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In this manuscript, we elucidated, for the first time, the substructural mechanisms present in our
recently developed bioinspired polyurethane-based pancreatic tissue models. Different protein coatings
of the model, i.e., collagen and fibronectin were examined. More specifically, analysis took place by
combined real-time synchrotron X-ray scattering techniques and confocal laser scanning microscopy, to
quantify the structural alteration of uncoated-polyurethane (PU) and protein-coated PU as well as the
time-resolved structural reorganisation occurring at the micro-, nano- and lattice length scales during in
situ micromechanical testing. We demonstrate that a clear increase of stiffness at the lamellar level
following the fibronectin-PU modification, which is linked to the changes in the mechanics of the
lamellae and interlamellar cohesion. This multi-level analysis of structural-mechanical relations in this
polyurethane-based pancreatic cancer tissue model opens an opportunity in designing mechanically
robust cost-effective tissue models not only for fundamental research but also for treatment screening.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Pancreatic Ductal Adenocarcinoma (PDAC), the 14th most
frequent malignancy worldwide, is a highly devastating cancer
with unmet clinical needs. Once metastasised, prognosis for PDAC
is extremely poor with a 5-year survival rate less than 8% and an
average life expectancy of 4e6 months [1]. Such a low survival rate
has barely been improved since the 1970s [2,3]. These dismal sta-
tistics are mainly attributed to the lack of distinctive biomarkers for
early-stage detection, rapid and aggressive metastasis along with a
complex tumor microenvironment (TME) which facilitates resis-
tance for therapeutic treatment and even recurrence [4e6].

Advancements in the field of tissue engineering have attracted
r Ltd. This is an open access articl
cancer researchers with the hopes of developing in vitro tissue-
engineered models for observing the physiological process of can-
cer evolution and treatment responses. Although conventional
two-dimensional (2D) tissue models are low-cost, easy to use, and
reproducible in approach, they fail to simulate the native features of
TME, such as three-dimensional (3D) structure of TME, cellular
spatial distribution and environmental gradients, which are
imperative to response of therapeutic treatments [7e14]. Animal
models, e.g. mice, allow for more realistic cellular interactions
in vivo, and have therefore been widely applied for chemo-
radiotherapy testing at selected stages of disease. However, many
therapeutic treatments that cure cancer in mice have limited
effectiveness and reliability in humans due to foreign physiology
[7,8,15e18].

The emerging 3D tissue models have become a promising
alternative to 2D tissue models and animal models. Important
criteria for designing 3D tissuemodels include appropriate porosity
e under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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and interconnectivity, for facilitating cellular spatial organisation,
and adequate surface properties, for hosting cell attachment and
anchorage [19e21]. Mechanical strength is equally important as
mechanical cues can modulate the cellular cross-talk and cell-
Extracellular Matrix (ECM) interactions [22,23]. In an attempt to
develop 3D tissue model systems, polyurethane (PU) draws special
interests due to its low cost, excellent mechanical properties, ease
of manufacturing, and decent biocompatibility, along with its’
relatively high stiffness, which is a typical characteristic of
pancreatic cancer tissues [13,18]. Moreover, the biochemical and
biomechanical features of PU-based tissue models can be tailored
by surface modifications with different ECM protein such as
collagen (Col) and fibronectin (FN), to reproduce a 3D TME that can
ensure the cellecell and cellematrix interactions [18,24e26]. These
complex interactions play a key role in the progression of the dis-
ease, its metastasis as well as its response to treatment options.
Recapitulating those interactions in 3D can mimic more accurately
what happens in vivo.

However, as a material, PU may undergo deterioration, under
certain device-specific conditions. For instance, cellular activities or
loading conditions might have significant impacts on the devel-
opment of mechanical degradation. This impairs the mechanical
stability of PU and consequently may lead to catastrophic failure
[27,28]. Understanding the relation between the internal structure,
mechanical properties and their response to cellular growth, and
self-organisation is essential to the design strategies that can lead
to a very substantial improvement in effectiveness and reliability
on the design of in vitro tissue-engineered models.

Whilst the gross mechanical behaviour of PU-based tissue
models has been well characterised at the macroscopic scale, the
mechanical properties at the micro-, nano- and finer scales, which
have been reported to be detrimental to the efficiency of drug de-
livery into tumors, have been neglected [12,13,18,29,30]. The cur-
rent study combines, for the first time, real-time synchrotron X-ray
techniques (Small-and Wide- Angle X-ray Scattering, SAXS and
WAXS) and microanalysis methods (confocal laser scanning mi-
croscopy, CLSM) to investigate the structural reorganisation and
mechanical properties of this PU-based tissue model in response to
surface modification by ECM protein occurring at multiple length
scales during mechanical loading. Consequently, such novel
analytical approach can help build a more detailed understanding
of the structural optimisation strategies at different length scales
[31e34]. This provides an observational basis for improved insight
into the structure-property relations for future design and devel-
opment of the in vitro tissue-engineered model and its application
in both bioengineering but also in biomedicine such as the evalu-
ation of therapeutic treatment [13].

2. Materials and methods

2.1. Sample preparation

2.1.1. Polymer scaffold preparation and surface modification
PU beads (EG-80A, Noveon, Belgium) were dissolved in organic

solvent dioxane (5% w/v) (99.8% anhydrous pure, Sigma-Aldrich,
UK) then quenched at �80 �C for 3 h followed by solvent removal
by freeze drying in a poly-ethylene glycol (PEG) bath at �15 �C. The
scaffolds were then cut into 5 � 10 � 2.5 mm3 cubes. They were
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then sterilized by dipping them in 70% ethanol (3 h) followed by UV
ray exposure (1 h). As previously reported, the average pore size of
the scaffolds was 100e150 mm and the porosity was 85e90%
[19,35]. The chemical components of PU discussed in this paper
consist of poly (tetrahydrofuran) (pTHF), as a soft segment (SS) in
combination with a hard segment (HS) (hexamethylene diisocya-
nate (HMDI) and 1,4-butanediol (chain extender)).

As previously described [12e14,36], the generated scaffolds
were surface modified (adsorption) with fibronectin (Sigma-
Aldrich, UK) and collagen I (Sigma-Aldrich, UK) for ECM mimicry.
Briefly, the scaffolds were centrifuged in Phosphate Buffered Saline
(PBS, Sigma-Aldrich, UK) for 10 min at 2500 rpm, followed by
further centrifugation in fibronectin/collagen I solution
(25 mg ml�1) for 20 min at 2000 rpm. A final centrifugation in PBS
for 10 min at 1500 rpm was carried out to unblock the scaffold
pores.

2.1.2. Cell culture on PU-based scaffolds
The 3D cell culture was conducted as previously described

[14,36]. The human pancreatic adenocarcinoma cell line PANC-1
(Sigma-Aldrich, UK) was expanded in Dulbecco's modified Eagle's
medium (DMEM) with high glucose (Lonza, UK) supplemented
with 10% fetal bovine serum (Fisher Scientific, UK), 1% penicillin/
streptomycin (Fisher Scientific, UK) and 2 mM L-glutamine (Sigma-
Aldrich, UK) in a humidified incubator at 37 �C with 5% CO2. For all
experimental conditions, 2� 106 cells (re-suspended in 30 ml of cell
culture media) were seeded in each scaffold. Immediately after
seeding, the scaffolds were placed in the incubator for 1 h to pro-
mote cellular attachment within the scaffolds. Thereafter, 1.5 ml of
cell culture media was added to each scaffold followed by incuba-
tion in a humidified incubator at 37 �C with 5% CO2 for the entire
duration of the experiment (2 weeks). The cell culture mediumwas
changed every two days. At the end of the culture period, the
scaffolds were fixed with 4% paraformaldehyde (SIGMA- Aldrich,
Merck, UK), dried in a vacuum desiccator for further imaging and
analysis. Uncoated PU scaffolds were used as control for all
experiments.

2.2. In situ confocal laser scanning microscopy

A customised tensile micro-device was designed to apply tensile
deformation manually to PU scaffold with an accuracy of 0.1 mm.
The position of the sample grip was adjusted till each specimenwas
straightened. The specimen length (distanced between two sample
grips) was determined using caliper with an accuracy of 0.1 mm. PU
scaffold was subsequently secured on this test rig which can be
placed onto the laser scanning confocal microscope (CLSM) (Ti-
Eclipse Inverted Microscope System, Nikon Instruments Europe)
equipped with solid-state lasers for excitation. Specimens were
excited using a 355 nm laser and fluorescence was detected at
457 nm. Images were acquired under � 10 magnification objective
lens with a DS-Qi1 camera, as z-stacks with 1 mm intervals. The
gross strain was applied to PU specimen at the strain level of 0%,
50%, 100% and 170%. At each strain increment, the fluorescence
image was refocused before the nuclei of cell was recorded. With
the images at different strain increment, the relative displacement
between cell nuclei in the loading direction was analysed and
measured by ImageJ [37], as described in Supplementary material.
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The relative displacement of 15 pairs of cells was examined for each
treatment.

2.3. In situ micromechanical testing with SAXS/WAXS

The nano- and atomic mechanics of the PU specimens were
probed through in situ synchrotron SAXS/WAXS experiment at the
B16 beamline at Diamond Light Source (DLS, UK). PU specimens
loaded on the micro-mechanical testing rig (Microtest, Deben Ltd.,
Suffolk, UK) were stretched at a constant extension rate of 0.2 mm/
min. A 200 N load cell enabled load parameters to be recorded
throughout the experiment. The experimental configuration is
depicted in Fig. 1. The SAXS and WAXS patterns (wavelength
0.6890 Å) were acquired during the mechanical loading with an
acquisition interval of 0.2 N. WAXS patterns were acquired with an
Imagine Star 9000 detector (Photonic Science Ltd., UK) with a
500 ms exposure time (sample-detector-distance: 85.8 mm). SAXS
patterns were collected with Pilatus 300k detector (Dectris, Baden,
Switzerland) right after the WAXS measurement with a 200 ms
exposure time (sample-detector-distance: 1780 mm).
Fig. 1. X-ray data reduction pipeline: (A1) Representative 2D SAXS patterns from PU scaffol
performed. (A3) The electron density function of PU scaffold with the peak position correspo
2D WAXS pattern from PU scaffold. (B2) A 1D WAXS intensity profile. (B3) Enlarged plot of
denoted in blue arrow, was fitted to determine the WAXD strain.
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2.4. Data processing and analysis

2.4.1. SAXS lamellae long period
For polymer, the scattering signal was resulted from the

frequently occurring spacing of semi-crystal and amorphous
lamellae stacks. An example of two-dimensional (2D) SAXS pat-
terns, shown in Fig. 1 (A1), was integrated azimuthally over the
angular range (c) of ±20� straddling the loading direction using
Fit2D [31,38]. The resultant 1D radial intensity profile (Fig. 1 (A2))
was subsequently converted from reciprocal space to real space
dimension using the electron density function (gðxÞ) as follows:

gðxÞ¼
ð∞
0

IðqÞq2 cosðqxÞdq
,ð∞

0

IðqÞq2dq (1)

The peak position corresponding to the average value of
lamellae long period (LP) is denoted by the red arrow in Fig. 1 (A3)
and was further determined to be ~10 nm via Gaussian function
fitting. The percentage changes of LP with respect to its unstretched
d. (A2) A dotted line denotes the area where the azimuthal averaging of intensity was
nding to the lamellae long period at ~10 nm, denoted by blue arrow. (B1) An example of
the highlighted in the rectangular area shown in (B2). The crystalline diffraction peak,



Fig. 2. (A1, A2, A3) stress vs. time plots for PU-FN, PU-Col and uncoated-PU specimens. Data points where crystallisation occurred are highlighted with solid spheres. 2D WAXS
(B1eB6) and 2D SAXS patterns (C1eC6) correspond to the data points 1e6 indicated in (A3).
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state can be considered as a strain gauge at the lamellar scale.

2.4.2. WAXS lattice strain
Each 2D WAXS pattern was integrated azimuthally across an

angular range of ±20� (Fig. 1 (B1)), resulting in a 1DWAXS intensity
profile as a function of lattice d-spacing I(D). The resultant 1D
profile is presented in Fig. 1 (B2). The lattice strain (WAXS strain,
εWAXS), indicating the structural evolution at the atomic scale was
calculated from the percentage changes of peak centre position at
~2.4 Å with respect to the unstrained state as a reference. The
amorphous halo corresponds to the overlying reflection of the urea
moieties [39].

2.4.3. Degree of crystallinity
The degree of crystallinity was calculated from the ratio of the

crystalline diffraction intensity (Ic) to the overall scattering in-
tensity (Iwaxs) comprised of amorphous intensity (Ia) and Ic [32].

Crystallinity ¼ Ic
Iwaxs

� 100 ¼ Ic
Ic þ Ia

� 100 (2)
4

2.4.4. 2D SAXS and WAXS patterns evolution during deformation
The evolution of SAXS patterns of the uncoated PU specimen

during uniaxial loading is presented in Fig. 2 (A). SAXS patterns of
uncoated PU specimen first converts from circular ring to rounded
ellipse form during the first loading cycle from point 1 to point 2.
Subsequently, the elliptical formwas observed to become narrower
after reloading to point 5. The preferred orientation is aligned to the
loading direction (i.e. horizontal direction in real space), corre-
sponding to the short axis of the elliptical patterns (reciprocal
space). The corresponding WAXS patterns in Fig. 2 (B) are
completely isotropic with a broad amorphous halo in the early state
of the deformation. To highlight the differing strain-induced-
crystallisation (SIC) onsets by differing surface functionalisation,
the stress-time curves were plotted for uncoated-PU (black), PU-
Col (red) and PU-FN (blue) in Fig. 2, with solid spheres indicating
where the crystal phase starts forming, as observed from the
occurrence of diffraction rings in WAXS patterns. The diffraction
peaks at D-spacings of 1.9 Å and 2.4 Åwere believed to be as a result
of the strain-induced crystalline pTHF and HS, as had been reported
elsewhere [33,40]. The required minimum strain to observe crys-
tallisation in PU-FN is ~100% after approximately 1700 s in the first



Fig. 3. (A) Schematics of the development of the PU-based tissue model for PDAC. Prior to tensile loading, PU scaffolds were surface modified with collagen and fibronectin and
seeded with pancreatic cancer cells, which were left to grow for 2 weeks prior to the mechanical analysis. (B) Schematics of the micromechanical experimental configuration. In a
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loading phase. The uncoated-PU shows crystallisation later in the
first cycle (~3200 s) upon unloading. By reaching the critical SIC
onset strain, the crystallisation is found to be persistent throughout
the two-cycle deformation for both uncoated-PU and PU-FN, while
no crystallinity was observed in PU-Col during the deformation.
3. Results and discussions

The method to fabricate the pristine polymeric polyurethane
(PU) scaffolds took place as previously described [13,14]. As shown
in Fig. 3 (A), the PU scaffolds were firstly surface functionalisedwith
ECM protein including FN and Col, as previously described, prior to
the 3D cell culture for two weeks (human pancreatic adenocarci-
noma cell line PANC-1 [13]. The sample selection consisted of the
following three groups: i) uncoated-PU; ii) PU coated with collagen
(PU-Col); iii) PU coated with fibronectin (PU-FN).

Strain-controlled tensile tests of PU scaffolds were performed
using a micro-device and adapted to a Nikon inverted confocal
microscope (Nikon Instruments, Europe) as shown in Fig. 3 (B)
based on our previous findings [12,14], when seeding
500,000 cells we can see very dense cell aggregates after 4 weeks in
culture. For time optimisation of our experiments we therefore
increased the seeding density to 2,000,000 which lead to a similar
effect after 2 weeks as can be seen in Fig. 4. Significantly higher
numbers of PANC-1 cells were observed on ECM protein coated (FN
and Col) PU scaffolds relative to those uncoated ones with FN
coating resulting in maximum cell growth and dense and homo-
geneous cell aggregate formation, in accordance with our previous
results (Fig. 4 (C)). [13,14]. When looking at the macroscopic strain,
our results revealed that cells on scaffolds with different surface
modification e uncoated-PU (black), PU-Col (red) and PU-FN (blue)
e display a differing extent of extension at the same macroscopic
strain εM. At a given macroscopic strain ~100%, cells in PU-Col had a
much larger elongation of 72.2 ± 7.6% as compared with uncoated-
PU (37.1 ± 12.0%). The reduced cellular strain observed in PU-Col is
possible due to the reduced stiffness of cell which has been re-
ported to be closely related to the reduction of defined actin fibre
networks and a looser cytoskeleton structure [41e43]. Integrins are
cell adhesion receptors which undergo cell type-specific regulation
of adhesive capabilities: different cell types use different integrins
to bind to substrates with different ECM proteins [44,45]. In our
case, similar to other cell types/cell lines, PANC-1 cells use different
integrins to bind to Col and FN respectively. These different integ-
rins play a key role in sensing the matrix protein, signalling
transduction pathway, and possibly result in changes in the actin
filament arrangement of the cells which then effect cell stiffness.
Furthermore, the cellular strain was much lower in PU-FN
(20.3 ± 40.00%). It is noted that the averaged cellular strain scaf-
fold increased linearly with the applied macroscopic strain, but
with noticeable error bars. This phenomenon was most obvious in
the case of PU-FN group, where there was a greater standard de-
viation in comparison to the other two groups. The structural
reason for this is local heterogeneity in stiffness, very likely intro-
duced by the conformational changes in interlamellar entangle-
ment, strain-induced-crystallisation and other phenomena [46,47].
Under tensile deformation, the soft segment elongates mainly
whilst the hard-crystalline segment scarcely does. The inter-
bespoke micro-device mounted on a confocal laser scanning microscope stage, the nucleus o
displacement tracking during tensile loading along x-axis. Scale bar ¼ 100 mm. (C) Schemat
mounted on the sample stage of a synchrotron beamline, time-resolved SAXS and WAXS
response to tensile load.
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lamellar crosslinks in conjunction with the crystallisation process
in the proximity of crosslinks will lead to an inhomogeneous strain
field depending on the local segmental stiffness under deformation,
resulting in a more dispersed cellular displacement measured by in
situ CLSM in PU-FN.

The in situ synchrotron SAXS/WAXS measurements of PU scaf-
folds were carried out at the beamline B16 in Diamond Light Source
(DLS, UK), as shown in Fig. 5 (C). The multiple length-scale strain
evolution over the entire loading history is plotted in Fig. 5 (A-C),
including the macroscopic strain, measured using a Deben
Microtest rig (Deben, UK), and nano-scale strain, extracted from the
SAXS patterns. Under tension, we observed significant strain-
induced crystallisation in uncoated-PU and PU-FN, while no crys-
tallinity was found in PU-Col. Hence, only the evolutional changes
of lattice strain and crystallinity for uncoated-PU and PU-FN
measured from the diffraction signal of the WAXS pattern are
presented in Fig. 5 (C, D). The intrinsic mechanical behaviour of
uncoated-PU (black), PU-Col (red) and PU-FN (blue) at macro-scale
are depicted in Fig. 5 (A), showing classical non-linear stress-strain
curves of polymeric material. In loading cycle #1, the macroscopic
stress sMwith strain εM at ~160% for PU-FN specimen (0.064MPa) is
much higher than PU-Col (0.030 MPa), whereas the uncoated-PU
specimen (0.032 MPa) is between the other two groups. It is also
worth noting that the slope of the stress-strain curves increased
and tensile residual strain appeared in both uncoated-PU and PU-
FN, indicating the strain-induced crystallisation as manifested by
the diffraction signal appearing in the WAXS patterns observed in
Fig. 2. No apparent changes can be identified in PU-Col mechani-
cally over the entire loading history. Fig. 5 (B) shows the corre-
sponding macroscopic stress (sM) vs. lamellar (εl, measured from
SAXS patterns) for uncoated-PU (black), PU-Col (red) and PU-FN
(blue). The results revealed that the soft lamellae in PU scaffold
with different surface modifications e PU-Col, uncoated-PU, and
PU-FN e show a differing extent of extension at the same macro-
scopic stress sM. It is found that the uncoated-PU and PU-FN dis-
plays lower lamellar strain at the same macroscopic stress
alongside with steady increase in stress/lamellar strain relative to
PU-Col. The stiffening effect introduced by FNwas found to be most
prominent, comparing the loading slopes of uncoated-PU and PU-
FN at macro- and nano-scale as shown in Fig. 5 (A-B), which
could be attributed to the increased interlamellar cohesion pro-
moted by FN fibrils. Considering that significant strain-induced
crystallisation occurred in uncoated-PU and PU-FN, the lamellar
extensions (εl) in these two groups may further be constrained due
to the ‘self-reinforcement’ led by the formation of hard phases
during the deformation. It is also noted that the Col-modification
lowers the tensile properties of PU scaffold throughout the entire
loading history. In terms of WAXS strain (lattice scale), it is found
that the surface modification by FN produced larger increases in
lattice strain at maximum stress throughout the entire loading
history. Furthermore, it is noted that the degree of crystallinity for
PU-FN increases gradually along with loads (Fig. 5 (D)).

The foregoing results can be quantified as follows. The differ-
ences of surface modification in uncoated-PU, PU-Col and PU-FN
led to changes of maximum tangent modulus and maximum
lamellar strain (Fig. 6 (A, B)). The maximum tangent modulus of PU
reduced dramatically by 40% from 0.23 ± 0.17 MPa in uncoated-PU
f cell is visualised by DAPI staining (B2), allowing the strain measurement from cellular
ics of the nano- and lattice scale experimental configuration. In a Deben Microtest rig
measurements were performed to quantify the structural changes of PU scaffold in
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to 0.13 ± 0.06 MPa after surface-modified with Col, whilst the
maximum tangent modulus was ~four times larger after surface-
modified with FN (0.58 MPa) relative to PU-Col. Similarly, the
nano-scale parameter lamellar strain showed clear differences be-
tween groups, with maximum lamella elongation developed in
control uncoated-PU (0.34 ± 0.02%) and stiffened PU-FN
(0.32 ± 0.03%) where apparent strain-induced crystallisation (SIC)
is observed beingmuch less (~35%) compared with softened PU-Col
(0.47 ± 0.03%). Concurrently, the fraction of the deformation take-
up in lamellar level (the ratio of lamellar strain to macroscopic
strain, εl/εM) exhibited an increasing trend from surface-modified
groups to uncoated group (Fig. 6 (C)), with a ratio (εl/εM) of
0.0066 in softened PU-Col being 30% larger than that from control
un-coated-PU (0.0046), and further increased to 0.031 after treat-
ment with FN. Such an increase of strain take-up in PU-FN dictated
that there was increased load borne and transferred through the
structural units at each length scale during the tensile loading
compared with uncoated-PU and PU-Col, possibly due to the effect
of increased interlamellar cohesion produced by FN. At the lattice
scale, the degree of crystallinity follows the same increasing trend
as tangent modulus in Fig. 6 (A). Compared to uncoated-PU
(0.8 ± 1.0), the crystallinity of PU-FN exhibits a significant in-
crease of approximately four folds (2.9 ± 0.3). The elevated crys-
tallinity in PU-FN compared to uncoated-PU leads to an evident
increase of mechanical tensile properties since the segmental soft
lamellae motion is reduced due to the formation of rigid crystal
phases. The magnitude of variation in macroscopic mechanical
properties such as tangentmodulus for thewhole PU specimens for
all treatments (uncoated-PU, PU-Col and PU-FN) is much greater
compared with the strain developed at the lamellar level (Fig. 6
(B)), indicating that surface properties such as interlamellar en-
tanglements and cohesion are also important in the stiffening of PU
scaffold (see Fig. 7).

To better explain our experimental observations, a conceptual
model that sheds light on the key biophysical mechanisms enabling
mechanically tuneable PU is proposed in Fig. 5. The uncoated-PU,
PU-Col and PU-FN are shown in grey, red and blue, respectively.
At the nano-scale, PU scaffold can be considered as a two-phase
nanostructured material comprised of an anisotropic phase (soft
lamellae) separated by a rubbery phase with relatively higher
extensibility (interlamellar matrix). The interconnections between
lamellae modulated by surface modification can be considered as a
measurement of interlamellar cohesion/entanglement. In the case
of PU-FN, the coiled chains in the interlamellar matrix bind to two
adjacent lamellae in the unstressed state, forming a low-stiffness
entangled interlamellar network which connects the high-
stiffness lamellae. Under tensile straining, the stiffness mismatch
between the stiffer lamellae and softer interlamellar matrix will
lead to an inhomogeneous strain field. In this strain field, tensile
loads developed in the lamellae and matrix, with significant shear
forces occurring in the matrix surrounding lamellae. The increased
interlamellar entanglements and cohesion led by FN fibrils could be
considered as ‘load-transmitters’, resulting in the shear force being
transferred more effectively between the lamellae (Fig. 7). Under
tensile deformation, small alterations in the mechanical properties
of the interlamellar matrix could be amplified to considerable
changes in macroscopic stress, as a result of the of increase lamellar
recruitment to bear loads, not due to the stresses carried inside the
matrix. The increased efficiency of shear load conferring is sup-
ported by a greater lamellar strain take-up in PU (εl/εM ¼ 0.03 as
Fig. 4. Representative fluorescence CLSM images of sections of the 3D PU scaffold
culturing PDAC cancer cells in (A) uncoated PU, (B) Col coated PU and (C) FN coated PU.
Cells are stained by DAPI showing blue fluorescence. Scale bar ¼ 100 mm. (D) cellular
strain vs. applied microscopic strain from PU scaffold surface modified by Col and FN.



Fig. 5. (A) Macroscopic stress vs. strain plots for uncoated-PU, PU-Col and PU-FN during loading, showing clear differences in terms of tangent modulus and maximum stresses. (B)
Corresponding Macroscopic stress vs. lamellar strain measured from the changes of lamellar long period during loading. Structural units at lamellar level exhibited higher resistance
to deformation in uncoated-PU and PU-FN, compared to PU-Col. (C, D) Corresponding Macroscopic stress vs. lattice strain and crystallinity measured from diffraction peaks from PU
with different surface modifications. No crystalline structure was found in PU-Col hence only uncoated-PU and PU-FN were plotted.
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shown in Fig. 6 (C)). On the other hand, a significant decrease of εl/
εM is observed in PU-Col compared to PU-FN. Such a reduction in
strain ratio complements a decreased interlamellar cohesion and
load-bearing capacity after Col-modification, which in return sup-
ports the claim that the interlamellar interconnection. Different
fabrication methods will lead to a differing strain ratio: for
example, the strain evolution from macro-to nano-scale for elec-
tron spun PU (εl/εM ¼ ~0.3) [32,33], which is about 10 times greater
than the value we found in our freeze-casted PU. To modify the
mechanical properties of PU, in general, there are two distinct
methods: either by alteration of themechanics of the lamellae itself
or by modulation of interlamellar cohesion. The strain-induced
crystallisation is a thermodynamic process, triggered by a reduc-
tion in entropy of the polymer system as they are getting stretched
[49,50]. The crystallinity in PU-FN is relatively higher than
uncoated-PU, which implies the molecular chains can be deformed
and reoriented more effectively, enabling more chains to crystallise
along the loading direction. Similar phenomenon has been re-
ported in the system of crosslinked natural rubber [51]. Increasing
the amount of crystalline phase will lead to an increased lamellar
8

modulus, which is further supported by the observation of reduced
εl in uncoated-PU and PU-FN compared to PU-Col. Therefore, it can
be concluded that the enhanced mechanical properties observed in
PU-FN are associated with the combined effects of an alteration of
the interlamellar cohesion due to surface modification and a self-
reinforcement as a result of strain-induced-crystallisation. We
have also evaluated the amorphous halo and found that even at the
highest strain, the crystallinity in the system is less than 3% in
uncoated-PU. This result means that at the lattice scale, the ma-
jority of molecules in the PU system is under the uncrystallisable
condition and remains undeformed at high levels of strain. Only a
minor portion is being recruited and crystallised.
4. Conclusion

We have used both real-time synchrotron X-ray techniques
(SAXS and WAXS) and CLSM during the mechanical loading to
reveal how the hierarchical architecture and mechanical perfor-
mance of a PU-based scaffold tissue model depend on the inter-
action between the micro-, nano- and lattice scale components



Fig. 6. (A) Averaged maximum tangent modulus for uncoated PU (black, n ¼ 3), PU-Col (red, n ¼ 3) and PU-FN (blue, n ¼ 3). Error bars are standard deviations. n denotes the
number of PU specimens for each surface modification group. (B, C) At the lamellar level, maximum lamellar strain (B) and the mean ratio of lamellar strain to macroscopic strain for
PU with different treatment. (D) Maximum crystallinity measured from WAXS diffraction peak for uncoated-PU and PU-FN.
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under different surface modification conditions. By measuring the
cellular displacement under tension, we found a decrease of
cellular strain in PU-FN together with a greater error bar compared
to PU-Col. Our results revealed a prominent effect of FN on density
and stiffness of PADC cancer cell (Fig. 4). With regards to the greater
error bar observed in cellular displacement of PU-FN, the under-
lying molecular mechanisms might be the structural irregularities
and heterogeneities induced by strain-induced crystallisation,
thereby results in a self-reinforcement of PU-FN.

The main findings are summarised as below:

1. Increased interlamellar cohesion at the nano-scale in PU-FN
leads to nearly 3 folds increase in tangent modulus at the
macroscopic level (Fig. 6). FN was found to be the optimal
protein contributing to improved cell attachment and me-
chanical properties of PU scaffold. Col also showed a high degree
of cell attachment compared to uncoated-PU but lowered the
mechanical strength of PU scaffold compared to FN. The use of in
situ synchrotron X-ray scattering techniques with combined
9

micromechanical testing has allowed us to quantify the defor-
mation mechanics at multiple length scales of PU surface-
modified differently.

2. An altered lamellar deformation mechanics on FN-mod-
ificatione reduced lamellar/macroscopic strain and increased
interlamellar entanglement combined with increase macroscale
tangent modulus.

3. A conceptual model suggests these effects arises from combined
effects of the alteration in the interlamellar matrix properties as
well as the lamellar modulus.

4. Whilst the biological mechanisms of the cellular cross-talk and
the cell-ECM interactions in PU scaffold in response to FN and
Col need to be further elucidated, we suggest that these changes
at micro-, nano- and lattice scale level will shed lights on
tailoring this bioinspired PU scaffold by combining both Col and
FN to increase the ECM complexity biocompatibility and me-
chanical properties, and thereby design biochemically advanced
3D tissue-engineered scaffolds.



Fig. 7. Conceptual model of PU scaffolds with different surface modification treatments. At the micro-scale, pancreatic cancer cells are able to grow on PU scaffolds, with preferences
of forming dense cell clusters in PU-Col and PU-FN. At the nano-scale, lamellae from uncoated-PU and PU-FN are self-reinforced by strain-induced crystallisation. In the zoom-in
diagram showing the interactions between two adjacent lamellae, the interlamellar entanglements are further enhanced by FN-modification. The additive effects of self-
reinforcement and interlamellar entanglements leads to the enhanced mechanical performance of PU-FN.
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