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Abstract

Orb weavers produce webs that trap prey using a capture spiral formed of regularly spaced glue droplets supported by protein
fibers. Each droplet consists of an outer aqueous layer and an adhesive, viscoelastic glycoprotein core. Organic and inorganic
compounds in the aqueous layer make droplets hygroscopic and cause droplet features to change with environmental humidity.
When droplets contact a surface, they adhere and extend as an insect struggles. Thus, a droplet’s extensibility is as important for
prey capture as its adhesion. Cursory observations show that droplets can adhere, extend, and pull off from a surface several
times, a process called cycling. Our study cycled individual droplets of four species—Argiope aurantia, Neoscona crucifera,
Verrucosa arenata, and Larinioides cornutus. Droplets were subjected to 40 cycles at two humidities to determine how humidity
affected droplet performance. We hypothesized that droplets would continue to perform, but that performance would decrease.
Droplet performance was characterized by filament length and force on droplets at pull-off, aqueous volume, and glycoprotein
volume. As hypothesized, cycling decreased performance, notably extensibility and aqueous volume. However, humidity did not
impact the response to cycling. In a natural context, droplets are not subjected to extensive cycling, but reusability is advanta-
geous for orb-weaving spiders. Moreover, the ability to cycle, combined with their environmental responsiveness, allows us to
characterize orb weaver droplets as smart materials for the first time.
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Abbreviations DT Droplet thickness
LMMCs Low molecular mass compounds GV Glycoprotein volume

RH Relative humidity DV Droplet volume

L Length of axial line as hypotenuse GSA Glycoprotein surface area
AE Axial line extension GR Glycoprotein ratio

F;/ Force on each axial filament and total force on

Fojorar droplet

YM Young’s modulus

CSA,r Cross-sectional area of axial filament Introduction

FL Filament length

Bioadhesives are natural materials that adhere surfaces togeth-
er and are used by many organisms (Palacio and Bhushan
2012). For example, mussels and barnacles attach to substrates
with bioadhesives (Naldrett 1993; Dickinson et al. 2009;
Kamino 2010; Waite 2017). Caddis fly larvae and some poly-
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produced, ensuring that they spread to establish adhesive con-
tact with insects they capture (Concha et al. 2015; Huang et al.
2015). An orb-weaving spider’s adhesive takes the form of
regularly spaced viscoelastic glue droplets, which form the
capture spiral thread of their web (Fig. 1a). Each droplet con-
sists of a glycoprotein core surrounded by an aqueous outer
layer (Fig. 1b). Together, the droplets in a thread span retain an
intercepted prey long enough for the spider to locate and sub-
due it (Blackledge and Eliason 2007). When a series of drop-
lets contact an insect, they extend as the insect struggles, thus
combining their adhesive forces and dissipating the energy of
the struggling prey (Opell and Hendricks 2007; Sensenig et al.
2013).

Because orb weaver glycoprotein remains pliable, we hy-
pothesize that it functions as a smart material, one that pos-
sesses “the ability to change their physical properties in a
specific manner in response to specific stimulus input. The
stimuli could be pressure, temperature, electric and magnetic

Fig. 1 Argiope aurantia capture thread and droplet features. a Capture
thread strand with viscous glue droplets. b Flattened droplet, showing a
pair of flagelliform fibers (FF), glycoprotein core (GC), and aqueous layer
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fields, chemicals, hydrostatic pressure or nuclear radiation.”
(Kamila 2013). Additionally, smart materials must exhibit a
reversible behavior or “cycling” in order to be classified as
such (Talbot 2003; Smith 2006; Hoogenboom 2014). In the
case of our system, orb weaver glue droplets respond to cy-
cling by changing their volume and extensibility as relative
humidity changes (Opell et al. 2018a, b). However, the other
component of a smart material, cycling, has not been well
documented for this bioadhesive. When glycoprotein within
droplets that had been flattened on a microscope slide was
extended with the tip of a glass probe, the glycoprotein con-
tinued to extend for 13 cycles (Sahni et al. 2010). However,
the ability of native, suspended droplets to cycle through mul-
tiple contact, extension, and pull-off cycles has not been doc-
umented. We test our hypothesis by repeatedly adhering indi-
vidual glue droplets of four orb-weaving species at two differ-
ent humidities. These individual droplets were adhered to a
probe 40 times, and droplet performance was characterized

(AL). ¢ Extended droplet filament just before pull-off at the first exten-
sion. d The same droplet at pull-off at fortieth extension
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throughout adhesion cycles. If cycling is documented, then we
can classify orb weaver droplets as smart materials, enhancing
their potential for biomimicking studies.

Orb webs are constructed from four types of silk, each
secreted by a different gland and exhibiting unique properties
(Blackledge and Hayashi 2006; Foelix 2011). The major
ampullate glands, situated on the anterior lateral spinnerets,
secrete both the stiff frame and radial threads of an orb web
(Coddington 1989). Frame threads are attached to surfaces
with shock-absorbing pyriform disks and are secreted from a
cluster of silk glands of the same name, also located on the
anterior spinnerets (Jain et al. 2014; Wolff et al. 2015). Radial
threads support the capture spiral and absorb kinetic energy
from flying prey (Sensenig et al. 2012). The capture spiral is
the product of two types of silk glands, both located on the
posterior spinnerets—flagelliform glands, which produce a
pair of axial lines, and aggregate glands, which simultaneous-
ly cover the axial line in an aqueous glue solution (Edmonds
and Vollrath 1992; Opell and Hendricks 2007; Opell et al.
2018a, b). Aggregate glands are unique to the superfamily
Araneoidea and are considered to be a key innovation that
contributed to the group’s evolutionary success (Coddington
1989; Bond and Opell 1998; Blackledge et al. 2009; Townley
and Tillinghast 2013). Capture thread is a self-organizing ma-
terial, whose aqueous layer initially forms a cylinder around
the axial threads and then is reconfigured by Plateau—Rayleigh
instability into evenly spaced ellipsoid droplets along the
supporting axial fibers (Vollrath and Tillinghast 1991,
Edmonds and Vollrath 1992; Mead-Hunter et al. 2012).
These glue droplets not only trap insects but also play a key
role in maintaining the mechanical robustness of the web, with
their ability to spool and pack the axial fibers internally, pre-
serving the tension of the capture thread (Elettro et al. 2016).

After a glycoprotein core forms within each droplet, the
remaining aggregate gland material remains as an aqueous
layer, which covers both the glycoprotein and axial fibers.
This layer influences droplet size, as well as glycoprotein ad-
hesion (Vollrath and Tillinghast 1991; Sahni et al. 2014). Low
molecular mass compounds (LMMCs) within the aqueous
layer, such as choline chloride and N-acetyltaurine, confer
hygroscopicity to droplets, causing their volume and perfor-
mance to change over the course of a day with ambient hu-
midity (Townley et al. 1991; Edmonds and Vollrath 1992).
LMMCs also solvate the glycoprotein and improve adhesion,
while maintaining the glycoprotein structure (Sahni et al.
2014; Amarpuri et al. 2015a, b). This water plasticizes the
capture spiral thread, allowing for greater extension, which
is beneficial for prey capture (Vollrath and Edmonds 1989;
Blackledge and Hayashi 2006). Natural selection has tuned
droplet hygroscopicity by altering the composition of a
thread’s LMMCs, conferring greater hygroscopicity to threads
spun by orb-weaving species that are found in exposed, lower
humidity habitats than to the threads of species that occupy

humid forest habitats (Opell et al. 2013; Amarpuri et al.
2015a, b).

Although the aqueous layer influences adhesion, the glyco-
protein is directly responsible for it, contributing an order of
magnitude more adhesion than the capillary force generated by
the aqueous layer (Tillinghast et al. 1993; Sahni et al. 2010). At
the center of each glycoprotein core, there is a denser region
termed a “granule” that appears responsible for anchoring the
droplet to the axial lines, minimizing sliding as droplets are
extended (Opell and Hendricks 2010). Despite being highly
pliable, the glycoprotein is a spidroin (a class of spider sclero-
proteins) similar to other orb web components (Gatesy et al.
2001; Ayoub et al. 2007; Garb et al. 2010). To date, only one
glycoprotein has been characterized—AgSpl (aggregate
spidroin 1) also known as ASG2 (Choresh et al. 2009; Collin
etal. 2016). Although glycoprotein is visible only in a droplet’s
core, proteins are also distributed ubiquitously throughout the
aqueous layer (Amarpuri et al. 2015a, b).

When droplets adhere to an insect, the glycoprotein core in
each droplet extends, forming an aqueous layer-covered fila-
ment that contributes adhesion responsible for holding the
insect in place as it attempts to pull free from the web (Fig.
Ic). Humidity significantly impacts maximum droplet fila-
ment length by altering glycoprotein viscosity (Opell and
Sigler 2011; Sahni et al. 2011; Opell et al. 2013; Amarpuri
et al. 2015a, b). As mentioned, natural selection has tuned
droplet hygroscopicity by altering the LMMC composition,
optimizing adhesion in different habitats. This system offers
potential for chemists seeking to develop environmentally re-
sponsive adhesives. Smart materials are of particular interest
for bioinspired development because these materials combine
both environmental responsiveness and cycling, the ability to
repeatedly perform a task or exhibit a behavior. Examples of
such materials include a grass seed’s awn, which opens and
closes in response to humidity to actively propel the seed into
the soil (Elbaum et al. 2007) (Fig. 2).

It is clear that viscous capture droplets are environmentally
responsive, although their cycling has not been documented.
In nature, a struggling insect is likely to pull free from a
thread’s glue droplets and, then, re-adhere to them. Thus, there
is reason to believe that our cursory observations of droplets
re-adhering and extending several times after pull-off are in-
tegral characteristic of viscous capture thread performance. In
our experimental system, one droplet cycle consists of adhe-
sion to a surface, extension, and pull-off. The objective of this
study was to test the following hypotheses: (1) orb weaver
glycoprotein is capable of cycling many times with only mod-
erate loss of performance and (2) humidity affects cycling
durability, with a more pronounced decrease at low humidity.
We characterized droplet cycling by capturing videos of ex-
tending droplets and still images of suspended droplets before
and after each of 40 cycles. From these, we determined the
following: (1) droplet filament length at pull-off, (2) force on a
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Fig.2 Diagram visualizing how force on a droplet at pull-off is calculated

droplet at pull-off, (3) droplet volume and symmetry, and (4)
glycoprotein surface area. We tested these hypotheses by char-
acterizing the cycling of four orb-weaving species’ droplets.
Each species’ droplets were cycled at two humidities,
representing the upper and lower ranges of humidity encoun-
tered during its foraging period.

Changes in glycoprotein performance during cycling
would be expressed as a reduction in maximum droplet exten-
sion and by less force on an extended droplet at pull-off, as
gauged by the deflection of the droplets’ support line.
Repeated cycling may also affect how LMMCs bind to gly-
coproteins, an interaction that is crucial for maintaining gly-
coprotein structure (Amarpuri et al. 2015a, b). This could also
indirectly impact glycoprotein viscosity by adding or
subtracting LMMCs from the aqueous layer, thereby altering
droplet hygroscopicity and volume (Amarpuri et al. 2015a, b).

Materials and methods
Collecting and preparing threads

We collected orb web samples from 9 to 11 mature females of
the following species: Argiope aurantia (Lucas 1833),
Verrucosa arenata (Walckenaer 1842), Larinoides cornutus
(Clerck 1757), and Neoscona crucifera (Lucas 1839). We col-
lected these samples from August 1st to September 29th 2017
near Blacksburg, Virginia. Argiope aurantia build their webs
in exposed weedy habitats before dawn for use throughout the
day (Enders 1977). Argiope aurantia droplets are very hygro-
scopic, which is an advantage when relative humidity drops in
late morning and afternoon (Opell et al. 2013). Verrucosa
arenata is diurnal like A. aurantia, but its shaded forest habitat
exposes its webs to higher humidities than A. aurantia (Gaddy
1987; Opell and Hendricks 2009). Larinoides cornutus and
N. crucifera are both nocturnal but vary in their microhabitat.
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Larinioides cornutus spin their webs on man-made structures
or vegetation near water, whereas N. crucifera spin their webs
along the forest edge at dusk (Adams 2000; Bradley 2013). We
collected all web samples shortly after their construction to
ensure that droplets were not contaminated by dust or pollen.

A 15 x 52-cm rectangular aluminum frame with double-
sided 3M tape (3M #9086K29550360) on one face was
pressed against capture threads in the outer part of a web,
securing the contacting threads and separating the sample
from the web. After collection, we placed the frame in a closed
container for transport to the laboratory, where they were
stored at 50-55% relative humidity (RH). We marked the
web’s position with flagging tape to prevent resampling.

To ensure that we extended only fresh droplets, we com-
pleted all extension trials within 17 h after thread collection.
We collected individual threads using a pair of forceps with
double-sided carbon tape (Cat #77816, Electron Microscope
Sciences, Hatfield, PA, USA) wrapped around the tips. These
forceps were blocked open to accommodate the supports on a
microscope slide sampler where threads were placed. After the
forceps tips contacted a thread, we used a hot probe to sever the
thread from the web sample. These procedures ensured that
threads placed on sampler remained at their native tensions.
The microscope slide sampler consisted of four U-shaped brass
supports, spaced at 4.8 mm intervals with their upper surfaces
covered with carbon tape (Opell and Sigler 2011).

Extending droplets

After collecting the thread samples, we isolated a droplet at the
center of the 4.8 mm thread span. To do this, we first sharp-
ened the tip of a small wooden applicator stick so that a few
fibers extended and saturated the tip in distilled water. Using
this fine point, we slid away the droplets on either side of the
focal droplet.

Samplers were placed in a glass-covered observation cham-
ber that rested on the mechanical stage of a Mitutoyo inspec-
tion microscope. The chamber maintained a temperature of
23 °C and permitted control of humidity during trials (Opell
etal. 2013). We extended individual droplets from each species
at two relative humidities separated by 18% RH, chosen to
represent divergent, but representative values from each spe-
cies’ habitat. The values were based on measurements of these
species’ droplet extensions (Opell et al. 2013). We selected
lower values (37% and 55% RH) for A. aurantia based on its
exposed habitat and highly hygroscopic droplets (Enders 1977,
Carrel 2008; Opell et al. 2013). We selected higher values
(55% and 72% RH) for the remaining species based on the
higher humidity of their habitats and the lower hygroscopicity
of their droplets (Gaddy 1987; Adams 2000; Bradley 2013).

Before extending a droplet, we cleaned the 413-pm-wide
polished tip of a steel probe with 95% ethanol on a
Kimwipe®. We, then, inserted the probe through an adjustable
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plate on the side of the observation chamber. After we aligned
the probe with the droplet, the plate was secured, and the
protruding probe was, then, locked in a device that prevented
its movement. The observation chamber holding the thread
sample was advanced using the microscope stage’s X-axis
manipulator, bringing the thread into contact with the probe
tip and, then, advanced an additional 250 pm to ensure droplet
adhesion. The droplet was, then, immediately extended at
69.5 um s ' by engaging a stepping motor that activated the
microscope X-axis manipulator, while a video recorded the
droplet’s extension at 60 frames per second.

Each droplet extension cycle consisted of droplet adhesion,
droplet extension, and droplet pull-off. Thus, we characterized
a droplet’s ability to adhere and perform by measuring the
following: the length of its extending filament, the force on
the droplet at pull-off, and the ability of the droplet to remain
attached to the axial line. We extended each droplet 40 times,
except in a few cases where the droplet pulled free of the
thread and remained on the probe’s tip. We designated the
Ist, 2nd, 4th, 8th, 16th, 24th, 32nd, and 40th extensions as
focal extensions, recording videos of these extensions and
capturing an image of the droplet before and after each of
these extensions. This was done to emphasize earlier exten-
sions, where we presumed that most changes in droplet per-
formance would occur.

Each cycling sequence was conducted as a series, with the
time between cycles determined by the short period needed to
advance and contact the probe and start the video recording.
As the same operator (SDK) performed all extensions, this
interval was uniform throughout the study. Thus, droplet re-
covery period was very similar between cycles and among
species. Although, inter-specific differences in glycoprotein
viscosity would affect the rate of recovery, we confine our
analysis to comparing only intra-specific effects of cycling.

Characterizing droplet volume and symmetry

Droplet volume was determined from images taken before
cycling began and after the 40th extension. We used Onde
Rulers v1.13.1 screen caliper (Ondesoft Computing, Inc.,
Beijing, China) to measure droplet length and width (DL
and DW, respectively) of suspended droplets. We also mea-
sured another droplet, termed a reference droplet, taken from
the same web for use in comparison of the glycoprotein vol-
ume, as described subsequently. Droplet volume (DV) was
computed using the formula presented in Liao et al. (2015)
and shown as follows:

27 (DW)? x DL

DV =
15

(1)

This formula assumes that droplets are a symmetrical ellip-
soid. While this assumption worked for fresh droplets,

excessive cycling often altered the shape of droplets,
making them laterally asymmetrical (Fig. 3b). For these
droplets, we relied on the penultimate formula reported
in the derivation series that produced the formula shown
previously.

o )G

15

This formula allowed us to distinguish the asymmetrical
protrusion of a droplet on either side of the axial line.
However, in more complex instances of asymmetry, we
modeled droplet volume as the sum of an ellipse, cones,
and cylinders (Fig. 4a,b). Instead of squaring droplet width
(DW), we measured each side independently, thus account-
ing for droplet asymmetry. We characterized the symmetry
of droplets throughout cycling by measuring the width of
the droplet on each side of its flagelliform fiber midline
and dividing the shorter of the two by the longer. Thus, a
perfectly symmetrical droplet would have a symmetry in-
dex of 1 and asymmetrical droplets’ smaller values
(Table 1).

The aqueous material that covers each droplet’s glyco-
protein core also continues into inter-droplet regions, where
it covers the flagelliform fibers. Therefore, it is possible that
this material may flow from the droplet into the inter-droplet
regions with cycling. To determine if this occurred, we mea-
sured the diameter of the inter-droplet region approximately
one droplet diameter away from the edge of a droplet before
cycling and after 40 extension cycles. This allowed us to test
the hypothesis that repeated cycling drew aqueous material
from a droplet and explained any difference in droplet that
we might detect between fresh and cycled droplets
(Table 2).

Characterizing visible glycoprotein using reference
droplets

After the 40th extension, a droplet was flattened to reveal its
glycoprotein core (Fig. 3c,d). We accomplished this by using a
magnetically tipped device to drop a 22-mm-diameter cover-
slip on the threads. Once dropped, we pressed the coverslip
against the sampler supports using the steel probe to ensure
uniform droplet flattening. We also flattened an unextended
reference droplet from the same individual’s web, to allow a
comparison of the effect of droplet cycling on glycoprotein
volume and a droplet’s glycoprotein volume to aqueous layer
volume ratio.

We determined glycoprotein volume (GV) from droplet
thickness (DT) and glycoprotein surface area (GSA). First,
we used droplet volume (DV) and flattened droplet surface
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Fig. 3 The effect of cycling on droplet volume, symmetry, and glycoprotein surface area. a A suspended V. arenata droplet before cycling. b The same
droplet after 40 extension cycles, noticeably asymmetrical. ¢ A flattened V. arenata reference droplet. d The same droplet after 40 extension cycles

area (DSA) to obtain droplet thickness. The product of DT and
GSA gave us GV:

DV
DT = (3)
GV = DT x GSA (4)

Glycoprotein ratio (GR) was determined from glycoprotein
volume and droplet volume (GV and DV, respectively), using
the following formula:

GR = GV/DV (5)

Characterizing filament length, force on a droplet
at pull-off, and estimated work of droplet extension

The length of an extending droplet filament at pull-off was
measured using Onde Rulers v1.13.1 screen caliper (Ondesoft
Computing, Inc., Beijing, China) (Fig. 1¢). Using the method
from Opell et al. (2018a, b), we computed the force on drop-
lets at pull-off in four steps (Fig. 2). This approach uses the
extension of the paired axial support lines on each side of a
droplet with the reported diameters and Young’s modulus of
these lines (Sensenig et al. 2010) to determine the force on

@ Springer

each side of the deflected support line. These force vectors are,
then, resolved to determine the force on an extended droplet
filament.

Step 1: Length of the axial line on each side of the extended
droplet, computed as a hypotenuse of the right triangle (L)
with an opposite side of 2400 pwm and an angle between the
hypotenuse and adjacent sides of a right triangle, which is
equal to one half of the support line deflection angle (©).

2400pum
L= @) (6)

Sln7

Step 2: Axial line extension (AE) ratio.

(L—2400um)

AL = 1 00um ™

Step 3: Force on axial line (F;) as a product of Young’s
modulus (YM), the sum of the two axial line’s cross-sectional
arcas (CSAAr), and axial line extension (AE). A. aurantia,
V. arenata, L. cornutus, and N. crucifera YM =0.009, 0.098,
0.011, and 0.010 GPa, respectively, and each axial line diam-
eter=4.8, 1.5, 2.6, and 3.0 um, respectively.

F1:F2:YMXCSAAFXAE (8)
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Fig. 4 Two highly deformed
Neoscona crucifera droplets after
cycling. Droplets such as these
were rare but required volumes to
be determined as a combination
of cylinders and cones

Step 4: Force on extended droplet filament (Fiy,) as the
resolved force vectors of the two sides of the support line (F;),
which are equal, using the deflection angle of the support line

(©).

Fioal = 2 % Fy x sin(9o°—< g >> 9)

We estimated the work required to extend droplets to pull-
of as the product of the amount of glycoprotein (glycoprotein
volume = GV), its viscosity (droplet thickness = glycoprotein
thickness = DT), and the length of its extension (filament
length = FL), using the following formula. As this is an esti-
mate, we do not assign units to these values.

Estimated work = FL x DT x GV (10)

Assessing residue on the probe tip after droplet
cycling

To determine if repeated cycling left LMMCs or glycoprotein
residues on the probe’s steel surface, we cleaned a small

broken piece of a razor blade with 100% ethanol and
contacted it 40 times at 50% RH with an L. cornutus droplet.
This sample was attached to a scanning electron microscope
stub and stored in a desiccator for approximately two weeks,
sputter coated with 3 nm of iridium before examination with a
LEO (Zeiss) 1550 FESEM (field emission scanning electron
microscopy) at the Nanoscale Characterization and
Fabrication Laboratory (NCFL) at Virginia Tech, in an attempt
to identify compounds in any residue present on the sample.

Analysis

Data were analyzed using SAS JMP (SAS Institute Inc. 1989—
2007). We evaluated parameter normality using a Shapiro—
Wilk test, considering values with P>0.05 to be normally
distributed. Parametric and nonparametric tests with P <0.05
were considered significant. Matched pairs were used for most
before—after cycling comparisons.

Four trials were excluded because their droplets pulled off
of the axial thread and adhered to the probe. This occurred in
one N. crucifera individual at 72% RH, one A. aurantia indi-
vidual at 55% RH, and two V. arenata individuals at 72% RH.

@ Springer
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Table1 This table shows the most consistent and pronounced changes after cycling. We compare the filament lengths of the first and fortieth cycles as well
as droplet volume and the symmetry index before and after cycling. Parentheses indicate sample size and bold P values are considered significant (P<0.05)

Species Values Mean filament length (pum) Mean droplet volume (um?) Mean symmetry index
Low RH High RH Low RH High RH Low RH High RH
Argiope aurantia (N=10) Ext 1 1617 1831 43,612 51,358 0.98 0.98
Ext 40 649 2480 33,441 35,839 0.59 0.74
SE diff. (+) 215 913 1908 3361 0.07 0.05
P value 0.0020 0.4956 0.0005 0.0013 0.0003 0.0009
Verrucosa arenata (N =10) Ext 1 537 779 10,021 12,138 0.96 0.96
Ext 40 180 186 9115 9070 0.68 0.68
SE diff. (£) 86 130 986 1136 0.05 0.07
P value 0.0024 0.0039 0.3820 0.0356 0.0004 0.0058
Larinioides cornutus (N=9) Ext 1 194 315 6245 8000 0.99 0.94
Ext 40 100 184 5108 5834 0.64 0.67
SE diff. () 27 35 474 523 0.04 0.07
P value 0.0079 0.0072 0.0433 0.0032 0.001 0.0026
Neoscona crucifera (N=11) Ext 1 236 362 21,279 12,661 0.94 0.96
Ext 40 210 200 15,057 8850 0.60 0.67
SE diff. () 60 147 3154 1089 0.08 0.08
P value 0.6709 0.3207 0.0891 0.0173 0.0047 0.0195

For these trials, we included only extensions prior to droplet  individuals and a single V. arenata. One N. crucifera individ-
detachment. Droplets that extended fewer than 40 times were ~ ual whose droplet divided into two smaller droplets was ex-
included, although this only occurred in two N. crucifera  cluded from further extensions at low humidity.

Table2  This table compares the droplet performance at the initial cycle versus the final cycle in terms of the force required to extend a droplet and the
estimated work required to do so. Parentheses indicate sample size and bold P values are considered significant (P < 0.05)

Species Values Estimated work Force (uN)
Low humidity High humidity Low humidity High humidity
Argiope aurantia (N=10) 1st 7.22 %107 4.47 %107 6.175 1.135
40th 3.01x 107 1.69 % 108 2436 6.747
Std err () 1.75¢+7 8.16 x 107 12.084 4208
P value 0.0427 0.1659 0.1806 0.2151
Verrucosa arenata (N =10) st 1.99 % 10° 520 10° 6.864 27.322
40th 1.38x 10° 1.12x10° 4507 16.507
Std err (+) 7.92x10° 3.30x10° 5.644 6.788
P value 0.4613 0.2707 0.6861 0.0983
Larinioides cornutus (N =9) Ist 4.85%10° 487x10° 4.893 8.287
40th 2.15x%10° 457%10° 3.881 10.386
Std err (x) 1.35x%10° 1.55 % 10° 1.136 2.142
P value 0.0805 0.8538 0.3990 0.3559
Neoscona crucifera (N=11) Ist 1.91x 10’ 2.89 % 10° 17.943 27.399
40th 1.47 %107 7.00 x 10° 11.887 29.94
Std err (£) 8.57x10° 3.14 % 10° 3.083 4.567
P value 0.6248 0.2481 0.0380 0.7232
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Results

Droplet symmetry, droplet volume, and glycoprotein
volumes

Droplet symmetry decreased after cycling in all treatments
(Table 1). The initial volume of the extended droplets did
not differ from that of the reference droplets (Table 3).
However, droplet volume decreased in all treatments after
cycling except V. arenata and N. crucifera at low humidity
(Table 1, Tables S1-S4). In contrast, glycoprotein volume
either remained unchanged or increased (only in A. aurantia
at 55% humidity) (Table 4). Therefore, as confirmed by the
ratio of glycoprotein volume to total droplet volume (Table 4),
the decrease in droplet volume resulting from cycling is ex-
plained by the loss of aqueous material.

The diameters of inter-droplet diameters were not affected
by cycling (P=0.9096, 0.6741, 0.6029, and 0.2850 for
A. aurantia, V. arenata, L. cornutus, and N. crucifera, respec-
tively). Verrucosa arenata values were compared with a ¢ test,
whereas the other species were compared with Wilcoxon tests,
because one or more values were not normally distributed.
Therefore, the hypothesis that repeated cycling drew aqueous
material from a droplet was refuted, and any change in droplet
volume must be explained by another mechanism.

Droplet extension length

Mean filament length at pull-off shortens after 40 cycles in
most treatments (Table 1, Tables S1-S4). This occurs at both

humidities in V. arenata and L. cornutus and at low humidity
in A. aurantia. However, cycling did not decrease filament
length for A. aurantia at high humidity or N. crucifera at either
humidity. To create an index of droplet extension length that
was not affected by the variability in the length of focal exten-
sion 1, we determined the deviation of each individual’s drop-
let length at pull-off from the mean lengths of the eight focal
extensions. These values typically decreased during cycling
(Figs. 5 and 6). However, in N. crucifera, at low humidity,
there was no change in filament length, and, in A. aurantia, at
high humidity, filament length appeared to increase (Figs. 5d
and 6a).

Force on droplet at pull-off and estimated work

Force on a droplet at pull-off only decreased after cycling in
N. crucifera at low humidity, while it was unaffected in the
remaining 7 treatments (Table 2). The estimated work required
to extend the droplet to pull-off after cycling decreased in
A. aurantia at low humidity, but not in other treatments
(Table 2).

The effect of humidity on extension cycling

To determine if humidity affected the decline in filament
length as a result of cycling, we compared the percent de-
crease in filament length after cycling at high and low humid-
ities of each species. Humidity did not affect the decline in
filament length after cycling for any of the species (Wilcoxon
P>0.2207 for A. aurantia, Larinioides cornutus, and

Table 3 “Fresh” droplets are -
cycled droplets before their trials, Species
and reference droplets are

droplets from the same web that

allow for a comparison of
glycoprotein characters. In all
cases but one, the mean volumes
between droplets of the same web
did not differ. Parentheses
indicate sample size and bold

P values are considered
significant (P < 0.05)

Values Comparisons of mean reference and fresh volumes (um?>)
Low RH High RH

Argiope aurantia (N=10) Reference 42,424 48,674

Fresh 43,612 51,358

SE diff. (£) 2929 2424

P value 0.6946 0.2969
Verrucosa arenata (N =10) Reference 9612 11,036

Fresh 10,021 10,993

SE diff. (+) 824 576

P value 0.6317 0.9412
Larinioides cornutus (N=9) Reference 6514 5431

Fresh 6245 8000

SE diff. (+) 1074 701

P value 0.8086 0.0063
Neoscona crucifera (N=11) Reference 15,677 12,768

Fresh 19,728 14,612

SE diff. (+) 2438 1867

P value 0.1352 0.3523
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Table 4 Using reference droplets, we were able to compare
glycoprotein characters between cycled and uncycled droplets.
Glycoprotein ratio = glycoprotein volume / droplet volume. The increase

in glycoprotein ratio after cycling indicates a decrease in aqueous layer
volume. Parentheses indicate sample size and bold P values are consid-
ered significant (P < 0.05)

Species Values Thickness (pm) Glycoprotein volume (um®)  Glycoprotein SA (um®)  Glycoprotein ratio
LowRH HighRH LowRH High RH Low RH High RH Low RH High RH
Argiope aurantia (N = 10) Reference  5.536 4.536 7033 5431 1249 1198 0.15 0.11
Cycled 5.467 4.779 8715 9805 1516 2044 0.25 0.26
SE diff. 0.401 0.200 1153 1432 115 304 0.033 0.042
P value 0.4760 0.3180 0.1826 0.0157 0.0447 0.0237 0.0126 0.0066
Verrucosa arenata (N=10)  Reference  3.003 3.031 1471 1141 550 368 0.16 0.09
Cycled 3.213 3.489 2129 1892 665 591 0.26 0.27
SE diff. 0.191 0.875 474 336 164 116 0.034 0.045
P value 0.3004 0.8257 0.1984 0.0756 0.5017 0.0965 0.0161 0.0052
Larinioides cornutus (N=9) Reference 3.438 2.072 682 483 196 228 0.11 0.08
Cycled 4.131 2.819 601 768 171 299 0.11 0.13
SE diff. 1.022 0.225 140 134 27 44 0.013 0.010
P value 0.5165 0.0105 0.5791 0.0664 0.3720 0.1477 0.8794 0.0018
Neoscona crucifera (N=11) Reference 9.641 4.286 3957 2513 323 679 0.19 0.26
Cycled 9.459 9.5 5025 3188 491 399 0.35 0.37
SE diff. 1.950 1.257 1562 735 76 317 0.050 0.080
P value 0.5849 0.1689 0.5165 0.4006 0.0573 0.4102 0.0122 0.2368

Neoscona crucifera; t test P=0.3830 for V. arenata). Thus,
the hypothesis that humidity affects the performance of gly-
coprotein during cycling was not supported by droplet fila-
ment length.

Examination of droplet residue

FESEM examination revealed what we interpret to be several
concentric rings of LMMC deposits and two small glycopro-
tein deposits following 40 droplet extensions (Fig. 7).
However, these deposits were not thick enough to allow ele-
mental analyses.

Discussion

Impact of cycling on droplet properties
and performance

Previous studies have shown that viscous capture threads re-
spond to changes in environmental humidity (Opell et al.
2018a, b). The current study’s results support the hypothesis
that orb weaver capture spiral droplets are capable of exten-
sive cycling, a performance characteristic that is widely asso-
ciated with a smart material (Hebda and White 1995; Talbot
2003; Smith 2006). However, the hypothesized greater de-
crease in droplet performance at low humidity was not sup-
ported. Many droplet characteristics did not change in
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response to cycling, showing that capture droplets are still
functional after extensive reuse. The most pronounced and
consistent change associated with cycling was a reduction in
filament length at pull-off.

Glycoprotein surface area remained unchanged or, in
A. aurantia, increased at both humidities. The force on a drop-
let filament at pull-off remained unchanged in all but
N. crucifera at low humidity. Taken together, these observa-
tions indicate that cycling increases the cohesion of a droplet’s
glycoprotein, such that pull-off force is reached at shorter fil-
ament length. Another expression of this increased glycopro-
tein cohesion is the ability of a droplet to return to its initial
symmetrical, ellipsoid configuration. After extensive cycling,
many droplets became asymmetrical and did not regain their
original shape (Fig. 4), indicating that their glycoprotein cores
were stiffer.

Another notable effect of cycling was the decrease in
droplet volume. Measurements of inter-droplet diameter
do not support the flow of aqueous material out of the
droplet and require another explanation. The presence of
suspected LMMCs and glycoprotein residues on a surface
after 40 droplet cycles suggests another mechanism.
Comparison of glycoprotein volume before and after cy-
cling does not suggest that glycoprotein loss accounts for
a reduction in filament length. However, the presence of
putative LMMC deposits could explain the reduction in a
droplet’s aqueous volume after cycling as well as an in-
crease in glycoprotein cohesion, because LMMCs
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contribute to both droplet hygroscopicity and glycoprotein
plasticity. Although it is not possible to rule out evapora-
tive water loss from droplets during cycling, this loss of
LMMCs is a compelling explanation of our findings that is
consistent with a developing understanding of the key role that
LMMCs play in droplet performance (Townley and Tillinghast
2013; Amarpuri et al. 2015a, b; Singla et al. 2018). A contrib-
uting factor may have been that repeated droplet—probe contact
compressed the glycoprotein, compacting its molecules and
causing it to stiffen.

A surprising observation was how securely a droplet’s gly-
coprotein core remained attached to the flagelliform axial fi-
bers through cycling. In only four out of forty-four treatments

did this anchor fail and droplets remain attached to the probe
tip. In all cases of droplet detachment, when the naked
flagelliform fibers were brought into contact with the droplet,
which adhered to the probe, the droplet extended and at pull-
off again remained attached to the probe. These observations
are consistent with the presence of an anchoring granule at the
center of a droplet that firmly, but not permanently, secures the
glycoprotein mass to the flagelliform fibers (Opell and
Hendricks 2010). In preparing focal droplets, we were able
to slide adjacent droplets with no noticeable effect other than
these droplets merging to form a larger droplet. Reattachment
of droplets to flagelliform fibers suggests that a droplet’s gran-
ule may represent a configurational change in glycoprotein as
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it interacts with flagelliform fiber binding sites and not another
protein component in a droplet’s glycoprotein core.

What do the results mean for natural capture thread
function?

Our study characterized cycling of single droplets on a smooth
surface. In nature, insects contact multiple droplets with sur-
faces of different textures. Surface texture is known to affect
viscous thread adhesion (Opell and Schwend 2007). However,
it is likely that our findings would apply at these higher levels,
although it is unlikely that droplets would naturally experience
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the extensive cycling we employed. The ability of viscous
droplets to cycle is useful for orb weavers because it allows
droplets to function after initial pull-off, when a struggling
insect re-contacts a droplet. In the context of the suspension
bridge system, the outer droplets of an adhering thread span
contribute the most adhesive force and are typically the first to
pull off (Opell and Hendricks 2009). Consequently, if these
outer droplets can reattach, the suspension bridge would be
reestablished. Although droplet filament length and volume
decrease with repeated use, the limited changes in force and
estimated work after a single extension would not substantial-
ly decrease prey retention. For subsequent insects, cycling



Sci Nat (2019) 106: 10

Page 13 0of 15 10

Fig. 7 A scanning electron
micrograph showing putative
LMMCs and glycoprotein
residues left on a steel surface
after 40 extension cycles of a
L. cornutus droplet

may not be relevant. When insects are trapped in an orb web,
they either escape or are subdued by the spider, both of which
result in significant damage to the capture threads. This struc-
tural damage may reduce cycling’s usefulness in subsequent
insect capture.

Conclusion

Viscoelastic orb weaver droplets are able to repeatedly adhere,
extend, and pull off from a surface. This cycling, combined
with their environmental response to humidity, classifies orb
weaver droplets as smart materials. The capture thread has
already been shown to function as a liquid—solid hybrid ma-
terial when extended and compressed, and this study further
documents the unique material properties of capture spiral silk
(Elettro et al. 2015; Elettro et al. 2016). Extension cycling
comes at a cost of reduced filament length, increased glyco-
protein cohesion, and reduced aqueous layer volume, but a
droplet’s glycoprotein contact area, force at pull-off, and esti-
mated work of extension remain unchanged after extensive
reuse. It has been well documented that droplets absorb atmo-
spheric humidity, with volume, filament length, and glycopro-
tein thickness changing significantly with changing relative
humidity (Opell et al. 2018a, b). However, relative humidity
does not appear to change how droplets of most species re-
spond to cycling. Cycling allows for the spider to rely on its
capture droplets after initial pull-off, increasing spider capture
efficiency. The reusability of these droplets is remarkable be-
cause it requires all internal components of the droplet to
continue their elaborate interactions, many of which we do
not fully understand. This durability is also an important char-
acteristic for glycoprotein mimicking adhesives. Not only are
orb weaver droplets self-assembled aqueous glues made in

ambient conditions (instead of factories), but these adhesives
are also reusable, indicating that glycoprotein mimicking ad-
hesives could be significantly more eco-friendly than existing
industry adhesives.
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