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A B S T R A C T   

Spider major ampullate (MA) silk is characterized by high strength and toughness and is adaptable across en-
vironments. Experiments depriving spiders of protein have enabled researchers to examine nutritionally induced 
changes in gene expression, protein structures, and bulk properties of MA silk. However, it has not been eluci-
dated if it varies in a similar way at a nanoscale. Here we used Atomic Force Microscopy (AFM) to simultaneously 
examine the topographic, structural, and mechanical properties of silks spun by two species of spider, Argiope 
keyserlingi and Latrodectus hasselti, at a nanoscale when protein fed or deprived. We found height, a measure of 
localized width, to substantially vary across species and treatments. We also found that Young’s modulus, which 
may be used as an estimate of localized stiffness, decreased with protein deprivation in both species’ silk. Our 
results suggest that nanoscale skin-core structures of A. keyserlingi’s MA silk varied significantly across treat-
ments, whereas only slight structural and functional variability was found for L. hasselti’s silk. These results 
largely agreed with examinations of the bulk properties of each species’ silk. However, we could not directly 
attribute the decoupling between protein structures and bulk mechanics in L. hasselti’s silk to nanoscale features. 
Our results advance the understanding of processes inducing skin and core structural variations in spider silks at 
a nanoscale, which serves to enhance the prospect of developing biomimetic engineering programs.   

1. Introduction 

Spider webs function by absorbing the kinetic energy of intercepted 
prey. The constituent silks thus need to be mechanically adaptable to 
perform optimally across different environments and/or when different 
prey types are encountered (Lin et al., 1995; Blamires et al., 2013; 
Harmer et al., 2015; Blamires and Sellers, 2019). The silk shouldering 
the burden of dispersing the kinetic energy absorbed during impact in 
spider orb webs and cobwebs is major ampullate (MA) silk (Sensenig 
et al., 2012; Lintz and Scheibel, 2013; Harmer et al., 2015; Blamires and 
Sellers, 2019). This is accomplished by initial high silk stiffness followed 
by gradual deformation (Kohler and Vollrath, 1995; Du et al., 2011; 
Sensenig et al., 2012; Tarakanova and Buehler, 2012; Blamires and 
Sellers, 2019). The silk needs to strike a balance between being too 
compliant and too stiff if the kinetic energy of the impacting prey is to be 
optimally absorbed (Liu et al., 2005; Boutry and Blackledge, 2013; 
Blamires and Sellers, 2019). If the fibres are too compliant the web will 

collapse on impact. On the other hand, if they are too stiff the prey will 
be ejected off the web (Hudspeth et al., 2012). 

MA silk is organized into a lipid-protein-glycoprotein skin covering a 
fibrous protein core (Papadopoulos et al., 2009; Blamires et al., 2017) 
that is composed of at least two fibril forming proteins (spidroins), major 
ampullate spidroin 1, (MaSp1), and major ampullate spidroin 2 
(MaSp2). MaSp1 consists of repeating polyalanine amino acid motifs 
that combine to promote the formation of crystalline β–sheet 
nano-structures and contribute directly to the strength of bulk fibres 
(Parkhe et al., 1997; Blamires et al., 2017). MaSp2 is thought to consist 
of multiple proline-rich motifs that form into disordered type II β-turns 
and other nano-structures to promote the remarkable extensibility of the 
fibres (Du et al., 2011; Blamires et al., 2017). 

Covariation between the bulk properties and the primary and sec-
ondary protein structures within skin and core crystalline and amor-
phous regions has been revealed in silkworm silk (Guo et al., 2018). 
Nonetheless, spider MA silk performs fundamentally differently than 
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silkworm silk, so warrants an independent assessment. Compared to 
silkworm silk, MA silk has a high extensibility, low stiffness, and be-
comes rubbery on contact with water (Guan et al., 2013; Blamires et al., 
2017). Much of this behaviour can be explained by amino acid com-
positions, and the subsequent nano-structural arrangements within the 
skin and core (Bratzel and Beuhler, 2011; Paquet-Mercier et al., 2013; 
Craig et al., 2019, 2020). 

That being said, linking bulk mechanical properties with nano- 
structures in the skin and core of individual silks is prohibitively diffi-
cult when measurements are made at different scales (Eisoldt et al., 
2010; Lin et al., 2015; Blamires et al., 2017). Our incomplete knowledge 
of the interplay between protein structures and silk properties across 
species and environments, at nano-to bulk fibre scales, remains a hin-
drance toward achieving the engineering goal of synthesizing a recom-
binant biomimetic spider silk for practical applications (Lin et al., 2015; 
Wolff et al., 2017). 

A useful way to experimentally test the influence of variability in 
primary and secondary structures on the bulk properties of MA silk is to 
provide spiders diets of different nutritional composition (e.g. high or 
low protein composition) prior to collecting their silk to assess their 
mechanical, amino acid compositional, and nano-structural properties 
(Blamires et al., 2015, 2018). Previous work (Blamires et al., 2018) used 
this approach with different web building spiders and found that broad 
changes in structure and alignment in the amorphous region affected the 
bulk mechanical properties in most of the spider’s silks. In one species, 
A. keyserlingi, an increase in amorphous region alignment was coupled 
with a decreased crystallinity inducing greater extensibility in their silks 
when deprived of dietary protein. These changes predictably coincided 
with variations in the amino acid composition of the silk as a conse-
quence of variation in the ratio of MaSp1 and MaSp2 expressed (Bla-
mires et al., 2018). In the silk of the cobweb spider L. hasselti, however, 
the amorphous and crystalline structures and bulk mechanical proper-
ties were unaffected by protein deprivation despite significant shifts in 
MaSp1: MaSp2 expression (Blamires et al., 2018). Such results suggest 
that silk nanostructures and bulk properties might become decoupled 
from gene expression in certain instances. Nevertheless, for reasons 
stated above, we cannot be certain why or how this decoupling occurs 
until we examine the silks at the nanoscale. 

Atomic force microscopy (AFM) is a technique that provides the 
functionality to simultaneously probe the mechanical and surface 
properties of materials at the nanoscale (Neubauer et al., 2013; Silva and 
Rech, 2013). Examples of its application to examine the skin and core 
structure and function of silk includes as a means to determine: (i) the 
region specific elastic moduli of chimeric spider silk fibres and films 
(Gomes et al., 2011), (ii) the surface topography and its contribution to 
local mechanical properties in synthetically spun silk fibres (Menezes 
et al., 2013), and (iii) the molecular detail of silkworm and glow worm 
silks to ascertain structure and function (Zhang et al., 2000; Piorkowski 
et al., 2021). These studies demonstrate that AFM can be a powerful 
method for simultaneously probing the structures and mechanical 
properties of silks at a nanoscale while extracting information about 
surface topography (Hansma and Hoh, 1994). 

Here we performed AFM experiments to examine the nanoscale 
structural properties, thread surface features, and localized mechanical 
properties, of two spider’s, A. keyserlingi and L. hasselti, silks when fed 
diets that were either high in protein or deprived of protein, and 
ascertained the relationships between these features and the bulk 
properties. We chose these two species because one (A. keyserlingi) is a 
species of orb web spider that produces MA silk that is known to co-vary 
in nano-structural and bulk mechanical properties when protein 
deprived. More significantly, these variations have been shown to 
conform with the proposition that they are a consequence of the un-
derlying MaSp1: MaSp2 expression. On the other hand, L. hasselti is a 
species of cobweb spider whose MA silk displays little or no structural or 
mechanical property variation when protein deprived regardless of its 
MaSp1: MaSp2 expression (Blamires et al., 2016, 2018; Craig et al., 

2019). 

2. Materials and methods 

2.1. Spider collection and pre-feeding 

Ten mature female A. keyserlingi and L. hasselti were collected from 
similar urban habitats in eastern Sydney, New South Wales, Australia, 
and taken to the laboratory at the University of New South Wales for 
experimentation. 

Upon collection we measured the spider’s body length to the nearest 
±0.1 mm using digital Vernier calipers (ISO 9001, ISO, Australia), and 
mass to the nearest ±0.001 g using an electronic balance (Ohaus Corp., 
Pine Brook, NY, USA). These measurements were used to make sure we 
only took individuals of similar mass to the laboratory. All of the spiders 
were placed in 115 mm (wide) x 45 mm (high) plastic circular containers 
with perforated wire mesh lids containing a 20 mm long slit cut into 
them using a Stanley knife to facilitate feeding using a 20 μl micropi-
pette. We fed them 20 μl of a 30% w/v glucose solution (prepared ac-
cording to Blamires et al., 2015, 2018) over five days to standardize 
their nutrient uptake and silk production. We then collected silk, as 
outlined by Blamires et al. (2018), to remove the silk stored in the major 
ampullate glands prior to experimentation. We reweighed the spiders 
after silking them to ensure they approximately retained their mass at 
capture. We noticed that one A. keyserlingi became emaciated, losing 
>50% of its body weight, so this individual was discarded. 

2.2. Experiments and silk collection 

We randomly divided the remaining 19 spiders (9 A. keyserlingi and 
10 L. hasselti) into two groups and fed them either one of two solutions 
over 10 days: a protein solution (P) or protein deprived solution (N). The 
solutions and their method of delivery were identical to that described 
by Blamires et al. (2018). After completing the feeding experiment, we 
re-weighed all spiders to check that they had not lost significantly more 
than 20% of their initial mass during the experiment. 

We then collected silk following procedures outlined by Blamires 
et al. (2018) when collecting for tensile testing. We collected, for each 
spider, six cardboard frames each containing part of a single silk thread 
of MA silk. We collected, for A. keyerlingi: 24 threads (6 threads x 4 in-
dividuals) for the P treatment, and 30 threads (6 threads x 5 individuals) 
for the N treatment, and for L. hasselti: 30 threads (6 threads x 5 in-
dividuals) for the P treatment, and 30 threads (6 threads x 5 individuals) 
for the N treatment. The silk threads were stuck to a microscope slide by 
adding a drop of super glue at the junction of the cardboard frame and 
the thread. After allowing 24 h for the glue to dry, the cardboard frames 
were cut away leaving only the thread stuck to the slide. 

2.3. AFM procedures 

The threads prepared above were subjected to Peak Force Tapping 
mode AFM using a Bruker Bioscope Catalyst™ Atomic Force Microscope 
(Bruker, USA). We used Bruker ScanAsyst fluid Silicon Nitride probes to 
image the thread properties using single nanoindentation measure-
ments. The nominal tip radius was 20 nm and the tip half angle set at 
18◦. The resonance frequency varied from 120 to 180 k Hz. Data was 
acquired using Bruker Nanoscope software and analysed with the Bruker 
Nanoscope Analysis 8.15 program. Height and Young’s modulus (YM) 
were estimated as described below. 

The slides containing the silk threads were mounted onto a stage 
suspended on a TMC vibration isolation table (Technical Manufacturing 
Corporation, USA) with the heating insert set at 23 ◦C. The motorized 
stage of the AFM was mounted onto a Leica DMI 3000 B optical mi-
croscope (Leica Microsystems, Wetzler, Germany), equipped with a SDR 
Scientific camera, which allowed us to locate the silk samples. Initial 
searches for fibres under the optical microscopy revealed that, in most 
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cases, two silk fibres were present and aligned side-by-side (Fig. 1). 
Before performing each scan, the AFM was calibrated as described by 

Heu et al. (2012). This enabled us to accurately determine the tip radius, 
which was necessary for estimating DMT modulus (Bhushan and Koin-
kar, 1994) and roughness (Hansma and Hoh, 1994). The deflection 
sensitivity of the probe was measured in air at room temperature by 
engaging the probe on an uncoated sapphire substrate. Spring constant 
of the probe was measured using the integrated thermal tune sweep 
away from the sapphire surface. The scan size was set at 10 μm and scan 
rate at 0.1 μm/s. The silk threads were imaged in Peak Force Quanti-
tative Nanomechanical (PFQNM) mode with the ScanAsyst auto-control 
on, and the peak force set point set as 22.961 Nn across all images. Other 
experimentally estimated or nominated parameters were: samples per 
line = 256, peak force amplitude = 150 nm, peak force frequency = 1 
kHz, lift height = 146 nm, and Poisson’s ratio of the silk sample (σ13) =
0.33 (Patil et al., 2014; Garcia, 2020). 

Using the PFQNM mode allowed us to simultaneously capture im-
ages across a 10 μm length of thread and intermittent contact force 
curves, from which features such as deformation, topography, height, 
and YM were estimated as follows. Individual curves were processed 

using the Nanoscope Analysis program to produce individual force 
versus z-lift curves (see Supplementary Fig. 1) according to protocols 
described by Jalilian et al. (2015). Height was estimated as the mean 
z-lift value for each scan relative to the length of the scan. YM was 
estimated by the Nanoscope Analysis program from the slope of the 
force curves using Sneddon’s model (Sneddon, 1965), following Roa 
et al. (2011) and Offroy et al. (2020). Mean roughness was estimated as 
the sum of the mean value of the five tallest z-lift peaks and the five 
deepest z-lift valleys across the entirety of each scan (Hansma and Hoh, 
1994; Müller and Anderson, 2002). 

The reliability of our estimates was checked by comparing our YM 
values with those previously attained for A. keyserlingi and L. hasselti MA 
silk fibres (Blamires et al., 2016, 2018). Full scans were repeated for 
each sample at four randomly chosen locations along the silk thread. We 
accordingly were confident that any variability in height and/or YM 
measured between the protein deprived and protein fed spider’s silks 
were not influenced by the feedback signal transmitted to the piezo 
(Chlanda et al., 2015). The parameters measured were manually 
recorded upon completing each scan and entered into a Microsoft Excel 
database to facilitate the following statistical analyses. 

2.4. Statistical comparisons of parameters 

We combined the measurements made at each of the four locations 
for each silk sample to attain mean parameter values for each scan. We 
considered these mean values as individual across treatment replicates 
for the subsequent one-way (factor = treatment) multivariate analyses 
of variance (MANOVAs) comparing height and YM between silks from 
protein deprived and protein fed spiders. 

We performed separate MANOVAs each for A. keyserlingi and 
L. hasselti silks. Whenever these multivariate analyses found a significant 
difference between treatments we performed individual one-way ana-
lyses of variance (ANOVAs) on each response variable to ascertain the 
variables that significantly differed across the treatments. We performed 
the data analyses upon a priori checking for normality and homosce-
dasticity using Q-Q plots and residual distributions using the R suite of 
packages. 

3. Results and discussion 

Our MANOVAs found protein deprivation to affect overall MA silk 
properties (see Supplementary Table 1). Individual one-way analyses of 
variance for each parameter identified height and YM as differing be-
tween the silks of protein deprived and protein fed A. keyserlingi (Sup-
plementary Table 1, Fig. 2). 

Variations in height and modulus have been reliably ascribed to core 
and surface nano-scale variations in proteins and other substances 
whose structural composition were known a priori (Magonov et al., 
1997; Melitz et al., 2011). Our findings thus imply that the nutritional 
state of A. keyserlingi and L. hasselti results in variations in their silk’s 
core and skin thickness, composition and topography. We thereupon 
drew the following conclusions about the probable consequences of 
these variations on bulk fibres using published information about their: 
(i) spidroin expressions, (ii) crystalline and non-crystalline nano fea-
tures, and (iii) bulk mechanics, across identical dietary manipulations 
(Blamires et al., 2018). 

Thread heights were herein estimated from peak cantilever z-lift 
values and is an estimate of the thread diameters at specific points across 
the surface. We accordingly predicted that all of the silk threads had 
widths of between 1 μm and 2 μm, with A. keyserlingi’s threads being 
consistently wider than those of L. hasselti. Although the silks of both 
species varied in height across feeding treatments, the differences were 
not as substantive between treatments for L. hasselti’s silk as they were 
for A. keyserlingi’s silk (Fig. 2A). Upon checking the mean roughness 
estimates (Fig. 3; one-way analyses of variances: p > 0.05) we found no 
evidence that this might be an artifact of surface roughness differing 

Fig. 1. Example of a silk fibre (A. keyserlingi) imaged using the optical micro-
scope. Note the two silk fibres aligned side-by-side. 

S.J. Blamires et al.                                                                                                                                                                                                                              



Journal of the Mechanical Behavior of Biomedical Materials 125 (2022) 104873

4

across individual silks when spiders were protein fed or deprived. 
We found substantially greater variability in YM values for 

A. keyserlingi’s silk across treatments than for L. hasselti’s silk (Fig. 2B), 
meaning that these spiders would have built webs that varied in their 
capacity to capture prey. Dynamic modelling experiments, such as those 
conducted by Harmer et al. (2015) and Blamires and Sellers (2019), are 
a useful way to determine whether this manifests as an impairment or 
enhancement of web performance. Such experiments were beyond the 
intended scope of this study, but could be incorporated into future 
studies aiming to ascertain the ecological consequences of multi-scales 
variations in spider silk mechanical performance. 

There is evidence that a range of unusual topographic features, e.g. 
torsions, voids, or bundling, affect the width, and subsequent perfor-
mance, of spider silk (Augsten et al., 2000; Liu et al., 2019). Our optical 
microscopy (see Fig. 1 for a representation) and topographic imaging 
(Fig. 4) failed to detect any voids, bundles or twists, or any other kind of 
modification in any of the fibres, and all heights measured were well in 
the z-range detectable by the piezo of the Atomic Force Microscope. It 
thus seems unlikely that any large attachments, bundles, or twists went 
undetected. Nevertheless, with the scan size in the X and Y set at 10 μm, 
we may have scanned around any large bundles or twists. Notwith-
standing, we expect that such bundles and twists would have been 

visible with the naked eye and/or under the optical microscope and 
subsequently avoided. An alternative explanation for the interspecific 
variability in height was that some images may have been performed 
within a void. Considering the general smoothness of MA silk reported 
here and elsewhere (Li et al., 1994; Silva and Rech, 2013; Yazawa et al., 
2018), we regard this as highly unlikely. 

The height measurements for each of the two species’ silks was 
highly variable. Other AFM experiments of spider MA silk (e.g. Gould 
et al., 1999; Oroudjev et al., 2002; Menezes et al., 2013; Silva and Rech, 
2013) have reported a similar wide range of height measurements 
among differing species. We are therefore confident that the ranges of 
roughness (see Fig. 3) and height (see Fig. 4) values measured herein are 
reliable and consistent with those made previously for the MA silks of 
other Argiope and Latrodectus species of (e.g. mean height ~1.0 μm and 
roughness ~400 nm for A. keyserlingi; Kane et al., 2010, and height: 
~2.0 μm for L. hesperus; Gould et al., 1999). 

AFM studies of large proteins (Hughes and Dougan, 2016), including 
those for spider silks (Li et al., 1994; Kane et al., 2010; Menezes et al., 
2013; Wang and Schniepp, 2018), have shown height values measured 
using AFM can be used to interpret the presence of nano structural 
features such β-sheets density, and the interspersion of helical struc-
tures, across the skin and core. Considering this, we are confident in 
ascribing the differences in height that our topographies suggest across 
species and treatments as a consequence of spinning processes inducing 
differential structure formations such as the formation of β –sheets from 
β –turns and other secondary structures (Augsten et al., 2000; Yazawa 
et al., 2018). 

We determined YM here to compare localized stiffness of the threads 
along the silk fibre surface between species and treatments. We subse-
quently found it to differ across treatments for both L. hasselti’s and 
A. keyserlingi’s MA silks (Fig. 2B), albeit with A. keyserlingi’s silk affected 
to a greater extent than L. hasselti’s. This accordingly enabled us to also 
conclude that protein deprivation induces, in both species, nanoscale 
mechanical and structural property changes of the silk’s skin and core. 

The same feeding treatments as those used here have been used to 
induce significant changes in crystallinity within the core proteins of 
A. keyserlingi’s MA silk, with subsequent effects on bulk mechanics 
(Blamires et al., 2018). However, no nutritionally induced core protein 
or bulk mechanical variations have been found for L. hasselti’s MA silk 
(Blamires et al., 2018). We, likewise, found that height and YM varied 
across treatment in A. keyserlingi’s silk and concluded that the across 
treatments changes in their skin-core structures corresponded with 
nanoscale mechanics that scale to bulk properties. For L. hasselti’s silk, 
however, localized stiffness varied significantly across treatments, as 
signified by the YM variations found, while height marginally differed 
across treatments. These findings suggest that L. hasselti’s silk has some 

Fig. 2. Box-plots comparing: (A) height, and (B) Young’s modulus (YM) between the silks of protein deprived and protein fed A. keyserlingi and L. hasselti. Plots 
display the median (line), 25% quartiles (boxes), extremities (whiskers), and outliers (peripheral dots). Significant differences between mean values are indicated 
(full statistics are in Supplementary Table 1). 

Fig. 3. Comparison of roughness values (nm) of A. keyserlingi and L. hasselti 
silks across protein fed and protein deprived treatments. Plots display the me-
dian (line), 25% quartiles (boxes), extremities (whiskers). One-way analyses of 
variances found no between treatment differences in the mean values for 
either species. 
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degree of nanoscale structural variability that does not manifest as 
variations in its bulk properties. We thus expect that other features 
within the skin and/or core, such as multi-level intralaminar features 
(Colomban and Dinh, 2012), facilitate the decoupling observed between 
structure and function and bulk fibre properties in L. hasselti’s MA silk. 

4. Conclusions 

Previous studies have shown that protein structures and mechanical 
properties vary in the MA silks of Argiope spp. as the spider’s protein 

intake varies. Such variations in properties and structures have not been 
detected for the MA silks of Latrodectus spiders. Here we used AFM to 
simultaneously ascertain the topographic, structural, and mechanical 
properties of the MA silks of A. keyserlingi and L. hasselti at the nanoscale 
to determine whether they varied in property across protein intake in a 
similar manner to bulk fibres. 

We found significant across species and treatment differences in 
localized fibre diameter and stiffness. We ascribe these to the skin-core 
structures of the MA silk of both species varying in composition under 
different feeding treatments. Furthermore, we expect that these varia-
tions have been induced by changes to the expressed ratio of MaSp1: 
MaSp2 (as suggested by Blamires et al., 2018). The structures varied 
most substantially across treatment in A. keyserlingi’s silk, but some 
degree of variability was detected in L. hasselti’s silk. This was surpris-
ing, as we predicted the nanoscale structure and function variations in 
each species’ silk to correspond with their bulk properties. We specu-
lated that the decoupling of the structure-function relationship evident 
when determining the bulk properties of L. hasselti’s fibres is a conse-
quence of variations in the intralaminar features. 

Our findings overall suggest that nutritional status of the spider af-
fects silk nanostructures, with subsequent influences on localized 
properties. The manifestation of these effects differs across species and 
scales and is important to understand and consider when devising ge-
netic engineering or biomimetic spinning programs. 
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