have been

present in a growing set of high-technology applications during

the last decade.1 However, the development of bioinspired fibers

has shown that the understanding acquired by the study of

natural silk fibers, particularly spider dragline silk fibers, is

a critical step in the rational design and production of future high

performance fibers.2
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Silks are semicrystalline polymers of proteins. The most

studied spider silk is the dragline silk spun by the major ampullate

gland (MAS fibers) in orbicularian spiders. This silk contains two

proteins, MaSp1 and MaSp2, whose sequences are partially or

completely known for a small number of species,3 including

Argiope trifasciata used in this work. A common feature of these

proteins is the high content of glycine and alanine. Poly-alanine

segments are the main components of anti-parallel b-sheet

nanocrystals with an orthorhombic unit cell.4,5 These nano-

crystals, oriented preferentially along the fiber axis, have

dimensions of a few nanometres and could constitute over 10% of

the silk volume.6–8 Most of the volume is occupied by amorphous

domains formed presumably by the glycine-rich blocks. This

fraction includes 310 helices, b-turn or b-spirals, as shown by solid

state NMR9–11 and Raman spectroscopy.12 Furthermore, the

existence of a third phase has been proposed, consisting of weakly

oriented crystalline regions of unaggregated b-sheets6 or ‘oriented

amorphous’ material.7,8 In this article we identify the third phase

detected by X-ray diffraction as a weakly oriented material.

The study of the changes induced in the microstructure of

MAS fibers by deformation is key to understand the relationship

between microstructure and mechanical behavior, and to explain

the outstanding properties of silk fibers. In this context, it is

reasonable to assume that changes related to the most extreme

modification of the properties of silk, i.e. supercontraction,
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should cast light on the microstructural changes associated with

the deformation of the fibers. Supercontraction is a distinctive

attribute of MAS fibers by which an unrestrained fiber can

contract to about 40–50% of its initial length when immersed in

water.13,14 In previous investigations, it has been well established

that the deformation of spider silk fibers produces large rear-

rangements of molecular chains, as explained below, although

the details of this mechanism remain largely unclear. It is

accepted that hydrogen bonding is the main interaction between

molecular chains in the amorphous fraction, and the bonds are

drastically reduced when the fibers are immersed in water. It has

also been observed that nanocrystals reorientate and that the

relative fractions of the three phases are modified by deforma-

tion. However, neither the details of the evolution of orientation

and crystallinity, nor the overall relationship between micro-

structure and mechanical properties was depicted.

In the 1980s, pioneering studies by Work and Morosoff15

showed that the crystalline unit cell dimensions remain

unchanged when fibers supercontract, with the crystalline units

being less oriented in supercontracted fibers. Grubb et al. studied

the evolution of the microstructure during stretching by X-ray

diffraction (XRD) in native7 and supercontracted fibers.8 In these

works the authors identified the three phases in the material as

isotropic amorphous, crystalline and oriented amorphous. In

NMR studies the third phase is described as weakly oriented

crystalline. In the above-mentioned work on supercontracted

fibers the crystalline fraction was found to remain constant or

even decrease when stretching the fibers, while it was proposed

that the ordered amorphous fraction increases with deformation.

In addition, the orientation of nanocrystals was found to grow

with the deformation. Following a previous work by Riekel

et al.,16 Du et al. investigated by XRD the nanocrystal size as

a function of the reeling speed, finding a greater fraction of highly

oriented crystals for the higher speeds.17 Gli�sovi�c et al. measured

by XRD the deformation and reorientation of nanocrystals in

loaded fibers from different spiders, up to 10% of strain,18 finding

that the strain of the crystals is roughly 1/10 of the macroscopic

strain. From the broadening of the Bragg peaks, they also esti-

mated that the crystallite size perpendicular to the direction of

the strain decreases with the applied load, which seems to be

contradictory to the mentioned constancy of crystallinity.

However, the broadening could also be explained by less-orderly

growth of the crystallites of neighboring molecular chains. The

strain in nanocrystals was also investigated by Brookes et al.,

who correlated the shift in Raman spectra with the applied stress

in spider silk fibers and the reeling speed,19 and proposed a model

of non-uniform stress in the material.

Apart from experimental studies, Termonia developed the

widely accepted molecular model for spider silk,20,21 which

considers three components: nanocrystals oriented along the

fiber axis, adjacent rigid chains and amorphous regions of elas-

tomeric chains linked by hydrogen bonds. In the model,

stretching of dry fibers produces the progressive rupture of the

hydrogen bonds. The hydrogen bonds between chains are

assumed to collapse when the fibers are immersed in water.13,14,22

Finally, the detailed atomistic models developed by Keten and

Buehler predicted an increase in the fraction of the aligned b-

sheets for high deformations,23 which could produce an increase

of the crystalline fractions. This increase has not been described
6016 | Soft Matter, 2012, 8, 6015–6026
in the above-mentioned studies, though it is consistent with our

results as explained below.

In this work, we have studied the microstructural changes of

supercontracted MAS fibers during deformation. Previous

studies have shown that the maximum supercontracted state

represents a ground state for the material, to which it can revert

independently from the previous loading history of the fiber. In

particular, it is possible to obtain the whole range of tensile

properties of the material by a process known as wet stretch-

ing24,25 and the mechanical properties of the fibers can be

unambiguously defined and controlled by means of the macro-

scopic alignment parameter a.25 This is a simpler option than the

use of other more involved relationships that have subsequently

been proposed to take into account the mechanical variability of

MAS fibers.26–28 Following this rationale, maximum super-

contracted fibers have been subjected to different strains, i.e.

different values of the alignment parameter a, and analysed by

X-ray diffraction and Raman spectroscopy.2,12,29 The fibers have

been stretched in hydrated condition, which allows obtaining

fibers with high alignment25 and which is the same condition

considered in previous atomistic modeling studies.23

II. Experimental section

A. Obtaining silk fibers

We have used silk fibers from the major ampullate gland of

Argiope trifasciata spiders. Given that it has been shown that

MAS fibers from A. trifasciata share most of their specific

features with those obtained from the other studied orbicularian

spiders,30–33 the main results reported below might also be

extended to such species.

Spiders were bred in captivity and fed on a diet of crickets.

Homogeneous MAS fibers were obtained by forced silking34 at

a speed of 10 mm s�1 and nominal temperature of 20 �C and 35%

relative humidity (RH). The silking force was measured during

the process and about 1 m of continuous fibers obtained under

constant force was selected. This condition ensures that the fibers

are homogeneous.35 The samples were obtained from that

material and stored at 20 �C and 35%RHuntil testing. The initial

state of the fibers after forcibly silking is labeled as FS, and

usually corresponds to large values of the alignment parameter

(a $ 0.9).

B. Supercontraction, wet stretching and mechanical tests: the

macroscopic alignment parameter a

By supercontraction, an unrestrained MAS fiber may contract to

about 40–50% of its initial length when immersed in water.13,14As

introduced above, the maximum supercontracted state (MS) can

be used as a starting point from which the tensile properties of

spider silk can be tailored in a reproducible way by stretching the

fibers in water.25,36

The evolution of the tensile properties of the fibers with the

alignment parameter has been analyzed by the authors in

a previous paper,25 where the experimental procedure for

obtaining fibers with different alignment parameters is described.

This procedure is sketched in Fig. 1. Initially, a fiber glued by its

ends to an aluminium foil frame is immersed in water at 20 �C for

10 minutes. The fiber is allowed to contract, unrestrained, to the
This journal is ª The Royal Society of Chemistry 2012



Fig. 1 Procedure of obtaining fibers with different alignments a: (a) initially the fiber is immersed in water and conditioned during 10 min; its initial

length is LMS; (b) then the fiber is stretched up to the length LA, and (c) dried overnight at fixed length; (d) the final length of the unloaded fiber after

drying is LC, and the alignment parameter is computed as a ¼ LC/LMS � 1. The room temperature was 20 �C.
maximum supercontracted length, LMS (Fig. 1a). Then the fiber

is stretched up to the selected length, LA, and the ends are

clamped in this position (Fig. 1b). Water is removed after

10 minutes and the fiber allowed to dry overnight at 20 �C and

35% RH (Fig. 1c). Stresses build up in the fiber during drying,

probably due to the restoration of the hydrogen network that

tends to shrink it.37,38 Finally, the fiber is unloaded down to the

final length LC (Fig. 1d). The alignment state of a fiber is iden-

tified by the macroscopic alignment parameter a, defined as a ¼
LC/LMS � 1. The alignment parameter of the forcibly silked (FS)

samples is calculated as a ¼ LFS/LMS � 1, LFS being the initial

length of the fiber after silking.

The mechanical properties of the fibers were measured as

described elsewhere.37 Silk fibers (base length ¼ 20 mm) were

mounted on aluminium foil frames and fixed in the grips of

a testing machine (Instron 3309-622/8501, Canton, MA, USA)

that was appended to an environmental chamber (Dycometal

CCK-25/300, Barcelona, Spain). Forces were measured by

a 100 mN load cell with 0.1 mN resolution (HBM 1-Q11,

Darmstadt, Germany). Reproducibility was checked by testing

one out of every five samples as a control. No significant devia-

tion was observed in the tensile properties of the control samples.

To measure the diameters of the FS fibers, two small pieces

(5 mm long) adjacent to both sides of each sample were retrieved,

metallized with gold, and observed in a scanning electron

microscope (SEM-JEOL 6300), at 10 kV and I ¼ 0.06 nA. The

cross-sectional area was computed by assuming a circular cross-

section and the mean diameter of a sample calculated as the

average of at least five measurements. For MS and wet-stretched

fibers, cross-sectional areas were derived from FS ones under the

hypothesis of volume constancy39 in all processes.
C. X-Ray diffraction (XRD)

Synchrotron radiation microdiffraction experiments were per-

formed at the ESRF-ID13 beamline by using an �1 � 1 mm2

monochromatic beam from crossed mirrors at a wavelength
This journal is ª The Royal Society of Chemistry 2012
l¼ 0.1 nm, as explained in detail elsewhere.40,41Aminimum of 90

observations were acquired on each sample, to obtain a mean

diffraction pattern, and three to four samples were studied at

each condition of alignment a. Data analysis was performed with

the FIT2D program.42 Patterns recorded outside the fiber during

a scan were used for background correction. XRD data were

used to study the unit cell of the fibers, their crystallinity, the sizes

of the nanocrystals and their orientation with respect to the

macroscopic axis of the fiber.5 We have used three different

indexes to quantify the crystallinity of the fibers: (a) the ratio X

between intensity arising from crystalline regions and total

intensity for a fixed Bragg angle,8 as described in the Results

section; (b) the ratio c ¼ SIB/Itot where SIB is the sum of

intensities of Bragg peaks and Itot is the total intensity for the

whole diffraction image;41 and (c) the crystalline fraction XC

obtained by the method of Ruland following the scheme

described by Grubb and Jelinski.7

The particle size was determined by Scherrer’s equation, L ¼
(0.9l)/(Bcos q), where B is the radial width (fwhm) of the

Gaussian fitted for the diffraction spot.43 L corresponds to

a lower size limit for coherently scattering crystallites. Finally,

the orientation of the nanocrystals was determined from the

azimuthal broadening of the equatorial (210) reflections,44

quantified by the full width at half maximum (fwhm) of the

Gaussian functions used to fit the intensity profile.
D. Raman spectroscopy

To measure the molecular alignment with respect to the fiber axis

(z direction), polarized Raman spectra were collected with both

the incident and scattered light either parallel (Izz) or perpen-

dicular (Ixx) to the fiber axis. A near infrared (NIR) diode laser

(Toptica dfBeam 785-S with optical isolator) was used for exci-

tation to reduce fluorescence emission from the sample. Laser

light was focused on the fiber with a 100� Mitutoyo Plan NIR

infinity-corrected microscope objective. Laser power on the

sample was kept below 20 mW. At this power the spectra did not
Soft Matter, 2012, 8, 6015–6026 | 6017



Fig. 2 (a) Mechanical properties of fibers with different macroscopic

alignments a, tested under ambient conditions of 20 �C and 35% relative

humidity. (b) Initial elastic modulus Ei vs. alignment a. (c) Yield stress vs.

alignment a. The two higher values of alignment correspond to fibers as

obtained by forced silking (FS). Error bars represent standard error.
change with time, discarding any laser-induced damage. At least

three different samples of each macroscopic alignment were

analyzed. Scattered light was collected with the same objective

and analyzed with a 300 mm focal-length single-grating spec-

trometer (Princeton Acton Spectra Pro 2300i) and a back-illu-

minated deep-depletion CCD detector (Princeton Pixis 256),

thermoelectrically cooled (�75 �C) to reduce dark counts. Elas-

tically scattered light was blocked with a long-wave pass edge

filter (Semrock RazorEdge U grade). Polarization of the scat-

tered light was selected by rotating a zero-order precision quartz

l/2 wave plate before a fixed dichroic glass linear polarizer. A

1200 grooves per mm grating was used to measure the 1200–1700

cm�1 range. This range was chosen because it contains the amide

III and amide I bands. They arise, respectively, from vibrations

approximately parallel and perpendicular to the polypeptide

backbone and their intensity in polarized spectra is highly

sensitive to the degree of orientation of the molecular chains.45

For chains perfectly aligned along the fiber axis z, the amide I

band is stronger in the Ixx spectrum, whereas the amide III band

is stronger in the Izz spectrum.

To compare quantitatively the degree of orientation, the

empirical parameter p2 defined by p2 ¼ [Ixx(I) � Izz(III)]/[Izz(I) �
Ixx(III)] has been used,2 where I and III refer to the intensity of

the amide I and amide III bands at 1668 cm�1 and 1228 cm�1,

respectively. For simplicity, the values used in the calculations

were the intensities of the spectra at those wavenumbers. The

parameter p2 cancels out any variations of intensity between Ixx
and Izz spectra due to focus or equipment sensitivity, and

increases with the degree of orientation.

III. Results and discussion

A. Mechanical behaviour

Fig. 2a shows the stress–strain curves for fibers with different

values of the macroscopic alignment parameter a. The curves

show that the global stiffness and the stress at breaking increase

with a. The strain at breaking follows the opposite trend and, as

expected for a polymeric material, the most aligned fibers show

the lowest strain at breaking. The dispersion in the breaking

strain and breaking stress values is high, as described previously

and explained by a locally brittle behaviour.46

The initial elastic modulus, in Fig. 2b, and the yield stress

(estimated as the proportional limit), in Fig. 2c, are represented

as a function of the alignment parameter. Both variables increase

with alignment and, interestingly, it seems that two regions could

be identified: a slower growth for low values of a and a higher

increase of the elastic modulus and the yield stress above a¼ 0.5.

In particular, the yield stress is relatively constant for low values

of the alignment parameter (0.10 GPa for a¼ 0 and 0.14 GPa for

a ¼ 0.5) increasing to about 0.3 GPa for a ¼ 0.9. These results

will be discussed later in light of the microstructural study.

B. Crystallinity

Fig. 3 shows representative diffraction patterns for fibers with the

four analyzed alignments (a ¼ 0, 0.45, 0.90, 1.44). It can be seen

that the azimuthal broadening of the Bragg peaks is lower for

samples with higher values of a, indicating a progressive orien-

tation of the crystalline regions. The noticeable amount of noise
6018 | Soft Matter, 2012, 8, 6015–6026
present in the patterns can be explained by the small diameter

of the fibers (�3 mm) in comparison with other thicker

samples considered in other studies, such as MAS fibers from

Nephila clavipes spider (�5 mm)47 or fibroin regenerated fibers

(�30 mm).40

Previous X-ray studies identified the general crystal structure

in silks as nearly orthorhombic containing anti-parallel b-pleated

sheets.48 The crystals are preferentially oriented with the molec-

ular chains along the fiber axis and the brighter diffraction spots
This journal is ª The Royal Society of Chemistry 2012



Fig. 3 (a) Representative diffraction patterns of fibers for the four alignments studied. The three Bragg peaks considered to determine the charac-

teristics of nanocrystals are indicated: (020), (210) and (002). (b) Sketch showing the crystalline directions and unit cell dimensions a � b � c in

nanocrystals.

Fig. 4 (a) Azimuthal intensity at the radial distance corresponding to the

peak (210), i.e. Q¼ 13.8 nm�1, for anMS sample. The intensity is fitted by

three functions representing the three different components: highly

oriented nanocrystals (C, pair of two narrower Gaussians), weakly

oriented material or ‘oriented amorphous’ material (O, pair of two

broader Gaussians) and amorphous halo (A, constant function). (b)

Relative area of the three components (area under the functions). Error

bars represent standard error.
in the patterns correspond to the plane families (020) and (210).

Their centers are in the so-called equator, which is perpendicular

to the fiber axis. The centers of the reflections (002) are in the

meridian direction which is parallel to the fiber axis. The

azimuthal angle is defined so that it is equal to 0�/180� for

reflections (020) and is equal to +90�/�90� for reflections (002).

We have calculated the unit cell dimensions from the reflections

(020), (210) and (002) at each condition of alignment, see Fig. 3b,

finding that the variation between different alignments is not

significant, as previously described.15 The calculated unit cell

dimensions (mean value � standard error) are a ¼ 0.997 �
0.001 nm (interchain direction), b¼ 1.126� 0.001 nm (intersheet

direction), c ¼ 0.690 � 0.001 nm (chain direction). These

dimensions are similar to those found for other species and

consistent with a high content of alanine, as discussed below.

The distribution of intensity in the pattern has been

explained5,7,8 as the superposition of: (i) the halo produced by the

amorphous regions, (ii) the Bragg peaks produced by the b-sheet

nanocrystals and (iii) part of the azimuthal broadening of the

peaks produced by the weakly oriented regions. The existence of

this last fraction of ordered material is supported by NMR

studies6 which suggested the existence of weakly oriented yet

crystalline unaggregated b-sheets. This last fraction of ordered

material has been also described as oriented amorphous mate-

rial.7,8 Fig. 4a illustrates the azimuthal distribution of intensity at

the radial distance corresponding to the (210) peaks (scattering

vector Q ¼ 13.8 nm�1) for an MS sample (a ¼ 0). The intensity

can be fitted as the sum of two pairs of Gaussian functions

centered in each Bragg peak and a constant. The narrower

Gaussians have been associated to the more perfectly crystalline

material and the broader Gaussians to the less-perfectly ordered

material,7,8 the constant part being mainly due to the amorphous

halo. This identification of Gaussian functions allows estimating

the relative fraction of each component (which allows
This journal is ª The Royal Society of Chemistry 2012
comparison of different samples) although there is no reason why

other distribution functions, different from Gaussian functions,

could not exist, as already indicated.7

The areas representing the crystalline particles (C, areas under

the narrower Gaussians), the weakly oriented material (O, areas

under the broader Gaussians), and the amorphous material (A,

area under the constant function) are displayed in Fig. 4b as

fractions of the total area. It can be seen that for a < 0.5 the three

fractions are approximately constant. However, for higher

alignment the amorphous fraction decreases progressively, at the

expense of the highly oriented nanocrystals and weakly oriented

regions. Between a¼ 0.5 and a¼ 0.9 the most significant growth

corresponds to the weakly oriented material and above a ¼ 0.90

the reduction of amorphous material is compensated by the

growth of the crystalline regions. The crystallinity index X is

defined as the ratio between areas, X ¼ (C + O)/(C + O + A).
Soft Matter, 2012, 8, 6015–6026 | 6019



An alternative approach to quantify the crystallinity of the

material is to analyze the intensity for the whole diffraction

pattern. An important step is to separate the intensity arising

from the crystalline reflections and the intensity of the amor-

phous halo.5,7 For this purpose, the azimuthally integrated

intensity can be analysed and fitted by intensity functions rep-

resenting the different components.5 Here, noise in the diffrac-

tion patterns made it extremely difficult to characterize the

intensity of the Bragg peaks, and therefore it required an indi-

rect characterization. The azimuthally averaged total intensity,

IT(Q), has been computed as a function of the magnitude of the

scattering vector Q ¼ 4psin(q)/l, or alternatively as a function

of s ¼ sin(q)/l. The azimuthally averaged intensity of the

amorphous halo, IA(Q), has been calculated by azimuthal inte-

gration in selected regions where we considered that the inten-

sity arising from Bragg peaks is negligible. These selected

regions are indicated in Fig. 5a as shaded areas. The intensity of
Fig. 5 (a) Scheme of the areas selected to calculate, by azimuthal inte-

gration, the average intensity produced by the amorphous regions. In

those areas the intensities of the Bragg peaks are considered negligible.

The diffraction pattern of a MS fiber is shown as background. (b)

Example of curves of azimuthally averaged intensities vs. the magnitude

of the scattering vector Q for the same MS fiber.

6020 | Soft Matter, 2012, 8, 6015–6026
Bragg peaks is then obtained as ic(Q) ¼ IT(Q) � IA(Q). The

intensity ic(Q) includes the intensity produced by the highly

oriented nanocrystals (associated above with the narrower

Gaussian) and by the weakly oriented fraction which produces

a higher broadening of the Bragg peaks (associated above with

the broader Gaussian). As an example, the curves of intensity

for one MS fiber are shown in Fig. 5b. It can be observed that

the intensity ic(Q) represents a small fraction of the total

intensity.

The c index used to quantify the crystallinity is defined as the

ratio between the integrated intensity of crystalline reflections

and the integrated total intensity c ¼ Ð
ic(Q)dQ/

Ð
IT(Q)dQ.

A third crystallinity index, i.e. the crystalline fraction XC,

was obtained by the method of Ruland, from the curve R vs.

sp
2, as explained below in the Appendix. The curves calculated

for the extreme conditions a ¼ 0 (MS) and a ¼ 1.44 (FS) are

shown in Fig. 6 (the curves for a ¼ 0.45 and a ¼ 0.90 are

omitted for clarity). Although the dispersion is considerable, it

can be observed that the curves corresponding to each condi-

tion are spatially grouped. Each curve is approximated by

a straight line (shown in the figure) and the intercept at sp
2 ¼

0 is taken as 1/XC.

The three indexes, X, c and XC, are displayed in Fig. 7 as

a function of the macroscopic alignment parameter a. Consistent

with their definition, the trend in the evolution of the three is the

same, indicating that the crystallinity is nearly constant between

a ¼ 0 and a ¼ 0.45 and that it increases for higher values of a. In

the lowest alignment condition (a ¼ 0), the estimated crystalline

fraction is XC ¼ 17 � 4% (c ¼ 8 � 1%, X ¼ 30 � 5%), while the

fraction reaches the value XC ¼ 29� 4% (c¼ 15� 1%, X¼ 52�
10%) for the highest alignment (a ¼ 1.44). The values of the

indexes are given as mean value � standard error.
Fig. 6 Ratio R vs. the upper integration limit sp for MS and FS fibers

(dotted lines). Each curve corresponds to one diffraction pattern. The

linear regression of each curve is represented as a solid straight line. The

intercept of each straight line with the vertical axis is R(0) ¼ 1/XC.

This journal is ª The Royal Society of Chemistry 2012



Fig. 7 Crystallinity indexes calculated as the ratio between areas of

intensity (X ¼ (C + O)/(C + O + A)), by the method of Ruland (XC) and

by the ratio between the Bragg peaks’ intensity and the total intensity (c).

Error bars represent standard error.
C. Crystalline particle size

The sizes of crystalline particles were calculated from the radial

profile of the 210, 020 and 002 reflections, and the results are

shown in Fig. 8, which shows that there are no significant differ-

ences in the calculated size between the different conditions of

alignment. The mean sizes in the three directions are respectively

3.6, 2.6 and 5.8 nm. From these values, the corresponding mean

dimensions of the nanocrystals are 5.2 � 2.6 � 5.8 nm3, respec-

tively along interchain, intersheet and chain directions (see the

sketch in Fig. 3). These sizes range within the intervals determined

in previous studies by XRD5,7 and solid state NMR49 for silks

produced by other species, and indicate that the largest dimension

corresponds to the direction parallel to the chains in the b-sheets

(this dimension was obtained to be 6 � 2 nm by NMR).

D. Orientation of molecular chains and crystalline particles

Full width at half maximum (fwhm), which quantifies the

orientation of the crystalline regions, has been calculated from
Fig. 8 Size of the nanocrystals calculated by the Scherrer equation from

the radial widths of the (020), (210) and (002) peaks. The three dimen-

sions studied are shown in the sketch: La, in the interchain direction; Lb,

in the intersheet direction; and Lc, in the chain direction. Error bars

represent standard error.

This journal is ª The Royal Society of Chemistry 2012
the azimuthal fitting of the equatorial (210) reflections (see

Fig. 4a), and it is represented in Fig. 9 as a function of the

alignment parameter a. It has been obtained for the narrow

Gaussians, associated with the highly oriented nanocrystals, and

also for the broader Gaussians, associated with the weakly

oriented material. In the case of the highly oriented nanocrystals,

the figure shows a step increase of the orientation (decrease in

fwhm) between a ¼ 0 and a z 0.5, and an essentially constant

value for a > 0.5. In the case of the broader Gaussians, the results

indicate that the latter ordered material remains weakly oriented,

without significant variation of the orientation. Fig. 9 also shows

the predicted fwhm for affine deformation. Under that hypoth-

esis the tangent to the angle is proportional to (1 + a)�3/2.

It is expected that the mean orientation of the molecular chains

along the fiber axis grows with the macroscopic alignment a,

which is confirmed by Raman spectroscopy. Fig. 10 shows

polarized Raman spectra of the fibers at the different conditions

of alignment. They contain the amide III band at approximately

1228 cm�1 and the amide I band near 1668 cm�1. The amide III

mode involves mainly the stretching vibration of the C–N

peptide bond, oriented along the chain direction. The amide I

mode consists mostly of the stretching vibration of the carboxyl

C]O bond, oriented perpendicular to the chain direction. Thus,

the analysis of the intensities of both modes allows characterizing

the molecular orientation. This idea led us to utilize the param-

eter p2, defined above, to quantify the protein chain alignment at

the molecular level. The calculated values are collected in Table 1

as a function of the macroscopic alignment parameter a. The

parameter p2 ranges from 1.5 for MS (a ¼ 0.0) samples to 4.0 for

FS (a ¼ 1.44) samples and increases almost monotonically with

the macroscopic alignment. This tendency is not followed in the

range of high alignments, since samples with alignment param-

eters of a ¼ 0.90 and a ¼ 1.44 show similar values of p2, despite

the amide III peak (1228 cm�1) being more marked for the a ¼
1.44 sample, as Fig. 10 shows. The relative insensitivity of the
Fig. 9 Full width at half maximum (fwhm) for the Gaussian functions

obtained from the fitting of azimuthal intensity at (210) peaks (see Fig. 4).

The narrow Gaussian is associated with highly oriented nanocrystals and

the broader Gaussian is associated with the weakly oriented material.

Smaller values of fwhm indicate a higher alignment of the crystals. Error

bars represent standard error. The predicted fwhm for affine deformation

is also included.
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Fig. 10 Representative Raman spectra for the four different alignments studied, collected with both the incident and scattered light either parallel (Izz,

right plots) or perpendicular (Ixx, left plots) to the fiber axis. The vertical lines indicate the wavenumbers of amide I (1668) and amide III (1228) bands.
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Table 1 Orientation parameter p2 (mean value � standard error)
calculated from Raman spectra, for the four different alignments studied

Alignment a 0.00 0.45 0.90 1.44

Orientation parameter p2 1.7 � 0.4 2.2 � 0.2 4.0 � 0.1 4.0 � 0.4
p2 parameter at high alignments can be related with the dis-

appearing of an individual peak of the amide III vibration in the

spectra taken at xx polarization, as observed in Fig. 10.
E. Discussion

Warwicker studied the lattice dimensions for a large number of

silks from different species,48 finding that the dimension in the

inter-sheet direction, b, was in the range 0.93–1.57 nm, while the

other two dimensions remained constant: a ¼ 0.944 nm (inter-

chain direction) and c ¼ 0.695 � 0.005 nm (chain direction).

Later studies have shown a certain dispersion for these latter

parameters, a ¼ 0.930–0.987 and c ¼ 0.690–0.701 nm.5,48,50–52 In

Warwicker’s work the silks studied were grouped in five main

groups, with distinct values for the dimension b. Our results for

Argiope trifasciata MAS fibers yield a value b ¼ 1.126 nm, close

to that forNephila clavipes (Warwicker’s group 3), and constitute

an example of intermediate lattice, between Warwicker’s group 3

(b ¼ 1.06 nm) and 4 (b ¼ 1.50 nm). The dimension b is twice the

mean distance between consecutive b-sheets. Thus, it is higher in

silks with larger side-chain residues in the crystalline regions. In

the last years, the amino acid sequences (complete or partial) of

some silks have been published, allowing analysis of the rela-

tionship between the content of short side-chain residues and the

lattice parameter b. Warwicker considered alanine, glycine and

serine as the short side-chain residues. The values of this

dimension b and the percentages of short side-chain amino acids

are listed in Table 2 for silks for which such data are well known.

The correlation between both variables, since the greater values

of dimension b correspond to the lowest percentages of short

side-chains residues, is clear. This analysis is consistent with

Warwicker’s supposition that in silks with a lower content of

short side-chain residues the relative contribution of large resi-

dues in the crystalline regions is higher.

The three methods utilized in this work to quantify the fraction

of amorphous and ordered material yield qualitatively similar

results: for a ¼ 0 and a ¼ 0.45 the fraction of amorphous

material is reasonably constant and it decreases progressively for

higher alignment. The estimated increase in the crystalline
Table 2 Lattice dimension in the inter-sheet direction, b, and percentage of re
different species. The percentage has been computed from the sequences give
parentheses. In Bombyx mori, the overall percentage of short side-chain residu
four species of spiders, the percentage is obtained as the mean percentage of

Silk Intersheet lattic

Bombyx mori (fibroin LC + HC) 0.895–0.93 (ref.
Latrodectus hesperus (MaSp1, MaSp2) 1.08 (ref. 52)
Nephila clavipes (MaSp1, MaSp2) 1.04–1.072 (ref.
Argiope trifasciata (MaSp1, MaSp2) 1.126
Araneus diadematus (ADF-3, ADF4) 1.57 (ref. 48)

This journal is ª The Royal Society of Chemistry 2012
fraction is likely linked to the increase in the general alignment of

molecular chains, producing the incorporation of neighboring

chains to the nanocrystalline particles. The three methods

provide different values of the crystalline fraction. The first

method allows an easy and simple comparison, although quali-

tative. The other two methods have been used previously to

quantify the crystalline fraction.7,40 The estimated crystallinity is

between XC ¼ 17 � 4% (c ¼ 8 � 1%) for maximum super-

contracted fibers with a¼ 0 andXC ¼ 29� 4% (c¼ 15� 1%) for

forcibly silked fibers with a ¼ 1.44. A practical outcome of this

work is that the results confirm the validity of the three methods

to compare qualitatively the microstructure of different samples

in terms of fractions of ordered and amorphous material.

Previous sequence studies3 of Argiope trifasciata spidroins allow

estimating the percentage of alanine to be �23% in number and

�20% in mass. Poly(Ala) motifs are expected to be present in the

nanocrystals, as discussed above, and in particular poly(GlyAla)

motifs that flank the poly(Ala) motifs are present in the b-sheet

structure.53 Including glycine in GA motifs, the combined

percentage of both amino acids is �27% in number. These

percentages are close to the estimated crystallinity by the method

of Ruland.

The crystallinity calculated covers the range of previous values

obtained for MAS fibers from Nephila clavipes spiders: XC ¼
12 � 3% determined by X-ray diffraction7 and �35% by

NMR.6,53 Moreover, solid state NMR studies of the structure53

have shown that 34% ofMA silk, obtained by forced silking from

Nephila clavipes, is in b-sheet conformation. This would be the

upper limit for the crystalline fraction, in agreement with our

results. In such studies the alignment a was not specified but,

since the fibers are obtained by forced silking, a high alignment

parameter can be assumed. For Bombyx mori silkworm silk fibers

the reported crystallinity, estimated by XRD, is in the range 56–

65%.41,54 The higher crystallinity in Bombyx mori silk fibers

agrees well with their higher stiffness and lower plasticizing effect

of water compared to orb-web spider silk fibers.33,40,55

From the growth of the crystallinity with the macroscopic

alignment a, an increase of the size of nanocrystals could be

expected. However, the estimated size is nearly constant within

the experimental error. From a ¼ 0 to a ¼ 1.44, the fraction of

crystallites increases by a factor of V1.44/V0 z 29/17z 1.7. If the

increase in volume was produced by an isotropic growth of each

nanocrystal, the variation of any length of a given nanocrystal

would be L1.44/L0 z 1.71/3 z 1.19. That difference of 19% is of

the order of magnitude of the estimated error in the calculated

particle sizes (Fig. 8). Besides, the calculated size depends both
sidues with short side-chains (alanine, glycine and serine) for silks spun by
n in the references. The names of the sequenced proteins are indicated in
es is calculated for the unit heavy chain (HC) plus light chain (LC). In the
the two proteins present in the silk

e parameter b (nm)
Percentage of short side-chain
residues (Ala + Gly + Ser)

48,50 and 57) 85.6% (ref. 58)
74.4% (ref. 59)

5,7 and 51) 67.5% (ref. 60)
65.3% (ref. 3)
62.0% (ref. 61)
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on the actual size of particles and the perfect-ordering degree in

the crystal. Thus, the observed constancy of calculated sizes

could be due to the growth of the diffracting particles accom-

panied by a less perfect order of the chains added to the

nanocrystals.

The evolution of the orientation and the fraction of crystalline

material indicate that there are two distinct regimes in the

evolution of the crystalline regions (Fig. 11): (a) for macroscopic

alignment below a z 0.5, stretching the fibers produces the

reorientation of the nanocrystals at constant crystalline fraction

and (b) for further stretching an increase in the crystalline frac-

tion is observed, while the nanocrystals remain highly oriented

along the fiber axis.

The two regimes are also recognized in the mechanical

behavior. The initial slope of the curve Ei(a) is lower in the first
Fig. 11 Sketch of the proposed two-regime model for the microstruc-

tural deformation of supercontracted spider silk fibers. During the first

regime, the nanocrystals reorient until a maximum orientation of the

chains along the fiber axis is attained for a z 0.5. This first regime takes

place at very low stresses if the fibers are stretched in water, and a plateau

of constant stress is observed if the fibers are stretched in air. During the

second regime, a > �0.5, the total fraction of crystalline material (both

highly oriented nanocrystals and weakly oriented material) increases.

Stretching the fibers in this latter regime requires a continuous increase of

the applied stress.

6024 | Soft Matter, 2012, 8, 6015–6026
regime than in the second regime (Fig. 2b). The reorientation of

the nanocrystals and the chains in the amorphous material

justifies the slow increment in the first regime, while the increase

of crystalline fractions explains the faster increment of the

modulus in the second regime. The linear variation of the elastic

modulus Ei(a) in the second regime can be easily explained by

assuming a linear evolution of the crystalline fraction (Fig. 7) and

using the law of mixtures: for a composite material with two

phases undergoing equal deformations, the total elastic modulus

E can be estimated as E ¼ E1V1 + E2(1 � V1), where E1 and E2

are the elastic moduli and V1 and (1 � V1) are the volume frac-

tions of the two phases. Thus, this simple equation predicts that

the total initial modulus Ei is proportional to the crystalline

fraction, which grows practically linearly with a (Fig. 7).

The identification of the two regimes is consistent with

a previous atomistic model of the stretching of individual

hydrated protein molecules.23 In that work, the authors found

that for strains lower than a certain value, corresponding

approximately to a z 0.5, the secondary structure proportion is

constant, but for higher strains the percentage of chains in

b-sheet conformation increases with the strain.

Regarding the yield stress, this can be identified as the stress

required to break the hydrogen bonds which confine the nano-

crystals and chains. Its value is practically constant for a < 0.5, as

expected since in this regime the fraction of the amorphous

material remains essentially constant. For a > 0.5, the yield stress

increases progressively. In this second regime, the increasing of

the crystalline fraction can be associated with an increasing in the

stress required to break the hydrogen bonds between amorphous

chains, due to the restrictions introduced by the new crystalline

regions. Moreover, the increase of orientation of the molecular

chains makes it possible to better balance the load over chains

than at lower a.

The procedure utilized in this work, i.e. the production of

fibers with different alignments by stretching them in water,

allows obtaining MAS fibers from Argiope trifasciata with high

alignments.25 The properties of the fibers, in particular the

mechanical properties, have been shown to be essentially deter-

mined by the alignment a,25,56 and thus we can assume that the

microstructure would be reasonably similar if we had stretched

the fibers in air. For maximum supercontracted fibers, the tensile

curve (see Fig. 2b and 11) shows an initial linear region followed

by the yield point and a long constant-stress plateau until a strain

of about 0.5. Thus, in the plateau, after the yield point the

reorientation of crystallites would take place without increment

of stress. This reorientation would occur by rupture and new

creation of hydrogen bonds, which are assumed to break easily

above the yield point.20,21 In the first regime, if the fibers are

stretched in water, the orientation of the nanocrystals takes place

at very low stresses, which is consistent with the plasticizing effect

of water, which in turn produces the rupture of hydrogen bonds

between chains.14,20,22 In the second regime, further stretching of

the supercontracted fibers requires a continuous increase of the

applied stress, both in water and in air, which must be associated

with the growth of crystalline fractions. In addition to the

breaking and reorganization of the network of hydrogen bonds,

the greater stress can be explained by the deformation of covalent

bonds during the alignment of the molecular chains, required to

form new crystalline/ordered material.
This journal is ª The Royal Society of Chemistry 2012



IV. Conclusions

The study of MAS fibers with different alignments has allowed

quantification of their content in amorphous material, highly

oriented nanocrystals and weakly oriented material, and esti-

mation of the orientation of both crystalline fractions. The

crystalline fraction has been analyzed by three different methods,

obtaining qualitatively congruent results. We have confirmed the

validity of the very simple analysis of relative crystallinity based

on the azimuthal intensity, when it is used to compare different

samples.

The results are consistent with previous results from X-ray

diffraction, NMR measurements and atomistic calculations,6–8,23

providing additional details on the evolution of the microstruc-

ture. Two distinct regimes of the alignment of supercontracted

fibers have been identified: for a < 0.5 the microstructural

evolution is characterized by the reorientation of the nano-

crystals, and for a > 0.5 the alignment modifies the relative

fraction of crystalline material. The two regimes are also recog-

nized in the evolution of the mechanical properties, which can be

associated and explained by the microstructural changes.

These results provide important information on the relation-

ship between microstructure and properties. The description of

the two stages during the deformation of the fibers, separating

the reorientation and the growth of the ordered material, will be

highly valuable in developing and validating molecular models of

the fibers.

The analysis of the lattice parameters in Argiope trifasciata

and other silk fibers has provided new evidence of the relation-

ship between amino acid sequences and lattice dimensions. The

lattice dimension in the inter-sheet direction grows with the

percentage of large side-chain residues as hypothesised by War-

wicker in the 1960s.
Appendix: the method of Ruland to estimate the
crystallinity

The method of Ruland has been applied as follows. The intensity

of Bragg peaks ic(s) and the total intensity IT(s) are obtained as

a function of the scattering vector s ¼ sin(q)/l, where q is the

Bragg angle. These intensities are computed after polarization

and geometrical correction using the program FIT2D. The

structure-free coherent, Icoh(s), and incoherent, Iinc(s), scatterings

were calculated from the chemical composition of the material,

assuming a mean formula H5C3NO, and tabulated values of

atomic form factors and incoherent scattering functions. The

factor Twas calculated as T¼ (Icoh + Iinc)/IT for the extrapolated

values of intensities at s ¼ 5 nm�1. This factor is used to remove

the correct amount of incoherent scattering from the total

intensity: i ¼ IT � Iinc/T. The ratio of corrected total intensity to

intensity arising from crystalline reflections is then computed as

RðspÞ ¼
Ð sp
0
is2ds

Ð sp
0
ics2ds

Finally, a plot R vs. sp
2 is approximated by a straight line and the

intercept at sp ¼ 0 is taken as the inverse of the crystalline frac-

tion, 1/Xc.
This journal is ª The Royal Society of Chemistry 2012
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