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ABSTRACT: For developing novel fully biological materials, a central question is how
we can utilize natural components in combination with biomimetic strategies in ways
that both allow feasible processing and high performance. Within this development,
adhesives play a central role. Here, we have combined two of nature’s excellent
materials, silk and cellulose, to function as an adhesive system. As an initial step in
processing, wood was delignified. Without lignin, the essential microstructure and
alignment of the wood remain, giving a strong scaffold that is versatile to process
further. A recombinant spider silk protein was used as a fully biological and water-based
adhesive. The adhesive strength was excellent with an average value of 6.7 MPa, with a
maximum value of up to 10 MPa. Samples of different strengths showed characteristic
features, with high tear-outs for weaker samples and only little tear-out for strong samples. As references, bovine serum albumin and
starch were used. Based on the combined data, we propose an overall model for the system and highlight how multiple variables
affect performance. Adhesives, in particular, biobased ones, must be developed to be compatible with the overall adherend system for
suitable infiltration and so that their mechanical properties match the adherend. The engineering of proteins gives an unmatched
potential for designing adhesive systems that additionally have desired properties such as being fully water-based, biologically
produced, and renewable.

KEYWORDS: cellulose, protein engineering, cellulose-binding domain, lap shear strength, bovine serum albumin, Araneus diadematus,
adhesion, amino acid analysis

■ INTRODUCTION

There is currently a strong drive to develop new sustainable
materials. For finding inspiration and new components, it is
relevant to turn to the abundance of excellent materials found
in nature. We should examine the use of natural components
when developing a new material solution to enable sustainable
and efficient use of raw materials. For wider use, we need not
only to learn from natural materials but also to apply biological
materials in new ways that are compatible with industrial
processing.1,2

Here, we have focused on a new way of combining two well-
known and excellent materials, cellulose and silk, into an
adhesive system taking advantage of the benefits of both
materials. Cellulose is overall highly abundant and on the
molecular level, it is an extremely strong and versatile
polymer.3,4 To explore new processing methods for broader
use of wood, including ways for recycling wood scrap or
smaller pieces, there has recently been much interest in
processes involving delignification.5 In delignification, the
lignin fraction of wood is dissolved by immersion in an
oxidizing bath in acidic conditions, leaving only cellulose and
residual hemicellulose (Scheme 1A). The microstructure of the
cell walls remains, and the loosened cellulose can be
compressed and dried again. Excellent mechanical properties
can be obtained since the optimal packing and close native

alignment of cellulose fibrils are not disturbed.6 A further
advantage is that the moldability of the wet cellulose allows it
to be compressed into different shapes. For widening the range
of use of delignified cellulose, one important development will
be to find suitable adhesives that are compatible with its
processing steps. New adhesives will allow combining
individual pieces together into larger assemblies and could
widen the range of use of delignified cellulose.5

For constructing samples, we applied a drying technique
utilizing vacuum suction.7 The system has the benefit that it
allows the use of wet, never-dried cellulose. Drying in vacuum
also enables molding the material during the gluing process.8

Therefore, in adhesive systems for delignified cellulose, the
processing in a wet state is particularly important. As a practical
consideration, drying the cellulose in between delignification
and bonding would be an unnecessary step. Also, the drying of
cellulose would result in aggregation of fibers, which means
that the open ultrastructure formed as a result of the
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delignification would collapse, hampering the shaping and
molding processes.9 Therefore, an important consideration for
an adhesive for the delignified cellulose is whether it can
function in an aqueous processing environment.
Silk proteins form a large and diverse family of proteins and

are particularly interesting as biological adhesives. A large
potential lies in the use of structurally engineered variants and
production by recombinant expression systems. This would
open a route toward sustainable and industrially scalable
manufacturing. In addition to the well-known Bombyx mori silk
and spider dragline silks, many organisms produce silk proteins
for various adhesive or structural purposes.10 Overall, high
toughness, cohesiveness, and adhesiveness are associated with
many variants of silks.11−13 We worked here with a highly
engineered variant of the spider Araneus diadematus ADF3-
protein, called eADF3, which was one of the first spider silks
that was produced by recombinant means in Escherichia coli.14

The eADF3 sequence itself can be in a random coil form
containing α-helical structures when freshly prepared. As a step
in its assembly process, it can undergo liquid−liquid phase
separation (LLPS), forming a condensed phase of protein that
can then further solidify, which leads to an increased β-sheet
content.15 More generally, LLPS has been suggested as an
important intermediate step for several biological adhesives.16

Much of our understanding of LLPS comes from studies of
adhesive mussel foot proteins.17

The structure of native spider silks includes folded modules
in both termini of the disordered middle sequence. In the
native protein structure, these terminal modules induce
dimerization.18,19 Molecular structural engineering of silks,
such as the module organization, allows introducing new
functional properties. The variant CBM-eADF3-CBM that we
used in the current work was engineered to have cellulose-
binding modules (CBMs) as terminal modules (Scheme 1B).20

The CBMs show an affinity for cellulose and are naturally
found, for example, to function as attachment modules in
enzymes that degrade cellulose.21 In preliminary work, we
identified that the combination of modules provides an

adhesive function that none of the components by themselves
have.15,22 Testing the fusion of CBMs without the middle silk
module or the silk part alone was inferior to the full
combination CBM-eADF3-CBM. Subsequent work involving
computer modeling suggested that the overall triblock modular
structure functions differently than the individual parts by
promoting intramolecular interactions between protein mole-
cules.23 It was suggested that the reason for this is that the
terminal modules show dimerization interactions that work in
synergy with the intermolecular interactions that the silk
sequences show.24 In particular, the overall architecture
affected the way in which condensates were formed and the
internal structuring of the condensates into a bicontinuous
network.23 The observed internal structuring indicates that the
silk proteins are entangled and interact within the condensed
phase. In general, internal network structuring has a significant
role in polymer adhesion.25 However, the previously tested
adhesive systems were based on paper-like materials and were
overall not very strong due to the structurally relatively weak
adherend.22

In this work, as our experimental setup, we studied the lap
shear strength of delignified wood veneers with the engineered
CBM-eADF3-CBM as an adhesive. As a general reference
adhesive, we chose bovine serum albumin (BSA) because it has
widely been used as a protein adhesive in the past. It functions
remarkably well and has even shown better performance than
some types of recombinant silk proteins.26 Therefore, BSA is
useful as a general benchmark reference that is also easily
reproducible across the research community. As another
reference adhesive, we used starch as it has been previously
suggested as an adhesive for delignified wood.27

■ EXPERIMENTAL SECTION
Protein Expression in E. coli and Purification. The engineered

silk protein CBM-eADF3-CBM having a triblock structure was made
as previously described.20 Briefly, the modified ADF3 dragline
sequence (eADF3) from A. diadematus was used as a middle block,
to which folded CBM-terminal groups were fused by short linkers (2

Scheme 1. Components and Preparation of the Adhesive Systema

a(A) Delignification and densification steps, (B) overall structure of the CBM-eADF3-CBM protein used in this study as an adhesive, and (C)
sample preparation for lap shear testing. Gluing of two sheets of veneer gave a set of seven sample strips for mechanical testing.
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kDa). CBM sequences were from the CipA-scaffoldin subunit from
Clostridium thermocellum. The molecular weight of CBM-eADF3-
CBM was 85 288 Da.
For protein expression, an EnPresso B500 medium was used. After

breaking of cells, purification of the recombinantly expressed protein
was carried out by heating the crude extract to 70 °C for 30 min
followed by centrifugation to remove the precipitated impurities. The
protein-containing supernatant was collected and gel-filtrated into
deionized water using EconoPac 10 DG columns (Bio-Rad).
Delignification of Spruce Veneer. Spruce timber was obtained

from a local lumberyard, Espoo, Finland. Veneer slices with
dimensions of 3 mm × 100 mm × 800 mm were cut radially from
the timber and used for delignification. A mixture of glacial acetic acid
(Fisher Scientific) and 35% hydrogen peroxide (Fisher Scientific) in a
1:1 volume ratio at 80 °C for 6 h was used to remove lignin according
to Frey et al.5 Treated veneer was washed with deionized water for 1
week to neutralize the pH. The water was exchanged daily. Wet
veneer was used for the preparation of lap shear samples.
Preparation of Adhesives. Protein samples were prepared by

concentrating them until LLPS was observed. Concentrating was
carried out with Vivaspin centrifugal concentrators (Sartorius, 30 kDa
cutoff), and the concentration of the protein solution was determined
from band intensities on Coomassie-stained SDS-PAGE using protein
standards. An immobilized metal affinity chromatography purified
CBM-eADF3-CBM was used as a standard reference for concen-
tration determination. The concentration of the reference was
determined by amino acid analysis. The comparison of band
intensities was carried out with ImageJ software. The presence of
phase separation was always confirmed with optical microscopy (Zeiss
Axio Vert A1 with AxioCam 503 color camera).
BSA and starch were used as controls in adhesive tests. BSA was

dissolved in deionized water to a 80 mg mL−1 concentration and was
then used as such for lap shear sample preparation. Starch was mixed
with deionized water to yield a 16.5 wt % solution. Starch formed a
thick paste with water, and it was mixed with a magnetic stirrer
overnight to obtain a homogeneous mixture.
Preparation of Lap Shear Samples. Both ends of a delignified

veneer were masked with plastic sheets so that a 1 cm wide area was
exposed in the middle (Scheme 1C.). The adhesive was applied on
this 1 × 8 cm2 area. A total of 700 μl of protein (14 mg or 70 mg silk,
or 56 mg BSA) or 0.3 g of starch was used to prepare the lap shear
sample. Another layer of veneer was then placed on top of the first
one. Samples were dried in vacuum at 65 °C for 4 h and then
equilibrated at 65% relative humidity and 20 °C for 3 days prior to
measuring. Strips for tensile testing were cut before measuring.
Lap Shear Measurements. Before measuring, the sample was

trimmed by shortening one end of each veneer sheet from opposite
sides to obtain a suitable lap shear sample geometry, as shown in
Scheme 1C. Samples were cut into strips (10 mm wide and 100 mm
long), with wood grains running parallel to the long dimension.
Typically, one sheet gave seven strips.
Lap shear measurements were performed with a Zwick MTS, 20

kN load cell, and a 10 mm min−1 cross-head speed were used in all
experiments. Overall, 65% relative humidity and 20 °C were
maintained during the measurement. The maximum force to break
the adhesive area was recorded. The adhesive strength was calculated
by dividing the force by the glue area.
Amino Acid Analysis. To determine the amount of protein

remaining on the glue area, amino acid analysis was used. The glue
area (∼1 cm2) was cut from the lap shear sample and the top and
bottom parts were separately hydrolyzed in 6 M HCl (Merck),
containing 0.1% phenol (Sigma-Aldrich) at 110 °C for 24 h. L-
norleucine (Sigma-Aldrich) was used as an internal standard. After the
hydrolysis, the solution was filtered to remove the ash and the acid
was evaporated. The remaining sample was resuspended according to
the system protocol (Sykam GmbH). The solution was collected,
centrifuged, filtered, and the supernatant was analyzed with an amino
acid analyzer (S433, Sykam GmbH) with a UV detector at 570 nm
and 440 nm. Protein amounts were calculated based on the internal
standard and the protein sequence. Glycine, alanine, glutamine, and

glutamic acid were used for the concentration determination since
they are most abundant in the protein and therefore most reliable. For
BSA samples, aspartic acid, glutamic acid, leucine, and lysine were
used for the concentration determination.

Tritium Labeling of CBM-eADF3-CBM. Tritium labeling of
CBM-eADF3-CBM for autoradiography was carried out with [3H]N-
succinimidylpropionate ([3H]-NSP) (Novandi). Further, 5 mCi (185
MBq) of [3H]-NSP stored in a heptane:ethyl acetate solution (3:2)
was used. Most of the solvent was evaporated using a nitrogen stream.
The concentrated solution was mixed with 9 ml of a protein solution
at pH 9.3. The concentration of the protein solution was 1.8 gL−1.
The solution was mixed at room temperature for 4 h. The unreacted
label was removed with Econo-Pac 10 DG desalting columns (Bio-
Rad), and the final activity was determined by a liquid scintillation
counter.

Autoradiography. Protein distribution in delignified cellulose
was studied with 3H-autoradiography. Veneer samples were prepared
exactly the same way as described above, but for this purpose, a
mixture of CBM-eADF3-CBM with and without a tritium label was
used and the sample was not cut into 1 cm wide strips. The mixture
was prepared in such a ratio that 2.6 MBq activity was obtained.
Autoradiographic imaging was performed with a Fujifilm FLA 5100
reader and an IP S imaging mode. A 635 nm laser, 16-bit gradation,
and 10 μm resolution were used. A Fujifilm BAS-TR2025 film was
used for imaging. The veneer layers were separated from each other
and they were exposed for 24 h prior to imaging. Both sides of the
veneer samples were imaged.

Liquid Scintillation Counting. To quantify labeled protein, we
used liquid scintillation counting (Hidex 300 SL). To determine the
protein content in veneer samples, cellulose was hydrolyzed with a
Cellic CTec2 cellulase mixture (Merck) prior to measurement.
Hydrolysis was carried out in 0.1 M sodium citrate buffer at pH 4.8
and 50 °C for 7 days. Overall, 8 mL of buffer and 15 μL of cellulase
were used per cellulose sample. An Ultima Gold scintillation cocktail
(PerkinElmer) was used for sample preparation in all cases.

Scanning Electron Microscopy (SEM). Electron microscopy
imaging was carried out with a Zeiss Sigma FE-SEM with variable
pressure. A secondary electron detector and 1.5 kV EHT were used.
Samples were coated with a 7 nm platinum/palladium mixture prior
to imaging. Fracture surfaces were imaged after mechanical testing.
Both layers were imaged separately. Samples of CBM-eADF3-CBM
condensates were prepared by stretching a semidry protein film made
from a phase-separated protein solution and then imaging the cracks
induced to the film.

Rheology. Zero-shear viscosities of starch, BSA, and CBM-
eADF3-CBM samples were measured at 23 °C with a rheometer
(MCR 302, Anton Paar) using a CP50-1 measurement tool and a 0.1
mm gap size. The samples were prepared identical to those used for
lap shear measurements. Shear rate sweep was carried out in the range
0.0001−10 s−1. The measurement point duration was selected as set
by the device. The point density was 5 pt per decade.

■ RESULTS AND DISCUSSION
The wet and freshly delignified veneer has poor mechanical
integrity and falls apart very easily. The vacuum compression
method proved overall to be practical for preparing samples.
Upon compression and drying, the delignified veneers became
rigid and strong. Properties of single sheets of delignified
veneer were initially analyzed. They had an ultimate strength of
218 ± 37 MPa, Young’s modulus of 10.5 ± 1.3 GPa, and a
strain-to-failure value of 2.8 ± 0.6%. These values are
comparable to materials based on compressed micro- or
nanofibrillated cellulose.28 The delignified and compressed
veneer is reminiscent of such nanofibrillated cellulose
materials, in that the adhesion between fibrils is probably
very similar and based on the general high binding of cellulose
fibrils to each other when aligned.28,29 This binding interaction
is generally thought to be based on hydrogen bonds and
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London dispersion forces.30 The good mechanical properties
of the delignified veneers also suggest that the ultrastructure
and alignment give a good interface for interaction between
components and do not exhibit microscale aggregation or
disruption of structures that would lead to weak interfaces
within the material.6

Using the engineered silk protein CBM-eADF3-CBM as an
adhesive (Scheme 1), lap joints between veneers showed
excellent results with adhesive strengths of 6.7 MPa on average
and up to 10 MPa for individual samples (N = 35) (Figure 1).

Some samples had lower performance, even down to 3.3 MPa.
Detailed visual observations showed that there was a clear
correlation between strength and features of fracture surfaces
(Figure 2). Sets of samples with high strengths, roughly 8−10
MPa, showed smooth fracture surfaces, whereas samples
breaking at lower forces, below 6 MPa, showed large tear-
outs of cellulose fibers. Over multiple series of samples, the
surfaces showed consistently the same features, i.e., stronger
samples showed only little tear-out and for weaker samples,
there was clearly much more tear-out. At higher magnification
using scanning electron microscopy (SEM), it could be seen

that even the seemingly smooth surface of the highest strength
samples did present a low degree of near-interfacial tear-out.
Reference samples were made with BSA protein, starch, and

by leaving out the adhesive. In the latter case, when leaving out
the adhesive, the same volume of water was applied instead to
find the background adhesiveness of cellulose. These were
termed blank samples (Figure 1). Leaving out the adhesive in
the blank samples gave lap shear strengths of 2.9 MPa on
average (N = 5). This high base level of adhesion can be
understood by the inherent cohesiveness of cellulose with itself
as discussed above for the compressed delignified veneers
themselves.30 The wet delignified cellulose is easily deformed
and allows good contact between the cellulose fibrils when
compressed. Both starch and BSA showed intermediate values
between the silk and the blank samples, with average strengths
of 5.4 MPa (N = 10) and 4.2 MPa (N = 20), respectively. As
another type of reference, we also used nondelignified veneers,
i.e., the untreated native wood as an adherend. The resulting
joints were too weak to be measured reliably. We did not
continue to study them nor alternative ways of preparing native
wood samples.
Of the reference samples, we found that starch gave overall

the largest tear-outs of the cellulose adherend, even greater
than the weakest samples using silk (Figure 3). BSA samples
showed similar smoothness as the strongest silk samples. The
blank control sample gave rougher surfaces than the BSA
samples but had much less tear-out than the starch samples. In
none of the samples, we could identify a clear bond line
thickness by microscopy. The reason for this is most likely that
the adhesives were easily compressible and used in relatively
small amounts, and thus did not form assemblies or structures
at the interfaces in such amounts that could be visibly detected.
For a further understanding of the systems, we compared

strength to the strain at which samples failed and to the initial
stiffness of the different samples (Figure 4). Generally, stronger
samples showed a higher strain when breaking. However, BSA
samples showed more strain than silk and starch for similar
strengths (Figure 4A). Silk samples showed the highest
combination of strength and strain. BSA generally allowed
for more extension in the sample before failure at
corresponding strengths compared to silk and starch. In Figure
4B, we note that the stiffness of the samples showed a quite

Figure 1. Box plot of the adhesion strength of the engineered silk
protein CBM-eADF3-CBM; the references BSA, starch, and a blank
control with only water. The mean is shown as a white square and the
box shows lines at 25th, 50th, and 75th percentiles. Whiskers show
maximum and minimum values. Welch’s t-test shows a p-value of 4.1
× 10−8 for the comparison between silk and BSA and 0.001 between
silk and starch or water.

Figure 2. Representative data of samples with silk adhesive showing different lap shear strengths. The ultimate strengths are (A) 4.8 MPa, (B) 5.9
MPa, (C) 7.9 MPa. and (D) 10.4 MPa. Details of SEM images are shown for sets B and D. The scale bar is 200 μm. The SEM images also show
how well the ultrastructure of the wood remained intact throughout the delignification and compression process.
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large variability, with no clear trend. However, overall many
silk samples showed a higher stiffness than samples with other
adhesives. The stiffness was calculated using initial data points
of the stress−strain curve, i.e., prior to adhesive failure.
We next analyzed the amount of protein retained within the

lap joint, as the sample preparation method could lead to the
spreading of adhesive away from the bonding area. Total
hydrolysis of the samples and subsequent amino acid
quantification were performed (Figure 5). Only 1−4 mg of
the silk protein and 1−2 mg of BSA were retained in the lap
joint area, representing less than 20% of the applied amount. In
neither case was there a significant correlation between the
amount of the adhesive and strength. Experiments where the
applied amount of silk protein was increased fourfold showed
no effect on the amount of protein retained nor on mechanical
properties. The amount of protein relative to cellulose was
between 0.5 and 2%, Although the amount appears low, it is of
the same magnitude that is found in, e.g., the proteinaceous

matrix of nacre.11 This is in line with the common
understanding that the amount of the adhesive is typically
not a critical parameter for mechanisms of adhesion.31

Remaining at the interface, the applied amount of starch has
been shown to affect performance, and has been optimized
previously.27

To understand the spreading of CBM-eADF3-CBM in the
cellulose matrix, we analyzed the distribution of protein in the
samples. For this, we used 3H-radiolabeled CBM-eADF3-CBM
and analyzed the spreading of the protein in the sample by
both autoradiography and liquid scintillation counting. For
autoradiography, the sample preparation was done in exactly
the same way as for the regular sample, except that the veneer
was not cut into test strips. Instead, after drying, the two
veneer sheets were separated from each other and placed on
the autoradiography screen (Figure 6A). We noted that the
protein spread in an irregular fashion along the wood fibers
when analyzing the interior surface, i.e., that turned inward in

Figure 3. Representative examples of reference experiments. (A) Blank sample with only water, (B) BSA, and (C) starch as adhesives. BSA samples
showed very little tear-out, starch a high degree of tear-out, while the blank control sample showed intermediate levels of tear-out. The scale bar in
SEM images is 200 μm.

Figure 4. (A) Strain-at-break compared to the strength of the lap joint for silk, BSA, and starch samples. (B) Initial stiffness of the sample compared
to the strength of the lap joint.
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the sample preparation. We detected only a little protein on
the exterior surface, indicating that there was only little
penetration of protein through thickness of the cellulose. This
indicates that the protein does not easily impregnate the full
thickness of the veneer and that capillary forces transport
protein away from the site of application.
After the autoradiograph scan, the veneer was cut into 1 cm2

pieces. The cellulose was liquified by hydrolysis using a
cellulase mixture after which the labeled protein was quantified
by liquid scintillation counting. The spreading of the protein is
shown as a heatmap in Figure 6B. We can conclude that only
approximately 20% of the CBM-eADF3-CBM protein stayed
within the bonding area. The remaining protein spread along
the fiber direction so that about 40% was found within 1 cm of

the applied region and the rest had spread outside that. We
also noted that along the gluing area, there was variability in
how the protein had spread.
To better understand the properties of CBM-eADF3-CBM

as an adhesive, we measured its viscosity using oscillatory and
rotational rheology measurements. We found that its viscosity
was highly variable between samples, although sample
preparation was done similarly. The zero-shear viscosity
showed a broad range of 3−2300 Pa·s at concentrations
between 94 and 124 gL−1. The high values and the variability
can both probably be ascribed to the coacervated state of the
protein, as the coacervate droplets are viscous and also showed
variability in their size between samples (Figure 7). As a
comparison, a 80 gL−1 BSA solution had a significantly lower
zero-shear viscosity range of 2−5 Pa·s. The starch paste at 16.5
wt % showed much high zero-shear viscosity values in the
range of 5000−12 000 Pa·s (see the Supporting Information).
The use of lap shear testing to compare adhesives requires

caution as they are affected by parameters such as bending and
strain distribution that may vary significantly between
systems.31 Ductility of both adherend and adhesive affects
results greatly.32 For this reason, standardized testing
procedures are generally useful to enable comparison between
adhesives. However, for the delignified cellulose system under
study here, no standard systems are available as it is a new
experimental system. Earlier, BSA and recombinant spider silk
were compared in a system in which glass was used as an
adherend. In that study, BSA outperformed recombinant
spider silk as an adhesive (8.3 MPa for BSA, 6.2 MPa for
silk).26 However, both adhesives were very weak on less stiff
adherends. A direct comparison to the present system is,
therefore, difficult as glass is stiff with Young’s modulus around
50 GPa, while the delignified and compressed cellulose here

Figure 5. Lap shear strength as a function of protein that was retained
in the 1 cm2 glue area. Good adhesion could be achieved even with
low amounts of protein. The protein amount was determined using
amino acid analysis.

Figure 6. (A) 3H-autoradiographs of the veneer sheets showing the spread of protein. (B) Heatmap showing the spread of protein within the
veneer sheets. Values represent the radioactivity in kBq measured from each cm2. The glue area is indicated with a square.
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was around 10 GPa. A number of other details, such as
processing, also suggest that different mechanisms were at play.
For a very stiff adherend such as glass, a highly cross-linked and
brittle adhesive can give excellent strength. In one extreme
example, very stiff cellulose nanocrystals were carefully
assembled as an adhesive layer between two glass slides giving
a high lap strength of 7 MPa. Consequently, due to the high
stiffness of the system, the bonding was extremely brittle,
breaking at less than 0.08 MPa if the force was applied from
the side.33 Therefore, such a system would be expected to be
very weak on a more easily yielding adherend.
In another study with similar goals, cross-linking chemistry

was used to improve BSA as an adhesive for wood.34 Without
cross-linking, BSA gave a strength of 0.1 MPa, and when
optimized with cross-linkers, the adhesion increased to 4 MPa.
However, direct comparisons with the current study are
difficult since so many factors, in particular, the adherend,
differ. We also note that in our current study, testing wood as
the adherend gave very low strength. The reason for these
results remained unexplored but could be that wood requires
better cohesion in the adhesive over larger distances due to
irregularities in its structure. Nonetheless, we note that there
are several reports in which a variety of adherends and
optimizations of treatments show a good potential of
proteins.35 Of protein-based adhesives, soy protein has been
studied extensively (2−8 MPa).34,36,37 The highest values are
typically obtained in cross-linked systems, with examples

including modified BSA (4 MPa),34 gluten (2 MPa),38 corn
zein (8 MPa),39 and starch (7.8 MPa).40

In the current work, as the adherend is not very stiff, it is
expected that the adhesive should show deformability to
accommodate for strain in the sample.32 Such strain occurs in
the lap joint because of the distortion of the sample at the joint
due to, e.g., adherend stretching.31 Effects of infiltration of the
near interfacial region have been discussed in the literature and
are generally seen as leading to an off-loading of the lap joint
because forces are more evenly distributed due to the adhesive
penetration.41 Starch is a stiffer molecule than BSA and has
more extended polymer chains and much higher viscosity. The
high observed tear-out for starch indicates that although it did
bind strongly, and it did not infiltrate the adherend. This is
expected since the molecular mass of starch is high. It is likely
that it formed a surface layer that pulled out cellulose fibrils
from the adhered upon failure. BSA with its smaller molecular
size and low viscosity could infiltrate the adherend, resulting in
cohesiveness within the near interfacial region of the adherend.
Because cellulose fibrils are more closely packed, better
cohesion would form within the near interfacial region
compared to the joint interface. This is because the interface
between adherends does not have equally good packing and
alignment of cellulose fibrils as within the adherend, leading to
larger gaps and longer bonding distances. Hence, BSA would
show low tear-out upon failure.
The large differences in tear-out between high and low-

strength silk samples suggest a shift in the mechanism of

Figure 7. (A) Optical micrograph of the appearance of a typical sample of CBM-eADF3-CBM before application onto the gluing area, showing the
coacervated state of the protein. (B) SEM images of CBM-eADF3-CBM coacervates that had been stretched after allowing most of the water to
evaporate, resulting in a crack. Bridging over the cracks through coacervates shows a tear-out of protein and suggests interactions or entanglements
of the proteins.

Scheme 2. Mechanisms in Lap Shear Testinga

a(A) In the lap shear test, the uneven strain in the adherend creates stresses within the interfacial region and within the adherend. (B) In particular,
two mechanisms are important for the strength of the lap joint: entanglements over the interface and adhesive infiltration. (C) Poor infiltration can
lead to large strains in the near interfacial region and a weak bond. A large tear-out would result. (D) A good infiltration can strengthen the near
interfacial region leading to adhesive failure in the interface and little tear-out.
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adhesive failure between the samples. In general, it has been
suggested that for polymeric adhesives, chain entanglements
are critical for forming good contacts over the interface and
creating good cohesiveness.25,42−44 In Scheme 2, we
summarize our interpretation of the underlying mechanisms.
It seems likely that in the high-strength samples, silk had been
able to both infiltrate the adherend sufficiently and at the same
time provide a good cohesion over the interface. In the low-
strength samples, it seems that infiltration below the interface
was insufficient in comparison. This hypothesis is supported by
the noted high tear-out and the finding that silk could
sometimes show a high viscosity. We, therefore, find it possible
that the large tear-out in the weakest CBM-eADF3-CBM silk
samples resulted from a failure to create bonding below the
interface, i.e., in the near interfacial region. Upon the failure of
these weaker samples, a fairly large tear-out results as the
bridging of the interface would be relatively strong, but the low
infiltration led to the failure of fiber interactions deeper inside
the cellulose adherend (Scheme 2C). Even with low
infiltration, they could give a cohesive bridging over the
interface, possibly supported by the molecular entanglement to
which coacervation and relatively long chain lengths lead
(Figure 7). The strongest silk samples would then have
achieved a good infiltration beneath the interfacial region as
well as provided good bridging over the interface, resulting in a
smooth fracture surface and an overall strong bond (Scheme
2D).
The reasons for the relatively large variability in adhesive

strength of the CBM-eADF3-CBM silk adhesive samples
remained unclear but can be related to the very broad range of
viscosity that different silk samples showed. Previously, it has
been shown that the viscosity is dependent on the phase
separation of the silk protein due to intermolecular interactions
between the silk molecules.22 Furthermore, viscosity of
coacervates has also in other contexts been proposed as
means of regulating the extent of protein infiltration into
porous scaffolds.45 Unfortunately, in our setup, it was not
possible to measure the viscosity of silk used in each
experiment since even application on the rheometer and
removal could result in irreproducible processing of the
protein. Also, gelling and precipitation occurred, rendering
samples unusable. Therefore, a technical problem is the
unpredictability of exactly how and at which stage the viscosity
of the coacervated CBM-eADF3-CBM sample changed.

■ CONCLUSIONS
In conclusion, we have shown how recombinant silk protein in
combination with delignified wood forms a strong adhesive
system. The work shows a direction for future materials in
which we utilize natural components to a maximal extent, but
in a way that processing could be scaled and performed
industrially. In particular, the adhesive processing system was
fully aqueous. We have only recently gained an understanding
of how the assembly of recombinant proteins on a molecular
level can be controlled20 and we highlight the potential of
using them for new materials. The work also relies on the
underlying work on understanding how biological materials, in
particular, composite structures, function.1,43 The potential
advantage is simplicity; we used no cross-linkers or other
modifiers. The work highlights that high performance can be
obtained in fully biobased approaches with aqueous process-
ability as will be required for future sustainable materials with a
low environmental burden. We see an opportunity in

continued structural modification of the recombinant protein
to further enhance its properties.
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