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The piezoelectricity of collagen is purported to be linked to many biological processes including bone

formation and wound healing. Although the piezoelectricity of tissue-derived collagen has been docu-

mented across the length scales, little work has been undertaken to characterise the local electromecha-

nical properties of processed collagen, which is used as a base for tissue-engineering implants. In this

work, three chemically distinct treatments used to form structurally and mechanically stable scaffolds—

EDC-NHS, genipin and tissue transglutaminase—are investigated for their effect on collagen piezolectri-

city. Crosslinking with EDC-NHS is noted to produce a distinct self-assembly of the fibres into bundles

roughly 300 nm in width regardless of the collagen origin. These fibre bundles also show a localised

piezoelectric response, with enhanced vertical piezoelectricity of collagen. Such topographical features

are not observed with the other two chemical treatments, although the shear piezoelectric response is

significantly enhanced upon crosslinking. These observations are reconciled by a proposed effect of the

crosslinking mechanisms on the molecular and nanostructure of collagen. These results highlight the

ability to modify the electromechanical properties of collagen using chemical crosslinking methods.

1 Introduction

As the primary structural protein in mammalian tissues, there
has been significant interest in the physical properties of col-
lagen, including its inherent piezoelectricity. It has been
suggested that the piezoelectric nature of collagen plays a role
in various biological processes including bone formation,
resorption1 and wound healing.2,3 The ubiquity of collagen
across various tissues also makes collagen a viable base
material for tissue engineering applications. In such appli-
cations, the collagen-based device is routinely crosslinked to
provide the durability and mechanical integrity needed for the
intended duration of service.

Although research on collagen piezoelectricity has bur-
geoned over the last five decades, the hierarchical structure of
collagen has posed a challenge in deciphering the origins of
its piezoelectric effect.4–6 The earliest measurements of col-
lagen’s piezoelectric coefficients by Fukada et al. describe the
ability of collagen to naturally form highly aligned oriented
fibres5 resulting in one of the highest piezoelectric responses
(12 pC N−1) observed in ordered natural biopolymers.7

More recent work has attempted to underpin the molecular
origins of collagen piezoelectricity through atomistic model-
ling and piezoresponse force microscopy (PFM). From mole-
cular dynamics simulations of collagen molecules and micro-
fibrils8 to the measurement of piezoelectricity in isolated col-
lagen fibrils,7,9,10 the piezoelectricity of highly aligned collage-
neous tissues have been traced back to the observed fibrillar
packing and bonding. Further measurement of native tissues
has also led to understanding of the link between the piezo-
electric behaviour and mechanical properties, particularly with
the advent of piezoresponse force microscopy. For instance,
when combined in hamstrings, fibrils of opposing polarity are
electrostatically attracted to one another and result in a shear
piezoelectric response from charge accumulation, whereas
those with similar polarity repel, which can result in different
mechanical behaviours by facilitating or inhibiting the slip-
ping of fibrils.11 This slipping behaviour has also been investi-
gated in the ‘rough’ ultrastructure of biopolymers, including
collagen fibrils, where the slipping corresponds to the fibril
D-spacing and is suggested to play a role in the toughness of
the materials.12

Advanced atomic force microscopy techniques have seen an
improvement in both the ability to characterise materials at
unprecedented resolutions as well as the ability to map electro-
mechanical properties of the material onto the topographical
features across the surface.13 Of these techniques, the use of
peak force (PF) tapping allows the probe to intermittently
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contact the sample to measure instantaneous forces as low at
10–12 N.14 The ability to raster an oscillating tip across the
surface allows a force–distance curve to be produced at each
pixel as seen in Fig. 1, enabling the creation of mechanical
property-maps with spatial resolution.

The low force applied in PF also enables it to be used to
image biological samples such as cellulose nanowires,15 syn-
thetic piezoelectric polymers like PVDF16,17 and Nylon,18 as
well as polymers for biomedical uses like poly-L-lactic acid.19

Similarly, the piezoelectric properties of the sample can be
obtained using piezoresponse force microscopy (PFM),
where an alternating voltage bias is applied on the tip
whilst in contact with the sample.20 From the deflection,
buckling and torsion of the cantilever in response to the
surface topography and piezoelectric response, the out-of-
plane (vertical) and in-plane (lateral) piezoresponse signal
can be recorded.

To take into account any concurrent electrostatic effects
between the surface and the AFM tip, Kelvin Force Probe

Microscopy (KPFM) is also performed in lift mode, to obtain
the surface potential of the samples. This value can then be
offset as a DC bias against the AC signal during the PFM
measurement so that the true piezoresponse can be measured
without interfering electrical phenomena.21 The true effect of
a shear or normal piezoelectric response in the sample can be
distinguished as seen in Fig. 1.

Processed collagen can most readily be studied in the form
of cast films, which act as a 2D surrogate for more complex
geometries.22,23 Measurements on films enable us to identify
the properties specific to the bonding in collagen as opposed
to the distribution of larger units across 3D space. Hydrated
collagen films can be characterised by a complex piezoelectric
response, with mechanical effects such as the relaxation of
non-piezoelectric phases, affecting the piezoelectric properties
of the surrounding piezoelectric phase.24 Aside from some
research on extruded collagen fibres collagen25 little to no
prior work has considered the effect of external modifications
on the piezoelectric response of collagen.

Chemical crosslinking of tissue engineering constructs
results in the modification of the collagen bonding in order to
produce stable structures. The mechanism of action of the
active agent in the crosslinker may result in the modification
of chemical groups that contribute to the overall charge distri-
bution along the collagen peptide backbone.6 In this study,
EDC-NHS, genipin and tissue transglutaminase (TG2), three
crosslinkers with distinct reaction chemistries26–28 are investi-
gated for their ability to alter the piezoelectricity of collagen.
EDC-NHS utilises carboxylic acid and amine side groups in
collagen (lysines, aspartic and glutamic acids) to form an
amide bond, whereas genipin reacts with two lysines to form a
crosslink. TG2 converts a glutamine to a glutamic acid, which
may then undergo further reactions depending on the con-
ditions of crosslinking.29 However, understanding the ways in
which the piezoelectricity of collagen may be affected by the
crosslinking process and exploited in practice for tissue engin-
eering applications remains in its infancy.

With the use of quantitative nanomechanical mapping,
Kelvin probe force microscopy and piezoresponse force
microscopy, the effect of altering amino acids on collagen sub-
strates are characterised for the first time in engineered col-
lagen constructs. This paper therefore represents the first
experimental confirmation of the amino acid level modifi-
cation of collagen piezoelectricity, as well as the ability to
modify these in practice using common tissue engineering
crosslinkers.

2 Results
2.1 Quantitative nanomechanical mapping

Quantitative Nanomechanical Mapping (QNM) was used to
detect the sample topography and mechanical properties
(modulus, dissipation, adhesion and deformation) of non-
crosslinked and crosslinked insoluble collagen films in dry
conditions. Representative topography channels are shown in

Fig. 1 Schematics of quantitative nanomechanical mapping and piezo-
response force microscopy. (a) A schematic of the QNM ‘heartbeat’: a
peak force tapping cycle consists of an approach and withdrawal giving
rise to a force (F)–distance (z) curve. This force distance curve reflects
three key features: Fmax, the peak force achieved during a tapping cycle,
Fad the adhesion force, Jdis the dissipation energy, zdef is the defor-
mation, and E is the elastic modulus. (b) A schematic of the PFM
measurement: an AC bias is applied to a conductive tip, inducing a
polarisation in piezoelectric samples. By connecting a position sensitive
detector to a lock-in amplifier, the deflection, torsion and buckling of
the cantilever in and out of the plane can be converted into a lateral
piezoresponse signal, decoupled from the topography maintained at a
constant height by the z-piezo feedback control. A DC offset corres-
ponding to interactions between the sample and tip can be applied after
surface potential measurement from KPFM.
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Fig. 2. The non-crosslinked samples are noted to be rough,
with no distinct featuring visible on the surface, aside from
trapped air bubbles underlying the surface. Such bubbles
appear as roughly circular areas of low stiffness in Fig. 3.

Samples crosslinked using EDC-NHS produced fibre
bundles of roughly 300 nm in width. Such bundles only

appeared in collagen films crosslinked in EDC-NHS, with a
greater density of fibres, with higher crosslinking concen-
tration as seen in Fig. 2ii–iv. Samples crosslinked using
genipin or transglutaminase did not exhibit any significant
changes in the roughness of the surface upon treatment when
compared with the non-crosslinked films.

Fig. 2 QNM topography channels of non-crosslinked and EDC-NHS,
genipin and transglutaminase crosslinked samples on borosilicate glass.
Fibre bundles are only produced with increasing EDC-NHS crosslinking.

Fig. 3 QNM stiffness channels of non-crosslinked and EDC-NHS,
genipin and transglutaminase crosslinked samples on borosilicate glass.
Bubbles appear are dark circular areas, whereas both the fibres bundles
and matrices possess a homogeneous modulus across the films.
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The averages of the median values measured for the moduli
for cast films is plotted in Fig. 4. Only the values on boro-
silicate glass are considered here since maximum value satur-
ation was observed with some samples on ITO coated glass.

Statistically significant differences are noted in the average
of the median modulus of a film after crosslinking with
all concentrations of EDC-NHS, the highest concentration of
genipin as well as low concentrations of TG2. Higher concen-
trations of TG2 did not result in statistically significant
changes to the elastic modulus. Large variations within and
across samples as seen in Fig. 21† as well as the semi-quanti-
tative nature of the technique.

2.2 Piezoresponse force microscopy

A comparison of the average signal from the vertical inphase
response and surface potential are shown in Fig. 5. No signifi-
cant differences were seen in the lateral inphase channels for
the crosslinked materials when compared with the non-cross-
linked insoluble collagen. However, a significant difference in
the vertical inphase channel was observed in the TG2- and
genipin-crosslinked films when compared with both the
soluble collagen and insoluble collagen as controls. Averages
of the lateral inphase and amplitude are shown in ESI,
Fig. 20.†

Representative images comparing the topographical corre-
lation of insoluble collagen and EDC-NHS crosslinked in-
soluble collagen with their piezoelectric responses are shown
in Fig. 6a. Insoluble collagen exhibited distinct piezoelectric
domains in both the lateral inphase and lateral amplitude

channels. Such domains were not observed with the vertical
inphase channel of the non-crosslinked insoluble collagen.
These piezoelectric domains exhibited no correlation with
topographical features on the film surface.

Conversely, a distinct localised response was observed
where large collagen bundles arising from EDC-NHS cross-
linking were present as seen in Fig. 6b. The lateral inphase
revealed little topographical correlation upon crosslinking,
suggesting a localisation of the vertical piezoelectric response
upon crosslinking with EDC-NHS.

The localisation was not accompanied by any systematic
change in the piezoelectric response of fibre bundles across
the crosslinked films, since individual fibre bundles of both
increased and decreased lateral amplitude were observed.
Disparate components were also measured for both transverse
and parallel orientations of the fibre bundles across the verti-
cal inphase and lateral inphase channels, further suggesting

Fig. 4 Numerical average of the elastic modulus of non-crosslinked
and treated insoluble collagen samples. Significant differences for all
conditions of crosslinking except the low and intermediate values of
genipin and high values of TG2, when compared with the non-cross-
linked collagen. An asterisk (*) indicates p < 0.05 with respect to the
non-crosslinked insoluble collagen condition.

Fig. 5 Numerical averages of the piezoelectric response across non-
crosslinked and treated insoluble collagen samples. Significant differ-
ences are seen in the vertical inphase channels displayed here upon
crosslinking with all conditions. The surface potential on the other hand
is only seen to decrease significantly for TG2-treated samples. An aster-
isk (*) indicates p < 0.05 with respect to the non-crosslinked insoluble
collagen.
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the strong correlation of the signal with the topographical
features.30

Unlike crosslinking with EDC-NHS, TG2 and genipin did
not produce any topographical correlation in the piezoelectric
response (ESI, Fig. 14–19†).

Additionally, soluble collagen films as-cast and treated with
EDC-NHS were characterised using PFM and QNM as controls
to evaluate the piezoelectric effect of monomeric collagen
aggregates.

Soluble collagen films seen in Fig. 7a revealed a network of
worm-like structures approximately 100 nm wide. The lateral
inphase data revealed that the individual fragments of soluble
collagen possess a weak shear piezoelectric response, but no
formation of larger micron-scale piezoelectric domains. Upon
crosslinking with EDC-NHS, the fine collagen fragments were

noted to produce thicker bundles roughly 200–300 nm. These
bundles also produced a flattening of the lateral inphase as
seen with the insoluble collagen sample, whilst enhancing the
vertical inphase and amplitude response.

3 Discussion
3.1 Local mechanical effects of crosslinking

Although the effect of crosslinking on the bulk mechanical
properties of collagen has been well studied, there has been
limited characterisation at the local, cellular level. Global
values are often obtained using compression testing for
scaffolds31 and tensile testing for films.23 Mechanical pro-
perties measured using QNM exhibited a two-fold increase in
elastic modulus upon crosslinking with EDC-NHS, and
genipin at the highest concentrations. TG2-treated films also

Fig. 6 Piezoelectric response from insoluble collagen fibrils when (a)
non-crosslinked (b) crosslinked with EDC-NHS. Piezoelectricity is
homogeneous and random in all conditions except along the EDC-NHS
fibre bundles, which produce localised piezoelectricity. Arrows indicate
fibre bundles of ∼300 nm formed upon crosslinking.

Fig. 7 Topography, lateral amplitude, vertical inphase and lateral
inphase of (a) soluble collagen and (b) EDC-NHS crosslinked soluble col-
lagen. Arrows indicate fibre bundles of ∼300 nm formed upon cross-
linking with EDC-NHS.
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experienced a two-fold increase in modulus at the lowest con-
centrations. No statistically significant differences were
observed between the non-crosslinked samples and samples
treated at the highest concentration of TG2. All modulus
measurements of the collagen films were within the GPa scale.
Measurements of the Young’s modulus measured in the dry
state of collagen are consistent with this scale. However, col-
lagen-based tissues retain a significant level of water in their
native states. Water content influences the chemical (and
mechanical) behaviour of collagen through processes includ-
ing protein hydration and protein induced structuring of
water.32 Mechanically, this effect is observed in the reduction
in the Young’s modulus by roughly an order of magnitude
when moving from dry to hydrated samples.33

For comparison, films crosslinked with EDC-NHS and
genipin have been shown to increase in their tensile modulus
by one to two orders of magnitude under a hydrated tensile
test23,31,34 and exhibit Young’s moduli at the MPa scale.
Treatment with TG2 on the other hand resulted in films with
moduli reduced by as much as an order of magnitude.34 These
results support previous findings where local mechanics of col-
lagen vary significantly from the global properties, particularly
when hydrated.33

Additionally, finite element modelling of nylon fibres that
have been characterised using QNM has also shown significant
differences in the measured modulus and piezoelectric
response between nanowires and films of the same material.18

The heterogeneity of the collagen fibre network may also result
in the observed differences in values: in heterogeneously cross-
linked pNIPAm hydrogels the average macroscopic Young’s
modulus was roughly 3 times the measured value by AFM.35

Furthermore, substrate stiffness has been reported to have
a significant effect on the force curves obtained from AFM
measurements when the deformation achieved is greater than
10% of the sample thickness.36 The non-negligible effect of
the substrate stiffness may hold not only for an AFM tip, but
for cells that effectively act as probes for the surface properties.
Since the collagen films produced are noted to have a large
variation in thickness across the macroscopic sample (ESI,
Fig. 21†), QNM and PFM are only used semi-quantitatively to
identify the trends in this paper.

3.2 Structure and self-assembly of collagen fibres

The structure adopted by non-crosslinked collagen was
observed to be dependent on the source of collagen used. For
instance, insoluble collagen exhibited a rough surface as seen
in Fig. 2i, whereas worm-like fragments were observed with
soluble collagen in Fig. 7a. The topography of soluble collagen
can be attributed the worm- or chain-like model that is often
applied to flexible, single collagen protein molecules.37 These
flexible single collagen molecules can self-assemble into larger
and more rigid rope-like fibrils through the process of fibrillo-
genesis.38 Since the insoluble collagen used in this experiment
was microfibrillar in nature, the worm-like fragments seen in
soluble collagen were not observed on the insoluble collagen
films.

EDC-NHS appears to result in self-assembly of the fibrils, or
a pseudo-fibrillogenesis, particularly at the 100% crosslinking
condition seen in Fig. 2. This self-assembly is dissimilar to the
biologically observed fibrillogenesis, where self-assembly often
results in the characteristic 67 nm banding on the fibrils
formed.39 In contrast, EDC-NHS crosslinking of extruded col-
lagen fibres were observed to result in the loss of this charac-
teristic binding.40 This was suggested to arise through the dis-
ruption of the regular hydrogen bonding in biologically
formed fibrils. The results of this paper emphasise the role
played by carbodiimides in the self assembly of aligned fibre
bundles without the need for an external method for fibre
alignment such as extrusion.

3.3 Piezoelectric domains in collagen

The PFM images reveal that collagen films made from heavily
processed and blended dermal collagen do not produce any
perceptible piezoelectric domains that are consistent with the
sample topography, whereas crosslinking with EDC-NHS
allows fibre bundles to form with a localised piezoelectric
response. Genipin and TG2 do not produce a localisation of
the piezoelectric response unlike EDC-NHS. One interpretation
of the increase in the vertical amplitude at the cost of the
lateral could arise from the effect of domain orientation. The
full piezoelectric tensor determined by Denning et al. revealed
that individual collagen fibrils possess significant longitudinal
piezoelectricity in addition to its shear components, leading to
an underestimated global response across a sample with oppo-
sitely oriented domains.7 Due to the effect of orientation,
shear and lateral deformations may also be manifested as ver-
tical ones due to buckling.41 The loss of the shear piezoelectri-
city and gain of vertical piezoelectricity with EDC-NHS treat-
ment may therefore arise from the anisotropy introduced in
the collagen sample through fibre bundling. Moreover,
although the net charge does not vary upon crosslinking with
EDC-NHS, it must also be noted that the electron density avail-
able on an amine in the form a lone pair will undergo delocali-
sation in the π-system when crosslinked to form an amide. The
reduced polarisability of the amide bond could therefore also
result in the observed decrease in shear piezoelectricity.42

PFM images of soluble collagen films reveal worm-like
structures which possess topographical correlation with the
lateral amplitude and inphase of the piezoelectric response,
unlike its insoluble collagen counterpart. This indicates that
although the origin of piezoelectricity may be attributed to the
ordering and charge imbalance of tropocollagen molecules,
the large piezoelectric domains as observed in tendon11 may
be promoted by the crosslinking of the fibrils into large
ordered structures. This is confirmed by previous reports on
the piezoelectricity of evaporated and electrodeposited mono-
meric collagen films, which reveal that although evaporated
films do not exhibit any strong fibrillar elements, they exhibit
a small piezoelectric response when imaged using trans-
mission electron microscopy.4 Atomistic models in literature8

also support the hypothesis that piezoelectric domains in col-
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lagen are no larger than 50 Å, and likely to arise from the
charge imbalance inherent in the tropocollagen molecule.

Additionally, the piezoelectric responses observed in this
work only represent the trends under dry conditions. In a
detailed study by Fukada et al. the piezoelectric constants of
collagen were observed to have a large dependence on the
hydration levels of the films produced.24 In this study, increas-
ing the hydration up to a maximum of 25% resulted in an
increase the higher piezoelectric constants, around the freez-
ing point of water. Above 25%, further hydration resulted in a
drop in the piezoelectric properties at low temperatures. These
phenomena were suggested to arise due to the role played by
hydration in improving the ionic conductivity in either the
piezoelectric or non-piezoelectric phases. Consequently, there
is scope for further investigation regarding the role of
hydration on the trends observed in this paper.

3.4 Local and global modifications to collagen
piezoelectricity

In this study, we observe that EDC-NHS is able to produce a
localised piezoelectric response, whereas genipin and tissue
transglutaminase may alter the global values of piezoelectricity
in a collagen sample. EDC-NHS is a zero length crosslinker, it
is thought to be primarily a intra-fibrillar crosslinker due to
the requirement for nearest neighbour amidation. However, in
light of the fibre bundle self-assembly observed, we suggest

that EDC-NHS can also produce inter-fibrillar crosslinking,
producing bundles of roughly 300 nm at the highest concen-
trations, as seen in the width of the collagen fibre bundles
formed in both the insoluble and soluble collagen films post-
crosslinking (Fig. 6a and 7a). As illustrated schematically in
Fig. 8, fibres crosslinked via intra-fibrillar crosslinking could
locally align the fibrils, resulting in a localisation of the piezo-
electric response along the fibres.

Non-localised piezoelectric enhancement of the piezoelec-
tric response was observed with TG2 and genipin treatments
of insoluble collagen. Charge carrying amino acids on the col-
lagen backbone can exists in both their protonated and depro-
tonated states. The interaction of genipin and TG2 with these
charge carrying entities may be responsible for this observed
increase in piezoelectricity. TG2 can facilitate the conversion
of charge-neutral glutamines at high concentrations,29 allow-
ing negatively charged glutamates to be produced in place of
amide bonds (Fig. 8). On the other hand, the genipin molecule
reacts with primary amines to form crosslinks with collagen,28

resulting a reduction of positively charged side groups.
Moreover, this interpretation is consistent with the charac-

terisation of surface charge using a single glycated collagen
fibril by Mesquida et al. The presence of negative carbonyl con-
taining compounds upon crosslinking with glutaraldehyde
was observed to reduce the surface potential.43 This is similar
to the decrease in surface potential and introduction of gluta-

Fig. 8 Suggested modes of amino-acid level modification of piezoelectricity via crosslinking. Inter-fibril EDC-NHS crosslinking produces fibres of
roughly 300 nm exhibiting a piezoelectric response from fibril alignment, despite a reduction in charge carriers on the collagen backbone. TG2 can
produce additional negatively charged glutamates on the collagen backbone or remove a glutamine and lysine to form an amide crosslink, whereas
genipin consumes the positively charged amines during crosslinking. All three mechanisms result in the enhancement of the net polarisation. Labels
in green represent negatively charged amino acids, whereas labels in blue represent positively charged amino acids.
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mates (carboxylates) through crosslinking via TG2 described in
Fig. 5 and 8.

The loss of the charged amino acid side groups upon cross-
linking may be responsible for the loss of the shear piezoelec-
tric response in collagen, whilst enhancing the vertical piezo-
electric response. Chemical crosslinking of collagen therefore
represents one of the first experimental examples of amino-
acid level modification of piezoelectricity in collagen. Such
behaviour has previously been hypothesised by other studies
considering the inherent piezoelectricity of the building
blocks of collagen.6

4 Conclusions

Carbodiimide crosslinking of collagen films results in local
alignment of collagen fibrils to form thicker fibre bundles of
300 nm, with a perceptible enhanced and localised vertical
piezoelectric response. TG2 and genipin crosslinked films on
the other hand display a non-localised yet enhanced piezoelec-
tric response upon crosslinking. The localisation of piezoelec-
tricity in EDC-NHS crosslinked collagen films, as well as the
enhancement of piezoelectricity in TG2- and genipin-treated
films are proposed to arise from changes to the charge carry-
ing amino-acid groups. This gives the potential to exploit the
structure of collagen using crosslinking and other chemical
modifications in order to tailor of electromechanical pro-
perties. As a result, we can begin to consider not only the bio-
logical response to such phenomena, but also to expand the
range of design considerations and modifiable parameters cur-
rently used with collagen-based tissue engineering implants to
include local mechanical and piezoelectric properties.

5 Materials and methods
5.1 Collagen film fabrication

5.1.1 Microfibrillar insoluble collagen. A 0.5% suspension
of Type I dermal microfibrillar bovine collagen (Devro
Medical, Moodiesburn, Scotland) was prepared in 0.05 M
acetic acid solution (Alfa Aesar) and left to swell overnight at
4 °C. Suspensions were homogenised at 22 000 rpm for four

minutes in total using a commercial blender (Waring model
8011EG). The resulting suspension was degassed under
vacuum to remove any air bubbles. Films were prepared by
drop-casting 400 μl of the suspension to an ITO coated glass
cover slip (Sigma Aldrich). Films were left to dry for 48 hours
before crosslinking.

5.1.2 Soluble collagen. Films were prepared by adding
400 μl of a 0.31% solution of Type I dermal acid-soluble
bovine collagen in 0.05 M acetic acid solution to an ITO coated
glass cover slip (Sigma Aldrich). Films were left to dry for
48 hours before crosslinking.

5.2 Crosslinking

5.2.1 EDC-NHS. A crosslinking solution of 1-ethyl-3-(3-di-
methylaminopropyl) carbodiimide hydrochloride (EDC,
Sigma-Aldrich) and N-hydroxysuccinimide (NHS, Sigma-
Aldrich) was prepared using a 5 : 2 : 1 molar ratio for
EDC : NHS : collagen, hereby referred to as the ‘100% concen-
tration’. For every 1 g of collagen the 100% concentration stan-
dard of crosslinking solution consisted of 1.15 g EDC and
0.276 g NHS dissolved in 75% ethanol. Diluted crosslinking
solutions were prepared at a molar ratio of 5 : 2 : 2 and 5 : 2 : 10
EDC : NHS : collagen, hereby referred to as the ‘50%’ and ‘10%’

crosslinking concentrations for EDC-NHS. Films were
immersed in 100% (‘high’), 50% (‘medium’) and 10% (‘low’)
crosslinking solution for 2 hours at ambient temperature.

5.2.2 Genipin. Using a mass for mass equivalence for
genipin to PBS adapted from the protocol by Zhang et al.,44 for
every 1 g of collagen the 100% concentration standard of cross-
linking solution consisted of 0.7812 g of genipin (Challenge
Bioproducts 160919) dissolved in PBS (Sigma Aldrich).
Crosslinking solutions prepared at a mass ratio of 1.5624 g of
genipin per gram of collagen are referred to as the ‘60%’ and
mass ratio of 0.46872 g genipin per gram of collagen referred
to as the ‘200%’ crosslinking concentrations for genipin.
Samples were immersed in 60% (‘low’), 100% (‘medium’) and
200% (‘high’) crosslinking solution for 24 hours at ambient
temperature.

5.2.3 Tissue transglutaminase 2. Using a mass for mass
equivalence for TG2 and Tris in the protocol adopted by Chau
et al.,45 for every 1 g of collagen the 100% concentration stan-
dard of crosslinking solution consisted of 1 mg of TG2 (Sigma
Aldrich) dissolved in Tris Buffer pH 7.5 (Sigma Aldrich) and
5 mM CaCl2 (Sigma Aldrich). Solutions prepared with 0.4 mg
of TG2 per gram of collagen and 2.0 mg of TG2 per gram of
collagen are referred to as the ‘40%’ and ‘200%’ crosslinking
concentrations for TG2. Samples were immersed in 40%
(‘low’), 100% (‘medium’) and 200% (‘high’) crosslinking solu-
tions for 24 hours at 37 °C.

All crosslinked films were washed rapidly with distilled
water (10 seconds × 4) followed by soaking in distilled water
for longer intervals (15 minutes × 4). Films were left to dry for
48 hours before use. Degrees of crosslinking as determined by
a ninhydrin free amine assay by Nair et al. are listed in
Table 1.34

Table 1 Table listing the nomenclature given to crosslinkers used in
this study, their standard reaction concentrations as well as their
degrees of crosslinking as determined from a ninhydrin free amine assay
by Nair et al.34

Crosslinker Concentration Degree of crosslinking

EDC-NHS (low) 10% 17%
EDC-NHS (medium) 50% 47%
EDC-NHS (high) 100% 52%
Genipin (low) 60% 16%
Genipin (medium) 100% 28%
Genipin (high) 200% 35%
TG2 (low) 40% 50%
TG2 (medium) 100% 48%
TG2 (high) 200% 46%
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5.3 Atomic force microscopy

All samples were fixed with silver paint onto stainless steel
specimen discs (Agar Scientific) and imaged using the
MultiMode 8 (Bruker) atomic force microscope.

5.3.1 Quantitative nanomechanical mapping. Quantitative
Nanomechanical Mapping (QNM) in peak force mode was
used to image 5 × 5 μm areas recording surface topography,
deformation, dissipation, adhesion and DMT Modulus of each
film in dry conditions. For each set of measurements (n = 3), a
single Tap300Al-G tip (Budget Sensors) was used for which
deflection sensitivity was calibrated on a sapphire substrate
and AFM parameters set to fit a PS-LDPE standard. NanoScope
ScanAsyst was used to optimise gain, scan rate and set point. A
second set of films was produced on borosilicate microscope
cover slips (Scientific Laboratory Supplies) to verify observed
trends and check for substrate effects (n = 3). Complete infor-
mation from all QNM channels are presented in ESI, Fig. 1–9.†

5.4 Piezoresponse force microscopy

Samples from six selected conditions (insoluble collagen,
soluble collagen, 100% EDC-NHS-, 100% genipin- and 100%
TG2-treated insoluble collagen, and 100% EDC-NHS cross-
linked soluble collagen) were chosen for piezoresponse force
microscopy imaging. Kelvin Force Probe Microscopy (KPFM) in
tapping mode was used to image 2.5 × 5 μm areas recording
surface topography and potential in dry conditions, (n = 3).
(Channels shown in ESI, Fig. 10–12†) piezoresponse force
microscopy was subsequently used in contact mode to image
the same 5 μm × 5 μm area with a AC lock-in amplitude of
4000 mV, and DC offset set to the surface potential measured
during KPFM. The surface topography, in-phase and out-of-
phase amplitudes and quadratures were recorded as channels
during this measurement in dry conditions. For each set of
measurements, a single conductive MESP-RC-V2 tip (tip width
= 35 nm, spring constant = 5.1925 N m−1) was used.
NanoScope ScanAsyst was also enabled to optimise gain, scan
rate and set point. The height, vertical and lateral inphase and
lateral amplitude channels are shown here, with representative
images of all other channels in ESI, Fig. 13–19.†

5.5 Image processing and data analysis

Analysis of images from all channels were then performed
using Gwyddion and the batch processing module Pygwy.

5.5.1 Image processing. All images were processed using
the align rows and horizontal scar removal tools to remove the
effect of scanner drift. The data minimum was fixed to zero to
allow semi-quantitative comparison of the distribution across
the imaged area. The data were then flattened using a poly-
nomial background removal.

5.5.2 Quantitative analysis. Basic statistical quantities
including the mean and median values were computed using
in-built functions in Gwyddion for each area prior to any image
processing. The median values for each area were then aver-
aged and quoted as the arithmetic mean ± standard deviation
for each condition (n = 3).

5.5.3 Statistical analysis. Since Levene’s test for homo-
scedasticity and Anderson–Darling normality were not passed by
the datasets, the non-parametric Mann–Whitney test was used to
identify groups with p > α when compared with the non-cross-
linked standards. α = 0.05 except where otherwise stated.
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