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We determined the relationship between composition and mechanical properties of elytra (modified forewings
that are composed primarily of highly sclerotized dorsal and less sclerotized ventral cuticles) from the beetles
Tribolium castaneum (red flour beetle) and Tenebrio molitor (yellow mealworm). Elytra of both species have
similar mechanical properties at comparable stages of maturation (tanning). Shortly after adult eclosion, the elytron
of Tenebrio is ductile and soft with a Young’s modulus (E) of 44 ( 8 MPa, but it becomes brittle and stiff with
an E of 2400 ( 1100 MPa when fully tanned. With increasing tanning, dynamic elastic moduli (E′) increase
nearly 20-fold, whereas the frequency dependence of E′ diminishes. These results support the hypothesis that
cuticle tanning involves cross-linking of components, while drying to minimize plasticization has a lesser impact
on cuticular stiffening and frequency dependence. Suppression of the tanning enzymes laccase-2 (TcLac2) or
aspartate 1-decarboxylase (TcADC) in Tribolium altered mechanical characteristics consistent with hypotheses
that (1) ADC suppression favors formation of melanic pigment with a decrease in protein cross-linking and (2)
Lac2 suppression reduces both cuticular pigmentation and protein cross-linking.

Introduction

Background. The material properties of many biological
composite materials have been extensively studied, including
bone, collagen, muscle, fat, cartilage, ligaments, arteries, and
plant tissues.1 In contrast, although insect cuticle (exoskeleton)
is one of the most widespread biological composite materials
found on earth, its material properties are relatively understudied.
Arthropod exoskeletal material generally displays a diverse set
of properties despite the fact that it is typically comprised of a
limited set of organic materials, primarily the biomacromolecules
chitin and protein, as well as catechols, minerals, lipids, and
water. Cuticle is a lightweight, yet robust structure that allows
for the sophisticated functions of flight, jumping, muscle
attachment, protection, and waterproofing.2,3 Within a relatively
narrow density range, depending on proportions and interactions
of the material components, different cuticles can display a broad
range of stiffness, spanning 8 orders of magnitude in Young’s
modulus E (the proportionality between stress and strain).4,5 The
mechanical properties can vary from rigid, as is the case for a
load-bearing grasshopper mandible with a Young’s modulus of
15 GPa,6,7 to pliant and ductile, as in the case of a locust
intersegmental membrane that has a Young’s modulus of only
1 kPa and a fracture strain of 150%.5,8 The structural materials
of other invertebrates such as the squid are comprised of similar
compounds and undergo similar chemical reactions in their

development. For example, the stiffness (E) of squid beaks varies
over 100-fold from tip to base.9,10

The fact that such diverse species use similar materials and
similar chemical reactions to achieve such a broad range of
properties demonstrates the value of a thorough investigation
of the mechanical properties of such biomaterials. Furthermore,
understanding the structure-function relationships of biological
materials is potentially useful for a variety of applications.11,12

This work focuses on understanding how the chemical com-
ponents of insect cuticle interact by examining the changes in
a suite of mechanical properties as the cuticle matures in a model
cuticle-rich structure, the beetle elytron or modified forewing.
Beetles are studied as they comprise the dominant order of
insects, they include species whose genetics and metabolism
are relatively well understood, and specimens of their cuticle,
such as the elytron, are easily acquired.

Insect cuticle is a complex biocomposite. Its macroscopic
structure consists of an inner, pliant endocuticle, a stiff exocu-
ticle, and an outer, waxy epicuticle.2 In the forewings (elytra)
of beetles, there are two layers of epidermal cells that secrete
an upper and lower cuticular lamination. Between the layers is
a void lamination with supporting trabeculae and hemolymph.13,14

As the insect matures, the epidermal layers reduce in size,
possibly fusing together, and hemolymph is resorbed. The top
layer of cuticle becomes highly tanned, resulting in both
pigmentation and sclerotization (hardening) of the components.
The main structural components are chitin and protein. Chitin,
the second most abundant biological polymer after cellulose, is
arranged in microfibers whose polysaccharide chains are
hydrogen bonded to each other via the carbonyl, hydroxyl, and
amino groups.15,16 The fibers are usually embedded in a matrix
of proteins, in layers that form a helicoidal pattern to resist
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stresses in all directions.2 Some cuticular proteins have R&R
consensus sequences originally identified by Rebers and Rid-
diford,17 which may bind to chitin. The aromatic residues of
cuticular proteins probably play a critical role in protein-protein
and protein-chitin interactions.18

The basic question of whether and how chitin and protein
polymeric components interact during tanning remains the
subject of a more than 50-year-old debate. The quinone tanning
hypothesis originally proposed by Pryor suggests that a catechol
molecule can react multiple times with cuticle proteins, thereby
forming an interpenetrating network (IPN) of a cross-linked
protein matrix with embedded chitin fibers and pigments.19-21

Specifically, catechols produced by metabolism of tyrosine and
L-aspartic acid are oxidized by the phenoloxidase laccase2
(Lac2) to generate o-quinone or p-quinone methide derivatives.
These electrophiles in turn are believed to be responsible for
producing polymeric pigments and for cross-linking cuticular
proteins. A possible cross-linking pathway, in which histidyl
residues in cuticular proteins serve as nucleophiles that undergo
Michael addition reactions with the quinones, has been pro-
posed.22 Such a mechanism also suggests the possibility of
catechol-mediated cross-links with glucosamine residues of
deacetylated chitin.23-25 Unfortunately, while protein-catechol
adducts have been identified, the formation of cross-links with
the proteins and polysaccharide has been difficult to confirm
by standard biochemical methods, such as mass spectrometry
of cuticle degradation products.26 However, the analogous
chemistry in sclerotized squid beaks was recently confirmed,
where histidine residues on cuticle proteins become linked via
quinones derived from 4-methylcatechol or L-3,4-dihydrox-
yphenylalanine (DOPA).10

Quinone tanning reactions increase the hydrophobicity of the
cuticle, which, when combined with overall dehydration upon
ecdysis, results in a decreased water content as tanning proceeds.
The leading alternative explanation for the sclerotization of
cuticle is that loss of water alone is sufficient to explain its
hardening. The hypothesis is that hardening is due to a
combination of increased hydrogen bonding among the mac-
romolecular components and the loss of plasticization by water
upon drying.27,28 In one argument supporting this view and
opposing the quinone tanning hypothesis, Vincent has recently
reasoned that because cuticle can swell in a hydrogen bond-
breaking solvent,29 covalent cross-links must not exist to the
extent necessary to account for the mechanical property changes
upon tanning.28 However, it is well established theoretically and
experimentally that swelling of networks in solvents is the result
of a balance between cross-link density and polymer-solvent
interaction as well as charge density of polyelectrolyte net-
works.30 Thus, changing solvent quality will induce changes in
swelling of any elastic network, without requiring any changes
in cross-link density (in mol/cm3 polymer) or average molecular
weight between cross-links in order to do so.31 Hence, the
observation of changes in cuticle swelling upon changes in
solvent does not resolve this debate.

Nonetheless, it is likely that noncovalent interactions among
macromolecular components of the cuticle do contribute to its
mechanical properties, but it is also likely that covalent cross-
links strengthen the cuticle as well. The question, then, is one
of the relative importance of each of the two contributors.
Recently, it was shown using NMR spectroscopy that gelatin
reacts with phenolic compounds to form C-N covalent bonds,
leading to decreased molecular mobility and maintenance of a
high modulus even at high temperatures.32 However, because
tanning reactions and dehydration happen simultaneously, it has

been unclear whether the change in mechanical properties during
tanning results mainly from covalent cross-linking or the effects
of dehydration. Similar to the case of insect cuticle, a recent
report on the tanning of the squid beak suggests the existence
of catechol-protein cross-links and possibly chitin-protein
cross-links, but the authors explicitly note that they could not
resolve the respective contributions of cross-linking and dehy-
dration in that tissue.9 In that report, it was the spatial gradients
in tanning that were examined, while in this work on insect
cuticle, it is the temporal changes in tanning which are examined
as the insect matures. Another report discussing the effects of
water on the mechanical properties of cellulose also emphasizes
the importance of understanding the structural origin of me-
chanical properties.33 Vincent notes the need to combine
biochemical and mechanical techniques in order to resolve these
questions,28 and that is the approach we have taken in this work.

Objectives. In this work, the nature of intermolecular inter-
actions in the cuticle of the elytron has been examined using a
combination of biochemical and mechanical approaches. With
a purely biochemical approach, it is difficult to ascertain
molecular interactions due to the inextractable nature of the
components of the exoskeleton. Even exposure to harsh chemical
conditions such as boiling in the presence of a strong base or
acid has yielded only a partial recovery of cuticular compo-
nents.34,35 Furthermore, such extractions become increasingly
ineffective as the cuticle tans, and the degradation associated
with these extraction methods makes it impossible to recover
components in their native biological form. Thus, we have used
dynamic mechanical analysis and RNA interference (RNAi) to
probe the underlying molecular interactions among cuticular
components in a bulk cuticle-rich structure, the beetle elytron.

The present study is based on the hypothesis that cuticle
structure, made from a limited set of polymeric materials, is
amenable to modeling using the methods of physical polymer
science. Dynamic mechanical analysis is a common way to
evaluate the contribution of cross-linking in synthetic polymeric
materials, including composites. We have recently applied this
technique to a study of a complex mammalian tissue, the
temperomandibular joint disk.36 In particular, frequency sweeps
are an effective method for measuring the development of cross-
links, entanglements, and other interactions within synthetic and
natural gelling systems.37-44 The cross-linking of polymers leads
to an increase in the elastic response relative to the viscous
response to applied stress. Because elasticity is independent of
strain rate, the moduli of more highly cross-linked materials
are less dependent on oscillation frequency than are less cross-
linked materials. Thus, this technique is applied here as a means
to evaluate the presence of cross-linking in the elytral cuticle,
to correlate the extent of cross-linking with cuticle tanning
and to separate the relative importance of cross-linking versus
loss of plasticization upon dehydration in the development of
the mechanical properties of the mature elytron.

The relatively rectangular shape of the elytron offers a
convenient sample for mechanical analysis and requires minimal
preparation for study. Therefore, we determined a comprehen-
sive set of material properties for elytra from two agricultural
pest insects in the beetle family Tenebrionidae, namely, the red
flour beetle, Tribolium castaneum, and the yellow mealworm,
Tenebrio molitor (hereafter referred to as simply Tribolium and
Tenebrio, respectively). Tenebrio was chosen due to its relatively
large size, which made the elytral samples easier to manipulate.
Tribolium was selected because its genome has been se-
quenced,45 its developmental stages are regular and easily
observable, and it was possible to experimentally modulate the
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levels of tanning enzymes in Tribolium by utilizing RNAi.46,47

In addition, several tanning metabolic enzymes shown in Figure
1 and their impact on cuticle properties have been the subject
of a recent study.48

We have shown that relevant mRNA and protein levels can
be systematically manipulated in Tribolium by the RNAi
technique.49 In the present study, the two enzymes shown in
Figure 1 targeted for down-regulation by this method are laccase
2 (TcLac2) and aspartate 1-decarboxylase (TcADC). Based on
the proposed cuticular metabolism, it is hypothesized that
knockdown of TcLac2 activity will limit the formation of
melanic pigment polymers and also decrease the levels of cuticle
protein cross-linking agents. Down-regulation of ADC tran-
scripts will reduce the synthesis of �-alanine used for production
of N-�-alanyldopamine (NBAD), a major cross-linking agent
precursor. The reduced availability of NBAD due to ADC
suppression is hypothesized to promote the development of
melanic pigments at the expense of protein cross-linking because
the catechol normally involved in cross-linking will instead
follow the metabolic pathway toward the formation of melanin
pigments.48 This RNAi approach holds promise for systematic
variation of chemical composition of many types of biosynthetic
materials and also the extent of cross-linking.

Our comprehensive examination of elytral mechanical per-
formance as a function of multiple variables aims to shed light
on the roles and interactions of the primary cuticle components
including protein, catechol, chitin and water. The self-reinforcing
data obtained provide support for the importance of cross-link
formation on elytral physical behavior. Such analysis may be
useful as a means of assessing microstructural organization in
other biological materials as well. Furthermore, we used RNAi
to test hypotheses suggested by the metabolic pathways involved
in tanning, which are shown in Figure 1.

Experimental Section

Materials. Elytra from Tribolium castaneum (GA1 strain) and
Tenebrio molitor were used in the experiments. To evaluate the effect

of gene suppression on mechanical properties, double stranded RNAs
(dsRNA) for Tribolium laccase 2 (dsTcLac2, 2 ng per insect) or
aspartate decarboxylase (dsTcADC, 200 ng per insect) were prepared
and injected into the dorsal abdomen of pharate pupae or 1-2 d old
pupae, as described elsewhere.49,50

Insects were reared at the ARS-USDA Center for Grain and Animal
Health Research in Manhattan, KS, under standard conditions, Tribolium
on a diet of wheat flour fortified with 5% brewers’ yeast and Tenebrio
on the same diet supplemented with an equal volume of rolled oats.
Pupae were shipped overnight in capped vials to the University of
Kansas, where they were allowed to mature into adults, from which
elytra were removed and tested at the appropriate tanning state.
Untanned and partially tanned (24 h of tanning) elytra contain a
significant amount of water, and thus, these were harvested and tested
immediately to minimize water loss prior to measurement. Elytra were
also dried in a desiccator over calcium sulfate. Elytra from beetles that
had been prevented from undergoing the natural tanning process by
injections of dsTcLac2 or dsTcADC were harvested and prepared in a
similar manner.

Methods. A TA Instruments RSAIII dynamic mechanical analyzer
was used to perform all of the mechanical measurements. The
instrument utilizes a separate direct drive linear motor to apply a strain
and force transducer to measure the resulting force.51 This combination
accounts for the high force resolution of the instrument, down to 10-4

N, and a strain resolution down to 1 nm, capabilities which were
necessary to obtain reproducible results on these small specimens. The
frequency range of 10-1 to 600 rad/s was used for dynamic mechanical
analysis.

Prior to mechanical testing, the beetles were sacrificed by exposure
to -20 °C for 30 min (no significant differences in static or dynamic
mechanical tests were observed in comparison to elytra removed from
live insects). Elytra were removed with tweezers and immediately tested.
Several mounting techniques were employed for sample measurements.
Soft samples were gripped directly between the instrument’s metal
clamps. Harder, brittle samples such as dried and tanned Tribolium
elytra required strips of plastic to be clamped in the mounts with epoxy
used to attach the samples to the strips. Devcon 1.5 ton quick-setting
epoxy cement was allowed to dry for 1 h prior to testing; fixing such
samples without damage was confirmed optically and by reproducibility
of results. The epoxy was confirmed stiff enough not to compromise
results by comparison with results obtained from mounting and testing
in a comparable fashion plastic and aluminum strips of known
properties. Sample dimensions were determined via calipers and
microscopic measurements utilizing a digital micrometer. The elytra
were tested whole, without being cut into a particular test shape
beforehand. Geometric uniformity was assured by clamping such that
a rectangular portion of the elytron remained between the grips. The
length and width of the rectangular portion of elytra after mounting
for mechanical tests were 1 × 0.8 mm for Tribolium and 3-4 × 2.8-3
mm for Tenebrio.

Once the samples were mounted, ultimate properties were determined
via static stress-strain measurements. All ultimate property measure-
ments were made under extension. The extension rate was set to 0.01
mm/s to allow for sufficient data collection quickly enough so that
drying was minimized during the test. The calculations used an
engineering stress based on the initial cross-sectional area of the sample,
approximated as the product of the elytron’s centerline width (measured
by calipers to be nearly constant within (20%)) and its centerline
thickness (measured under an optical microscope with a digital filar
micrometer). It was not feasible to measure the exact dimension of
each sample tested, so the average cross-sectional area of a population
was used in stress calculations as summarized in Table 1a,b. The
dimensions obtained by these measurement methods were confirmed
by scanning electron microscopy. Elytra were collected from the adults
using a forceps at approximately 1, 24, and 168 h posteclosion and
then immediately frozen in liquid nitrogen. Frozen elytra were fractured
and prepared for SEM at the Kansas State University Scanning Electron

Figure 1. Proposed cuticle tanning metabolic pathway in Tribolium
castaneum and Tenebrio molitor: TH ) tyrosine hydroxylase, DOPA
) 3,4-dihydroxyphenylalanine, Dopamine ) 3,4-dihydroxyphenethy-
lamine, DDC ) dopa decarboxylase, NADA ) N-acetyldopamine,
NBAD ) N-�-alanyldopamine, ADC ) aspartate 1-decarboxylase,
NBADH ) N-�-alanyldopamine hydrolase, DCE ) dopachrome
conversion enzyme, and Lac2 ) laccase 2.
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Microscope Laboratory. The thickness values of Tribolium untanned,
partially tanned, and fully tanned elytra obtained from the light
microscopic observations without freezing matched those obtained by
SEM measurements (Table 1a,b).

Dynamic experiments included strain sweeps and frequency sweeps.
For strain sweeps, a frequency of 6.28 rad/s (1.0 Hz) was selected.
The strain-independent linear viscoelastic region determined by strain
sweeps was maintained past a strain of 0.1% for all of the elytron types
tested; thus, a strain of 0.1% was used for all frequency sweep
experiments. Frequency sweeps were performed from 0.1 to 600 rad/s
to measure the elastic (storage) modulus E′, the viscous (loss) modulus
E′′, and their ratio E′′/E′, which is also known as tan δ. The variation
of the elastic modulus E′ with strain wave oscillation frequency was
fit to a power law model (r2 > 0.95) between 10 and 100 rad/s.

It was important that fresh elytra be tested quickly because they
can lose a significant amount of water to the atmosphere, which impacts
their mechanical properties. Mounting of elytra immediately after
harvesting ensured that no more than 3% of the total mass and no more
than 15% of the water were lost prior to measurement, as confirmed
by gravimetric analysis using TA Instruments TGA/DSC Model Q600
((1 µg). To prepare dried samples for mechanical measurements, elytra
were placed in a calcium sulfate desiccator at room temperature for at
least 24 h prior to mounting until a constant mass was reached, which
was confirmed by using a sufficient mass of elytra to be measured
accurately with an analytical balance ((0.1 mg).

The water content of desiccator-dried and freshly harvested untanned
and fully tanned elytra was determined by thermogravimetric analysis
under dry nitrogen gas at 30 °C. In dry nitrogen at 30 °C, the tanned
elytra lose ∼3 wt % during the first 1.5 h. Both tanned and untanned
Tribolium and Tenebrio elytra dry to a constant mass over 24 h at room
temperature and over 3 h at 100 °C. These data confirmed the mass
measurements determined by using an analytical balance and the
dimensional measurements as described above.

Results

The results will be presented in three parts: macroscopic
characterization, static mechanical analysis, and dynamic me-
chanical analysis. Elytra are not entirely homogeneous, as
observed by stereomicroscopy and scanning electron micros-
copy. Most notably, the dorsal side of the elytra reveals ribs

that apparently provide additional structural support. In static
tests these ribs are visibly responsible for stopping propagation
of cracks, most notably in partially tanned elytra. Due to sample
heterogeneity and small size, 95% confidence intervals of
moduli, especially those where sample size was limited, can be
large. However, for dimensionless properties such as E′′/E′,
confidence intervals are typically on the order of 10% of the
mean. Such variability is not unusual for biological systems and
does not obscure the clear trends that are described below.

Macroscopic Characterization. When viewed under a
stereomicroscope, Tribolium and Tenebrio elytra are geo-
metrically similar but differ in size and color, as shown in Figure
2. The color of a Tenebrio elytron is darker than that of
Tribolium.52 Both species require from 4 to 7 days posteclosion
to reach a fully tanned state under our rearing conditions.53,54

This observation is based on the fact that little or no changes
in coloration, cuticle thickness, or mechanical properties are
observed past this time. For both species, as tanning proceeds,
cuticle thickness and water content change substantially. Table
1 reports these changes for untanned (measured within ap-

Table 1a

(a) Physical Properties of Tribolium Elytra

elytral sample
thickness by freeze-
fracture SEM (µm)

thickness by optical
microscopy (µm)

L/L0 (thickness/
untanned thickness) water content (g/g)

untanned 10-12 14 ( 2 1 0.66 ( 0.06
partially tanned (24 h) 15-18 16 ( 5 1.2 ( 0.3 n/a
fully tanned (7 d) 25-30 25 ( 3 1.8 ( 0.2 0.26 ( 0.04
dsTcLac2-treated (72 h) n/a 22 ( 3 1.6 ( 0.2 n/a

Properties after Drying

untanned n/a 9 ( 2 0.6 ( 0.3 0.02 ( 0.01
fully tanned (7 d) n/a 21 ( 3 1.5 ( 0.2 0.01 ( 0.01

(b) Physical Properties of Tenebrio Elytra

elytral sample
thickness by freeze-
fracture SEM (µm)

thickness by optical
microscopy (µm)

L/L0 (thickness/
untanned thickness) water content (g/g)

untanned 12-14 14 ( 2 1 0.71 ( 0.05
partially tanned (24 h) 17-20 18 ( 3 1.3 ( 0.2 n/a
fully tanned (7 d) 55-66 51 ( 8 3.6 ( 0.2 0.33 ( 0.05

Properties after Drying

untanned n/a 9 ( 2 0.6 ( 0.3 0.02 ( 0.01
fully tanned (7 d) n/a 39 ( 7 2.7 ( 0.2 0.01 ( 0.01

a (95% confidence intervals, n ) 6 except for untanned elytra where n ) 10. SEM data is observed range.

Figure 2. Two coleopteran species and their elytra used in this study.
(A) Adults of Tribolium castaneum (left) and Tenebrio molitor (right).
(B) Elytra (modified and highly tanned forewings) from the same.
Scale bars are in mm.
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proximately 1 h after eclosion), partially tanned (measured
approximately 24 h after eclosion), and fully tanned (measured
at least 7 days after eclosion) elytra. Water content for elytra at
different stages was determined via mass change upon drying
in the presence of dry nitrogen gas at 30 °C. Such measurements
utilized multiple elytra simultaneously and yielded comparable
results, ∼70% water content for an untanned elytron and ∼30%
for a fully tanned elytron (Table 1). The elytron loses a large
fraction of this water during the course of the tanning process
and the thickness more than doubles, presumably through the
addition of cuticular material added from underlying epidermal
cells. The Tenebrio elytron thickens substantially more than
Tribolium, but the relative contributions of each component to
the thickening and density differences are unknown. Nonethe-
less, the general progress of dehydration and increase in
nonvolatile mass holds true for both Tribolium and Tenebrio
elytra.

Optical thickness measurements were confirmed by scanning
electron micrographs of freeze-fractured elytra. The thickness
of a Tribolium elytron increases about 2-fold during maturation
from ∼10 to 20 µm. Most of this increase is due to the
development of trabecula (beam-like structures) within the dorsal
and ventral layers. The ventral layer has little pigmentation; it
is primarily the dorsal layer that tans.

Static Mechanical Analysis. The elytral properties measured
in static mechanical analysis are summarized in Table 2. These
properties are obtained from stress-strain curves of which
representative examples for different freshly harvested elytra
are shown in Figures 3-6. The data provide a detailed view of
the stress-strain behavior of the elytra and the range of
experimental variability observed.

Effects of Tanning on Static Properties. Fully tanned elytra
behave as brittle plastics, with a linear stress-strain curve
followed by abrupt fracture occasionally interrupted by rib
structures. (Figure 3).55 In contrast, untanned and partially
tanned elytra are relatively ductile, behaving as soft but tough
plastics. Such samples also exhibit piece-by-piece tearing of
the sample, with cracks interrupted by ribs in the elytra without
a complete fracture (Figures 4-6). For partially tanned elytra,
stress-strain curves typically exhibit local maxima or plateaus
before reaching the global maximum, whereas for untanned
elytra stress declines steadily and irregularly as it tears.56

Figure 3 displays the stress-strain behavior of fully tanned
Tenebrio elytra. The average fracture stress of the elytra is 29.0
( 4.1 MPa, a fracture strain of 3.1 ( 1.1%, and a Young’s

modulus (E) of 1000 ( 210 MPa. The large standard deviations
are typical of fracture tests of this type, amplified by the small
size and slight curvature of the elytra. These values are
comparable to synthetic engineering plastics such as polystyrene
and epoxy resins.57 Qualitatively, the ultimate properties of fully
tanned Tribolium and Tenebrio elytra appear similar. Unfortu-
nately, the stiffness, brittleness, and small size of fully tanned
Tribolium elytra meant that only semiquantitative results could
be obtained for those samples.

The stress-strain results obtained for untanned Tribolium and
Tenebrio elytra are shown in Figure 4a and b, respectively. The
material response of untanned cuticle is also largely linear up
to the failure point with an E value of 37 ( 16 MPa, a fracture
stress of 3.9 ( 0.5 MPa, and a fracture strain of 12.0 ( 3.2%
for Tribolium and an E value of 51 ( 12 MPa, an average
fracture stress of 6.1 ( 1.6 MPa, and a fracture strain of 10.0
( 0.9% for Tenebrio. Thus, for both species, tanning increases
E about 20 times, while the fracture strain drops by a factor of
3. Notably, the failure is not complete at the point of initial
fracture; instead, piecewise tearing of the samples leads to an
irregular decline of the stress as strain is increased. The decline
in modulus is associated with the irregular manner in which
tears are propagated. The measure of toughness known as “work
to fracture” reported here uses only the area up to the point of
tearing. It is observed that after the initial fracture, the crack
will grow quickly upon increasing strain until encountering a
rib. The rib arrests crack propagation until it also fails, with

Table 2a

(a) Static Mechanical Properties of Tribolium elytra

elytral sample number of samples Young’s modulus (MPa) fracture strain (%) fracture stress (MPa)
toughness (work to

fracture; MPa)

untanned 5 37 ( 16 12 ( 3.2 3.9 ( 0.5 0.2 ( 0.1
partially tanned 5 210 ( 60 4.6 ( 0.7 (initial) 5.8 ( 0.6 (initial) 0.4 ( 0.1
(24 h) 10.0 ( 2.0 (maximum) 10.1 ( 5.1 (maximum)
dsTcLac2-treated (72 h) 2 230 ( 220 3.7 ( 2.1 3.6 ( 0.8 0.1 ( 0.1

(b) Static Mechanical Properties of Tenebrio elytraa

elytral sample number of samples Young’s modulus (MPa) fracture strain (%) fracture stress (MPa)
toughness (work to

fracture; MPa)

untanned 5 51 ( 12 10.0 ( 0.9 6.1 ( 1.6 0.3 ( 0.1
partially tanned 4 320 ( 140 3.1 ( 0.9 (initial) 11.9 ( 3.5 (initial) 0.4 ( 0.2
(24 h) 5.1 ( 0.7 (maximum) 14.7 ( 7.0 (maximum)
fully tanned (∼7 d) 6 1000 ( 210 3.1 ( 1.1 29.0 ( 4.1 0.5 ( 0.2
fully tanned (∼7 d), dry 4 2300 ( 810 3.0 ( 0.6 67 ( 23 1.0 ( 0.5

a (95% confidence intervals.

Figure 3. Six representative stress-strain curves for fully tanned
Tenebrio elytra. The failure is more abrupt in brittle, fully tanned elytra
than in untanned elytra.
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this process repeating until complete failure occurs. The
piecewise tearing is more pronounced in elytra allowed to tan
for 24 h, as shown in Figure 5a and b. In partially tanned elytra
distinct fracture points are visible prior to reaching the maximum
failure stress. The Young’s modulus calculated both before and
after this initial fracture stress remained nearly constant despite
the primary material failure as indicated by a sharp temporary
decline in the stress-strain curve. This behavior indicates that
the cuticle properties between the ribs are uniform across the
structure. It also suggests that the cuticle within the ribs may
tan faster than the cuticle between the ribs, reaching uniform
properties upon maturity. The fracture properties of this material
were calculated both at the initial fracture and also at the highest
achieved fracture stress and its corresponding strain. Tribolium
elytra that have undergone tanning for 24 h exhibit a maximum
fracture stress of 10.1 ( 5.1 MPa, a fracture strain of 10.0 (
2.0% and an E value of 210 ( 60 MPa. Tenebrio elytra that
have undergone tanning for 24 h exhibit a maximum fracture
stress of 14.7 ( 7.0 MPa, a fracture strain of 5.1 ( 0.7% and
an E value of 320 ( 140 MPa. While these data indicate that
the elytra have become significantly stiffer during the first 24 h
after eclosion, they are still nearly three times weaker than when
they become fully tanned several days later.

Effects of Laccase Suppression on Static Properties. Lastly,
the ultimate properties of TcLac2-suppressed Tribolium elytra
were tested. When TcLac2 transcript levels were substantially
reduced by injection of TcLac2 dsRNA (200 ng per insect), the
pupae could not molt to the adult and subsequently died.49

Hence, the tested samples were derived from insects injected

with a lower dose of dsRNA for this gene (2 ng per insect),
one that does not prevent adult ecdysis. Under these conditions
some tanning clearly occurs as the exoskeleton turns a very light
brown color. Nonetheless, the TcLac2-suppressed beetles were
unable to complete the tanning process and died prematurely.
After approximately 3 days, elytra from dsTcLac2-treated insects
were harvested for testing. Figure 6 shows the stress-strain
response for these elytra; the response was initially linear before
fracturing at a global maximum, followed by a steady tearing.
The average fracture stress was 3.6 ( 0.8 MPa with a fracture
strain of 3.7 ( 2.1%.

Figure 4. Four representative stress-strain curves for (a) untanned
Tribolium elytra and (b) untanned Tenebrio elytra. The untanned elytra
are softer and more ductile than fully tanned elytra and tear rather
than abruptly fracture. Force-strain data past point of initial fracture
were not used in calculations because substantial irregular tearing
renders stress calculation meaningless.

Figure 5. Four representative stress-strain curves for (a) Tribolium
elytra and (b) Tenebrio elytra that have undergone approximately 24 h
of tanning. The behavior shows pronounced irregular tearing. Small
arrows correspond to primary fracture points and large arrows to
global maxima.

Figure 6. Two representative stress-strain curves for laccase-
suppressed Tribolium elytra that had undergone tanning for 3 d.
Arrows correspond to primary fracture points. Behavior is comparable
to normal elytra that have tanned for 24 h, up to about 5% strain.
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Notably, the dsTcLac2 elytra are weak and only 5 times stiffer
(E ) 230 ( 220 MPa) than untanned elytra. The water content
was somewhat less than that of untanned elytra but was still on
the order of 50%. The increased strength must therefore be
attributed to compositional changes beyond dehydration. Overall,
the static properties of dsTcLac2 elytra are similar to those of
partially (24 h) tanned elytra. That is, stiffness of laccase-
deficient cuticle at 3 d is similar to the stiffness of normal cuticle
at 1 d (see the primary fracture points in Figures 5a and 6).
However, dsTcLac2 elytra have inferior global fracture proper-
ties and do not exhibit the piecewise tearing pronounced in wild-
type partially tanned elytra while fracturing abruptly. Clearly,
a significant component of the tanning process was disrupted
by injection of dsTcLac2.

Dynamic Mechanical Analysis. Dynamic mechanical analy-
sis yields information that is helpful for understanding the
interactions of the different components in the elytron. Strain
sweep experiments at 6.28 rad/s (1.0 Hz) were performed first
to establish the linear viscoelastic region of the various types
of elytra tested. Representative strain sweep data are shown in
Figure 7 and the summary of those experiments is presented in
Table 3a,b. At strains below 0.1%, all of the elytra exhibited
strain-independence. Hence, 0.1% was the strain value chosen
for all subsequent frequency sweeps. In some cases at strains
above ∼0.5%, the elastic modulus of the elytra becomes a strong
function of the strain and at strains above 1%, the elytra
eventually fail (data at high strain values not shown). Additional
information about structure can be gathered from the dynamic
frequency response of the elytron.

Effects of Tanning on the Dynamic Modulus. From Figures
8a and 9a, it is evident that the elytra of Tribolium and Tenebrio
immediately after eclosion are quite weak as indicated by elastic
modulus (E′) values at 6.28 rad/s of 60 ( 7 and 52 ( 13 MPa,
respectively. As the elytra tan, their stiffness increases due to
tanning reactions and water loss. To study the relative signifi-
cance of each of these processes, frequency sweeps on elytra
at various tanning stages and hydration levels were performed
(hydration data shown in Table 1). A comparison of Tables 2
and 3 illustrates that E′ values measured in either strain sweep
or frequency sweep experiments at 1 Hz are comparable in
magnitude to E, as expected (E ) [E′2 + E′′2]1/2 at a given
frequency and E′ . E′′ in all cases). E′ exhibits the same
dramatic increase as a function of tanning time as the E obtained
from static tests. For Tenebrio, upon full tanning the modulus
increases 20 ( 6 times in E, 28 ( 7 times in E′ (strain sweep),

and 20 ( 6 times in E′ (frequency sweep). For fully tanned
Tribolium elytra, the modulus increases are comparable, 43 (
9 times in E′ (strain sweep) and 20 ( 3 times in E′ (frequency
sweep). The 24 h tanned Tenebrio elytra exhibit modulus
increases of 6 ( 4 in E and 4 ( 1 in E′ measured by strain and
10 ( 4 in frequency sweeps. Partially tanned Tribolium elytra
show an increase of 6 ( 3 in E and 5 ( 2 in E′ measured by
strain and 4 ( 2 in frequency sweeps. The tables show that the
moduli of Tenebrio and Tribolium are comparable in magnitude,
while the tanning process stiffens elytra from both species over
20 times.

Effects of Drying on the Dynamic Modulus. Drying an
untanned Tribolium elytron, which is 66 ( 6% water, increases
its elastic modulus 18 ( 2 times, but the increase is only 7 (
1 times for Tenebrio. Thus, while drying increases the modulus
significantly, tanning has the greater effect. Comparing elytra
in their dried state before and after tanning suggests that tanning
accounts for an additional 4 ( 1-fold increase in stiffness for
Tribolium and 5 ( 2-fold increase in stiffness for Tenebrio.
These trends are more clearly seen by examining the entire
frequency sweep curves for the elytra in Figures 8a and 9a.

Effects of RNAi on the Dynamic Modulus. Additionally,
disruption of the insect’s catechol metabolism by injection of
dsRNAs has very different effects depending upon the gene
targeted by dsRNA. After injection of TcLac2 dsRNA, which
suppresses TcLac2 transcripts and subsequent oxidation of
catechols to form quinones that can polymerize or form cross-
links, a weakened hydrated elytron is obtained, with a modulus
of only about 200 MPa. This represents an increase of less than
1 order of magnitude from the untanned state. In contrast, knock
down of TcADC transcripts, which should disrupt synthesis of
�-alanine required to synthesize the cross-linking agent precursor
N-�-alanyldopamine (NBAD), more than doubles the modulus
(2.6 ( 0.3-fold increase), as shown in Figure 9.

Trends in the Frequency Exponent and Tan δ. The elastic
modulus of all of the elytra tested was frequency dependent, as
shown in Figures 8a and 9a. This dependence was fit to a power
law model over the range 10-100 rad/s, the exponent of which
was used as a measure of elytral component interactions, as
discussed in the next section. These exponents are summarized
in Table 3 and presented in Figure 10 to illustrate the trends
with tanning time and drying for both species. The two
coleopteran species show the same trends in the exponent as a
function of tanning and drying. The highest values of the power
law exponent are seen for the untanned and hydrated cuticle
with values of 0.095 ( 0.012 and 0.130 ( 0.037 for Tribolium
and Tenebrio elytra, respectively. Drying the elytron decreased
the power law dependence to 0.069 ( 0.015 and 0.040 ( 0.005,
respectively. Tanning and drying reduced the power law
dependence even further to 0.025 ( 0.001 and 0.018 ( 0.001,
respectively.

The frequency dependence of the elastic modulus of Tribo-
lium elytra was also determined after RNAi treatment. dsTcLac2
elytra exhibited a low E′ frequency dependence comparable to
that of fully tanned elytra, suggesting that despite a reduction
in TcLac2 transcripts, some tanning had taken place (because
only a partial knockdown of transcripts had occurred so as to
permit adult eclosion) as the static data also supported.
Conversely, the frequency dependence of the elastic modulus
of fully tanned dsTcADC elytra was higher than that of normal
fully tanned elytra, showing that down-regulation of TcADC
transcripts also alters elytral properties but much differently from
down-regulation of TcLac2. Because the power law exponent
is independent of dimensional measurements, uncertainty in this

Figure 7. Representative strain sweeps of various elytral samples at
6.28 rad/s (1.0 Hz). Elytra show stable linear viscoelastic behavior
up to 0.1% strain. Data are truncated above 0.5% as samples begin
to break down above this value.
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parameter was low and the results highly reproducible, making
it possible to document a clear distinction between the different
kinds of elytra.

Figures 8b and 9b,c show the impact of hydration and tanning
on the ratio of viscous modulus E′′ to elastic modulus E′,
otherwise known as tan δ, where δ is the phase angle between
sinusoidally varying stress and strain. The values of this ratio
at 1 rad/s are given in Table 3; the trends with tanning time
and drying yield a figure quite similar to trends of the frequency
exponent n shown in Figure 10. A high value of this ratio
indicates that vibrational damping is high; conversely, a low
value indicates highly elastic behavior with minimal energy
losses. The untanned elytron exhibits a relatively high tan δ at
low frequencies, which sharply declines as a function of
frequency. For both species, drying and tanning decrease tan δ
and make it less dependent on frequency, though to varying
extents. However, the effect of dehydration on tan δ frequency
dependence for elytra from both species is substantially different
from that of tanning alone or tanning plus drying, suggesting
that tanning and drying affect elytral properties to different
extents, with the former more predominant. Again, down-
regulation of TcLac2 and TcADC both alter tan δ relative to
normal elytra but do so quite differently. Decreased TcADC
expression significantly increases both the magnitude and the
frequency dependence of tan δ relative to fully tanned elytra.
The same was observed for a natural mutant “black” variant,
hypothesized to be ADC-deficient.58 Knockdown of TcLac2
transcripts yields elytra after three days quite similar to normal
elytra after 24 h, with a relatively high magnitude of tan δ but
with less frequency dependence than most other elytral types.
The data at higher frequencies are quite noisy because of the
small elytral size and relatively low moduli.

Discussion

Cuticle Formation in Tribolium and Tenebrio. Cuticle
physical properties developed in both species of insects in a

similar fashion, consistent with the accepted picture of com-
positional changes in cuticle over time. Untanned elytra of
Tribolium and Tenebrio are significantly hydrated, soft, and
relatively ductile. The stress-strain curves of both untanned
and partially tanned elytra generally displayed several local
maxima, indicative of piecewise tearing of the untanned cuticle
between the ribs. At maturity, the elytra become substantially
stiffer with an increase of more than an order of magnitude in
the Young’s modulus, while the fracture strain decreases nearly
3-fold. Thus, fully tanned elytra behave as a typical brittle plastic
as the stress-strain response is virtually linear to the point of
catastrophic failure. Furthermore, the ratio E′′/E′ and the
frequency exponents drop substantially as a function of tanning
time. A low value of this ratio indicates that the material
response is predominantly elastic with minimal internal energy
losses due to viscous damping. The moduli of untanned and
fully tanned elytra of both species are the same within
experimental uncertainty, ∼50 MPa for untanned and ∼1100
MPa for fully tanned. These values are comparable to those
measured by Vincent for tanned and untanned cuticles of
Calliphora erythrocephala maggots.28,59

However, tanning proceeds more rapidly in Tenebrio than in
Tribolium (bar charts making the following comparisons are
included in Supporting Information). Visually, Tenebrio darkens
faster than Tribolium. The mechanical property data show that
after 24 h Tenebrio’s moduli have increased on the order of 10
times, while Tribolium’s moduli have increased only about 4
times. Furthermore, the frequency exponent n has dropped more
significantly after 24 in Tenebrio than Tribolium, indicating
increased cross-linking as discussed below. Drying has a much
larger impact on the moduli of Tribolium than Tenebrio,
although the fully tanned Tenebrio elytron has a somewhat lower
frequency exponent, indicating that there could be some
underlying differences in the cuticular structures of these insects
beyond rate of development.

Table 3a

(a) Dynamic Mechanical Properties of Tribolium elytra

strain sweep @ 1 Hz frequency sweep @ 0.1%

elytral sample No. E′ @ 0.1% (MPa) linear viscoelastic range No. E′ @ 1 Hz (MPa) E′′/E′ @ 1 rad/s
frequency power

law exponent

untanned 2 30 ( 6 0.01-0.4 6 60 ( 7 0.21 ( 0.03 0.095 ( 0.012
partially tanned (24 h) 3 140 ( 40 0.01-0.2 4 240 ( 150 0.13 ( 0.03 0.082 ( 0.012
fully tanned (7 d) 2 1300 ( 100 0.01-0.3 6 1200 ( 100 0.08 ( 0.02 0.035 ( 0.003
dsTcLac2-treated (72 h) 2 350 ( 50 0.01-0.2 3 230 ( 140 0.18 ( 0.02 0.043 ( 0.005
dsTcADC-treated (7 d) 3 3200 ( 400 0.01-0.2 4 3100 ( 300 0.20 ( 0.03 0.062 ( 0.006

Properties after Drying

untanned 1 880 0.01-0.7 3 1100 ( 100 0.17 ( 0.03 0.069 ( 0.015
fully tanned (7 d) 1 4200 0.01-0.4 6 4000 ( 800 0.07 ( 0.02 0.025 ( 0.001
dsTcADC-treated (7 d) 1 3600 0.01-0.1 4 3500 ( 600 0.14 ( 0.02 0.038 ( 0.002

(b) Dynamic Mechanical Properties of Tenebrio elytra

strain sweep @ 1 Hz frequency sweep @ 0.1%

elytral sample No. E′ @ 0.1% (MPa) linear viscoelastic range No. E′ @ 1 Hz (MPa) E′′/E′ @ 1 rad/s
frequency power

law exponent

untanned 1 40 0.01-0.2 3 52 ( 13 0.24 ( 0.03 0.130 ( 0.037
partially tanned (24 h) 1 440 0.01-0.2 3 540 ( 220 0.11 ( 0.02 0.035 ( 0.001
Fully tanned (7 d) 3 1100 ( 260 0.01-0.4 6 1020 ( 200 0.07 ( 0.01 0.021 ( 0.002

Properties after Drying

untanned N/A N/A N/A 6 370 ( 80 0.12 ( 0.02 0.040 ( 0.005
fully tanned (7 d) 3 2200 ( 700 0.01-0.02 6 1800 ( 300 0.06 ( 0.01 0.018 ( 0.001

a (95% confidence intervals.
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It is interesting to note that with tanning and drying toughness
increases in Tenebrio by a factor of 3 (area under the
stress-strain curve). This measure of toughness is formally the
work-to-fracture and can also be interpreted as the amount of
energy that can be absorbed per unit volume at failure. Because
of the irregular nature of the failure, the standard deviation for
this property is high. Because brittle failure of a body part leads
to a significant loss of function, resistance to failure by the
cuticle may be the most significant structural property determin-
ing beetle viability over the course of its maturation. In fact,
the dsRNA dsTcLac2 elytra of Tribolium have a notably reduced
toughness relative to wild-type samples.

Static tensile tests of insect cuticle have been widely reported
prior to this report, but such tests are sensitive to sample
variation and are thus less reproducible than dynamic mechanical
analysis.27 Torsion pendulum experiments are dynamic me-
chanical methods that have been applied previously to cuticle
in a limited fashion. Similar to our observations, Vincent found
that the modulus of maggot cuticle increases an order of
magnitude in stiffness upon drying and that tanning affects the
slope of the elastic modulus-water content curve.59 However,

the moduli were not measured as a function of frequency nor
was E′′/E′ reported to identify the influence of cross-links as
was done in this work. Nanoindentation has also been useful
for measuring both hardness and stiffness as a function of water

Figure 8. (a) Frequency sweep measurement of the elastic modulus
at 0.1% strain of Tenebrio elytra. The curves are composites of
multiple runs, on average four each. The modulus increases 2 orders
of magnitude with tanning and the frequency dependence diminishes.
Drying of the elytra has a much lesser effect. (b) Frequency sweep
measurement of the ratio of the viscous modulus to elastic modulus
E″/E’ (tan δ) at 0.1% strain of Tenebrio elytra for the same data sets
as in (a). The ratio decreases significantly with tanning and the
frequency dependence diminishes. Drying of the elytra has a much
lesser effect, especially for the fully tanned cuticle.

Figure 9. (a) Frequency sweep measurement of the elastic modulus
at 0.1% strain of Tribolium elytra. The behavior is comparable to that
of Tenebrio. Also shown are the results for elytra in which the
enzymes TcADC and TcLac2 in Tribolium were suppressed by
injection of dsRNA for those genes. Suppression of the enzymes
changes the mechanical response of the elytra in very different ways.
(b) Frequency sweep measurement of the ratio of the viscous
modulus to elastic modulus E′′/E′ (tan δ) at 0.1% strain of Tribolium
elytra for the same data sets for normally maturing elytra as in (a).
The behavior is comparable to that of Tenebrio. (c) Frequency sweep
measurement of the ratio of the viscous modulus to elastic modulus
E′′/E′ (tan δ) at 0.1% strain of Tribolium elytra for the same data sets
for enzyme-suppressed elytra as in (a); normally tanned elytral data
are repeated from Figure 8b for comparison. Suppression of the
enzymes changes the mechanical response of the elytra in very
different ways. The poor quality of development of the dsTcLac2 elytra
leads to very noisy data above 10 rad/s.
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content. Barbakadze et al. observed that beetle head articulation
cuticle stiffened by an order of magnitude with drying.60 This
method has the advantage of measuring local properties, but it
does not provide the same information reflecting intermolecular
interactions as DMA. Mechanical testing has also been per-
formed on “cuticle loops” cut from the alloscutum of ticks,3

but such a method is not generally applicable.
The primary limitations of our method are associated with

sample dimensions and gripping. ASTM standards for tensile
tests of materials suggest the use of dog-bone shaped samples
with a greater length to width ratio than is possible to achieve
with these elytra. Such limitations in specimen geometry are a
general problem in working with biological specimens and are
difficult to eliminate. The elytra are not uniformly thick but
taper off toward the ends, so the gripping stresses will also vary
laterally in the grips. Thus, end effects caused by stress
concentrations at the grips are likely to have been introduced.61,62

Work on polyethylene films suggests that using these sample
dimensions could lead to an underestimate of the true Young’s
modulus of the material on the order of a factor of 2.63,64 Horgan
suggests that the end effects would propagate farther into the
length of the sample for anisotropic materials.62,64,65 For
biological tissues such as tendon and bone, different results are
seen. For tendon, work indicates that the apparent modulus may
increase several times with increasing sample length to width
ratios.66 For bone, however, there was a limited effect of
dimensions on modulus.67

Thus it may be anticipated that the moduli reported in this
paper may not be “true” values of the material. However, in
the different studies cited above the variations with sample
dimension are not more than a factor of two to three at the most.
In our work, we get similar results whether cuticle specimens
are gripped directly or mounted by epoxy, suggesting that the
specific gripping method is not a factor. We saw no significant
difference in moduli or frequency dependence when the length
to width ratio was changed by a factor of 2 by cutting tanned
Tenebrio elytra in half lengthwise, whether freshly harvested
or dried. Gripping effects have been found not to be substantially
different for glassy vs rubbery materials.68 And as noted above
the values obtained in this work are comparable to literature
values for insect cuticle obtained by other methods.5 Therefore,
we conclude that despite the possibility of stress concentration
artifacts due to the dimensions of the specimens, these effects
are not likely to obscure the trends established and conclusions
drawn. The approximation of the samples as homogeneous

rectangular slabs and variations in sample dimensions are likely
the most substantial sources of deviation of the moduli reported
here from their “true” values.

Evidence of Cross-Linking in Elytral Cuticle. The results
compiled in Table 3 as well as Figures 8a and 9a show that the
elastic modulus (E′) of the elytron increases by 2 orders of
magnitude during tanning, as its water content and chemical
composition change simultaneously. It is well-known that
solvent softens polymeric materials via plasticization, whereas
increased cross-link density stiffens them.37,51,57,69 In other
words, a plasticizing solvent enables polymer chain relaxation,
whereas cross-linking inhibits it. That cuticle composition
changes during tanning, including conversion of catechols to
higher molecular weight hydrophobic pigments like melanin,
thus causing dehydration, is well-known.22,34 Although it has
been explained how the reaction of oxidized catechols with
cuticular proteins could cross-link these proteins, clear evidence
that cross-linking of cuticular solids is a significant contributor
to cuticle stiffness in addition to loss of water has been lacking
in previous reports on this subject.28 However, an examination
from several perspectives of the dynamic mechanical analysis
data obtained in this work offers compelling evidence that cuticle
is significantly cross-linked, that cross-linking increases during
tanning, and that cross-linking is equally or more important than
as dehydration in generating the observed increase in cuticle
strength upon tanning.

The dehydration effect is in fact significant, in that drying
any type of cuticle does increase its modulus significantly, as
is clearly shown in Figures 8a and 9a and Table 3a,b. The elastic
moduli of elytral cuticle E′ at 1 Hz increases 20 times upon
maturation for both Tribolium and Tenebrio. Drying does
increase the moduli of untanned Tribolium elytra a comparable
amount to tanning (though the shape of the curve is notably
different, the significance of which is discussed below), but the
increase upon drying is only 7 times for Tenebrio. For fully
tanned Tribolium elytra, drying increases E′ another 3.3 times,
but only 1.8 times in Tenebrio. The combination of increased
tanning and drying increases the modulus 67 times in Tribolium
and 35 times in Tenebrio.

However, simple comparisons of the magnitude of moduli
do not clearly separate the reasons for the differences. It does
not determine whether the modulus increase upon drying simply
reflects the loss of plasticization or whether dehydration induces
development of physical cross-links. Comparisons of moduli
do not enable determination of whether changes with tanning
time reflect changes in chemical composition (e.g., relative
proportions of protein, chitin and catechol) or increases in
covalent cross-linking as suggested by the quinone tanning
hypothesis. It is undoubtedly true that most of the increased
stiffness of the elytra results from changes in chemical composi-
tion upon tanning. For example, it is known that melanin is
present in some strong biological structures.70 Thus, the increase
in stiffness in itself does not necessarily mean that the tanned
elytral cuticle is more cross-linked than the untanned, as the
quinone tanning hypothesis suggests.

Frequency sweep analysis, on the other hand, can help to
distinguish between cross-linked and uncross-linked materials
of similar moduli. Un-cross-linked macromolecular materials
resist deformation upon applied stress, but given enough time,
they are able to reduce internal stress through polymer chain
rearrangements and thus appear softer under lower strain
rates.57,71 However, cross-links limit the movement of polymer
chains past one another even over the longest time scales (lowest
frequencies). Hence, cross-linked and uncross-linked materials

Figure 10. Frequency exponents obtained from the elastic moduli
data of normally developing elytra in Figures 8a and 9a. The
frequency exponents for both species drops more significantly with
tanning time than with drying. Similar trends are obtained by
comparison of the ratio E′′/E′ at 1 rad/s, showing that n conveys
similar information and fits data over a range of frequencies.
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respond differently to a sinusoidal deformation, especially at
low frequencies (at very high frequencies, only side chain or
local motions are probed). Most notably, at low frequencies,
the elastic modulus E′ of polymers reaches a plateau value if
cross-linked, whereas it declines sharply if un-cross-linked. At
such frequencies, viscous losses are negligible in cross-linked
polymers (E′′/E′ can fall below 0.01), whereas they become
dominant if un-cross-linked (E′′/E′ > 1).37 However, for cross-
linked polymer networks, the power law frequency exponent n
for E′ is expected to fit over several decades of frequency,
declining as cross-linking increases.41 Since n is expected to
be a strong function of cross-link density but a weak function
of solvent content, it should be an important indicator of cross-
link formation, even in the presence of dehydration.72 Some
early uses of frequency sweeps of complex biological tissues
have observed behavior consistent with this power law behavior,
but previously no one has utilized this model to infer internal
structure.73,74 In one case, however, the exponent for this
function for entangled biopolymers, specifically actin fibrils, has
been reported to be in the range of 0.1 to 0.3.75

In fact, all of the tanned elytra tested exhibit only a slight
frequency dependence of the elastic modulus E′ for most of
the frequency range tested (Figures 8a and 9a). The observation
of a limited E′ frequency dependence over multiple decades in
this range is consistent with the behavior of synthetic cross-
linked polymer networks. Figure 10 shows that the exponents
are at the lower range and below the range expected for
entangled biopolymers, and approach zero or purely elastic
behavior in fully tanned cuticle. For both species, the exponents
decline steadily and substantially by more than a factor of 2
with increased tanning, consistent with the process of cross-
linking. Drying has no effect on these trends and generally only
a small effect in magnitude of the exponents, less than a 40%
reduction in all cases except for untanned Tenebrio elytra, which
declines about 3-fold. These changes might point to the
formation of noncovalent cross-links upon drying, though
the effect is clearly much less than the effect of tanning time.
The fact that dried, untanned Tribolium elytra has notably more
frequency dependence than freshly harvested (hydrated), fully
tanned elytra despite having moduli comparable in magnitude
is consistent with untanned elytra having a less cross-linked
structure than fully tanned elytra. Thus, examination of the
dependence of E′ on frequency points to the development of
cross-linking upon tanning of elytra, and that the increase in
modulus with tanning involves a different mechanism than the
increase seen upon dehydration.

The presence of cross-linking can also be inferred from the
frequency dependence of the E′′/E′ ratio, which is a measure
of viscous damping in the material as a function of tanning and
hydration state for both species. Figures 8 and 9 show that, for
all elytra, the ratio is much less than 1 (i.e., E′ . E′′), with no
more than a modest dependence on frequency. Furthermore, for
both species it is quite evident that the ratio declines substantially
with tanning time, as does the frequency dependence. Drying
has a much smaller effect in both respects, once again
demonstrating the insufficiency of dehydration to explain
changes in the mechanical properties of cuticle as a function of
tanning. Furthermore, these trends also are consistent with the
hypothesis of increased cross-linking as tanning proceeds. The
decline in the E′′/E′ ratio with frequency indicates that increasing
frequency causes movement away from a polymer relaxation
mode(s) where viscous energy dissipation is relatively high.37,57

We propose that such modes most likely involve movement of
polymer chains past one another. Cross-linking and removal of

a plasticizing solvent will suppress such modes, effectively
shifting them to lower frequencies. If that frequency range is
below the range measured, cross-linking and drying will be
observed as a diminishing frequency dependence of E′′/E′.
However, while solvent enables the relaxation modes to occur
at a higher frequency, it does not substantially alter them. In
contrast, the constraints imposed by cross-linking will be
observed as a reduced ratio of E′′/E′ at all frequencies where
this relaxation mode is active. This behavior suggests that the
main effect of drying would be to shift the curve to the left
(lower frequencies), while increased cross-linking would also
shift it down as well as left. The latter trend is consistent with
the data shown in Figures 8b and 9b,c.

It should be noted that the frequency exponent n and the ratio
E′′/E′ are different measures of the same phenomena, namely,
the combination of viscous and elastic response to applied
stresses. Thus, Figure 10 is almost the same if E′′/E′ is plotted
instead of n (see Supporting Information for a figure). E′′/E′ or
tan δ is more widely used than n as a measure of viscous
damping in polymeric materials. However, the choice of
frequency to report a particular value of E′′/E′ is arbitrary. In
contrast, a single value of n can be extracted and reported from
one to two decades or more of frequency data. When used to
interpret material behavior, both n and E′′/E′ also have the
advantage of being independent of dimension. Because the
difficulty in accurately measuring dimensions of these small
biological samples is the main source of uncertainty in the
reported moduli values, both n and E′′/E′ can be determined
much more accurately than moduli. For elytra, we have found
n to be a highly reproducible parameter that is quite sensitive
at discriminating among different types of elytra.48

These results do not unambiguously distinguish between
covalent cross-linking, as suggested by the quinone tanning
hypothesis and noncovalent interactions that might be induced,
for example, by hydrogen bonding or �-sheet formation among
the protein components. For example, in prior work, we have
shown that inducing �-sheet formation in poly(R-L-lysine) gels
by changing pH can increase the modulus of such networks.76

However, we believe the fact that increased tanning increases
the modulus while substantially decreasing the frequency
exponent, whereas dehydration increases the modulus but with
a lesser impact on the frequency exponent, supports the
hypothesis that tanning increases the cross-linking in the cuticle.
We are currently carrying out several lines of inquiry to further
separate contributions of covalent and noncovalent cross-linking.
One is to extend the frequency sweeps to lower frequencies. It
is expected that physical cross-links created by intermolecular
hydrogen-bonding would break and reform cooperatively at low
time-scales, thus reducing the modulus at low frequencies,77

while covalent cross-links cannot disengage at any frequency.
Our results to date on fully tanned Tribolium elytral cuticle show
that the modulus remains high, following approximately the
same frequency exponent down to 0.001 rad/s, suggesting that
cross-links are, in fact, permanent. We are also investigating
the mechanical properties of Tribolium elytra after treatment
with strong hydrogen bond-breaking solvents, such as formic
acid. Preliminary results show that although the elytra swell
about 30% in formic acid, the Young’s modulus does not change
significantly. The effects of the formic acid are reversible, as
formic acid-swollen, fully tanned elytra subsequently leached
of formic acid follow the same frequency sweep profile as
untreated elytra. Recent work indicates that reversible plasticiza-
tion of tick cuticle during feeding is possible by active control
of pH in the cuticle, therefore altering hydrogen bonding and
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thus water content of the cuticle.78 Still, even in this specialized
form of cuticle, a balance remains between reversible and
permanent cross-links. Therefore, the conclusion that covalent
cross-links contribute to the mechanical properties of cuticle is
supported. However, even these experiments provide no indica-
tion of the origin of such cross-links, whether they originate as
hypothesized by the quinone tanning hypothesis or by some
unrelated reactions. Here we are measuring the properties of
intact elytra, which are complex structures, but interpreting the
data in terms of the elytral cuticle. In fact, our examination of
the tearing phenomena in the static tests suggests that the ribs
may tan faster than the cuticle between the ribs, but reach
uniform properties upon maturation. However, we believe that
our studies using RNAi provide evidence that to a significant
extent, the cross-links are of quinone tanning origin, and we
will review this evidence in the next section.

Manipulation of Metabolic Pathways in Cuticle. The
impact of cuticular enzyme-catalyzed reactions during tanning
was further illustrated by considering the physical properties
of elytra obtained from enzyme-deficient Tribolium. Even
though the pigmentation and cross-linking developmental
pathways are coupled, the ratio of un-cross-linked pigmentation
molecules to cross-linked molecules can be affected by altering
enzymatic activities.48 Use of the RNAi technique allowed
suppression of the expression of two different enzymes involved
in cuticle tanning metabolism, TcLac2 and TcADC. TcLac2 is
a phenoloxidase that has been previously shown to be required
in several steps of cuticle tanning (Figure 1).49 Most notably, it
catalyzes the oxidation of catechols, which polymerize to form
melanin-based pigments as well as the oxidation of catechols
to quinones that subsequently react with cuticular proteins to
form adducts and cross-linked proteins. The quinone tanning
hypothesis suggests that formation of covalent bonds to proteins
can occur multiple times with a single quinone molecule, leading
to formation of cross-links. Thus, reducing Lac2 activity is
expected to suppress both formation of pigments and quinone-
mediated protein cross-linking. In contrast, ADC catalyzes the
synthesis of �-alanine used for production of NBAD, a major
catecholic cross-linking agent precursor. With reduced ADC
activity, catechols such as dopamine accumulate and are
partitioned more into the pigmentation pathway rather than into
the cross-linking pathway.

The RNAi results show that with a partial knockdown of
TcLac2, light brown elytra develop 72 h post eclosion. The water
content is on the order of 50%, slightly less than for untanned
elytra (54 ( 5%) and this phenotype is an order of magnitude
weaker (E ) 230 ( 140 MPa) than tanned elytra. In strain
sweeps, the elytra begin to break down at lower strains than
normally maturing elytra at any stage (Figure 7). The observed
lack of coloration, high water content and reduced mechanical
strength are consistent with the hypothesis that dsTcLac2 elytra
would have a reduced capability to synthesize hydrophobic
structural pigments and to form a cross-linked protein network
in the cuticle. Frequency sweep experiments shown in Figure
9a and c further quantify the observed impact of TcLac2
suppression and help to identify the role of this enzyme in the
development of cuticular mechanical properties. At 72 h
posteclosion, TcLac2-suppressed elytra reach an E′ comparable
to that of native elytra at 24 h posteclosion. However, the altered
elytra have a lower frequency dependence exponent than both
normal untanned and partially tanned elytra. This result indicates
that some cross-linking does occur in elytral cuticle when
TcLac2 expression is diminished, but it occurs at a much slower
rate. There also is a reduced amount of pigment produced, which

explains the observation of less viscous damping (lower E′′/
E′). Therefore, in dsTcLac2 elytra, the overall network formation
is hindered, in both cross-linked and un-cross-linked cuticular
components alike. In terms of rubber elastic theory, though softer
due to a diminished cross-link density, dsTcLac2 elytral cuticle
may be a more “perfect” network than normal cuticle because
pigmentation components are not present as filler material or
that fewer dangling ends of the polymers exist in the altered
network.79

In contrast to TcLac2 suppression, TcADC suppression in
Tribolium causes a body color darker than that of wild-type
insects, yet the insects were otherwise able to mature normally.
The darker color is consistent with the hypothesis that sup-
pressing ADC activity would limit L-aspartic acid decarboxy-
lation to �-alanine and conjugation with dopamine to yield
NBAD, and thereby enhance the production of melanic pigments
from dopamine at the expense of protein cross-linking by
quinones derived from NBAD. The expected reduction in protein
cross-linking and increase in pigment is supported by the fact
that the frequency dependence exponent of dsTcADC elytra is
greater than that of tanned elytra, also supporting the hypothesis
of a greater level of un-cross-linked material relative to cross-
linked material in dsTcADC elytra (Table 3). A relative
deficiency in cross-linking of dsTcADC elytral cuticle is further
confirmed by the pronounced frequency dependence of E′′/E′
(viscous damping), as shown in Figure 9c. Interestingly, the
elastic modulus of the dsTcADC elytra is several times larger
than that for the tanned elytra. This could be the result of an
increase in melanin pigmentation, as melanin is known to be
associated with hardening in a number of animal structures.70

It appears that ADC-deficient Tribolium are able to mature to
otherwise normal adults because, while elytra properties were
altered, they were adequate for survival, unlike the phenotype
from TcLac2 suppression. We have presented evidence previ-
ously that a naturally occurring genetic variant of Tribolium
called “black” fact a TcADC-deficient mutant with a value of
n significantly larger than for other strains.48,58

Potential Applications. Cuticle can been viewed as an
interpenetrating network of chitin embedded in a protein-catechol
matrix, and the results of this work are supportive of that view.
Recent work by Gong, Osada, and co-workers has demonstrated
that a synthetic IPN model system composed of a rigid cross-
linked network interpenetrated by a flexible entangled polymer
has exceptional mechanical properties compared to the indi-
vidual networks, even when they are hydrated.80,81 Because
insect cuticle is believed to have a similar organization of its
macromolecular components, a better understanding of the
origins of the cuticle’s mechanical properties may help to
develop technologically significant new materials such as tissue
engineering scaffolds for cartilage regeneration. In fact, we have
recently demonstrated that interpenetrating networks of agarose
and poly(ethylene glycol diacrylate) can be used as scaffolds
for chondrocyte encapsulation for cartilage regeneration.82 The
chitin fiber and protein interpenetrating network motif may be
useful for the aqueous production of high-performance synthetic
composites, avoiding the need, in some cases, for volatile
organic solvents to solubilize polymers or reduce viscosity.83

This work has also demonstrated that with knowledge of
metabolic pathways in the maturation of the cuticle, it is possible
to intentionally manipulate the macromolecular structure to
either substantially increase or decrease the mechanical perfor-
mance of that biomaterial. This accomplishment suggests that
these methods can be used to exploit the mechanochemistry
and molecular-level organization of complex biological struc-
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tures like cuticle in order to understand how to engineer
properties in composite polymeric networks for applications
ranging from aerospace to biomedical implants.39,84-89 Fur-
thermore, the combination of RNAi and mechanical analysis
makes possible systematic exploration of the relative importance
of individual components of complex biological composite
materials like the insect exoskeleton.

Conclusions

A comprehensive set of ultimate and dynamic mechanical
properties of elytra from Tribolium and Tenebrio was collected
at various tanning stages with particular interest in distinguishing
between the contributions of cross-linking and hydration to those
properties. The use of two types of beetles of much different
sizes validates the testing methods and demonstrates a degree
of generality of the results. The two types of mechanical tests
used, static (most commonly applied to such biological materials
in past studies) and dynamic (most novel characterization
method used here), demonstrated both internal consistency of
the methods and differences in their utility. The RNAi experi-
ments provided biochemical validation of the hypothesized
metabolic pathway believed to account for the changes observed
upon tanning.

From the static tests, elytra of freshly ecdysed beetles were
shown to behave as soft plastics, which tear under stress to the
point of complete failure. When fully tanned, elytral cuticle
behaves more like a strong but brittle plastic with properties
comparable to engineering polymers such as polystyrene.

Dynamic mechanical analysis showed that, while the water
content has an important role in determining cuticle mechanical
properties, the tanning reactions themselves contribute substan-
tially to these properties beyond simply inducing dehydration.
Elytra, whether tanned or untanned, increase in elastic modulus
while drying, but the increase is generally less than observed
with tanning itself. Most notably, as tanning time increased,
the frequency exponent for E′ approached zero and the ratio of
E′′/E′ decreased in magnitude while diminishing in frequency
dependence. These observations indicate that tanning causes an
increase in the elastic component relative to the viscous
component of the cuticular network’s mechanical response. In
contrast, water content has a limited effect on these parameters,
as expected, because drying has a limited effect on network
topology (e.g., proportion of elastically active network chains).

The evidence for cross-linking in elytral cuticle does not
indicate which components of the cuticle are cross-linked or
confirm that cross-links are covalent and, thus, does not directly
validate the quinone tanning hypothesis for cross-linking of
cuticular components. However, the changes observed after
injection of dsRNA for TcLac2 or TcADC are consistent with
that hypothesis. Reduced ADC activity is hypothesized to
increase the amount of pigments relative to cross-linked protein,
and this is reflected in a larger viscous component relative to
the elastic component of the mechanical response of the cuticle
whether hydrated or dried. In contrast, diminished TcLac2
activity led to a weakened yet relatively elastic cuticle, consistent
with a reduction of both total solids and cross-linking, and
apparently a greater reduction of the former relative to the latter.

This work also demonstrates the utility of applying dynamic
mechanical analysis to help understand the interactions between
different components in a complex biological material, a method
that is often applied to synthetic polymers but rarely to complex
biological materials like cuticle. Other types of cuticle could
be tested by this method, whether using instruments of the type

used in this work or nanoindentation systems capable of dynamic
mechanical analysis. It also demonstrates the use of RNAi to
manipulate metabolic pathways to alter the properties of a
biological material in a controlled way to further this under-
standing. Results obtained with these techniques also indicate
that it may be possible to manipulate intentionally the cuticle
nanostructure to determine the mechanochemical basis for the
structure and to identify key contributors to the observed
properties. Such knowledge can be helpful in the design of novel
biomimetic technological materials such as tissue engineering
scaffolds.
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