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1. Introduction

Pancreatic ductal adenocarcinoma (PDAC), the 14th frequent
malignancy in the modern world, is an aggressive cancer with
worldwide incidence of 460,000 cases in 2018 [1]. Despite a
relatively low incident rate, in 2018 the PDAC-associated
death toll is 430,000, making it the 7th leading cause of
cancer-related death worldwide and 5th in the UK [2,3]. Once
metastasised, its prognosis is extremely poor with a 5-year
survival rate less than 8%, which has not experienced signif-
icant changes in the last few decades, even though intense
research effort has been taken [4]. Such high disease mortality
is mainly attributed to the lack of distinctive biomarkers for
early stage diagnoses, as well as the complex extracellular
matrix (ECM) of the tumour which facilitates the progression,
treatment resistance and even recurrence [5,6].

Tissue engineering is a multidisciplinary subject involving
biological materials (cells), polymers and engineering tech-
niques with the aim of developing artificial models to mimic/
replace biological tissues in vitro. This approach has also
attracted cancer researchers' interests with a hope to develop
in vitro tissue-engineered model for observing the physiolog-
ical process of cancer evolution and predicting the clinical
outcomes of drug screening. Two-dimensional (2D) in vitro
system has been classically used for PDAC (re-)modelling
[7—9], which however does not accurately simulate the three-
dimensional (3D) in vivo characteristics of tumour micro-
environments. Animal models are more accurate for PDAC
research compared to 2D in vitro system and have been widely
applied for chemoradiotherapy testing at selected disease's
stage [7,10—12]. However, animal experiments are expensive,
labour-intensive and time-consuming. Most importantly they
are not always repeatable.

Criteria for 3D tissue-engineered scaffold for cancer
research include biostability, interconnected porous structure
facilitating the tumour micro-environment recapitulation
[13—16] and appropriate surface properties enabling ECM
mimicry for tumour development [16—18]. Additionally, the
mechanical properties, e.g., tensile strength, are equally
important as mechanical cues can trigger and modulate how
the cell behaves [19,20]. Of the many different polymetric 3D
systems that have been used in tissue engineering, poly-
urethane (PU) which provides easy control of internal struc-
ture (interconnectivity, size and shape of the pores) has
emerged as one of the most promising candidates [13,14,21].
As an adjunct feature, surface properties of PU-based scaf-
folds can be custom-adjusted by surface modification using
different ECM proteins, for instance collagen (Col) and fibro-
nectin (FN), to reproduce the tumour micro-environment
which favours cancer cell anchorage and treatment/drug re-
sponses [22,23]. However, in some cases PU may degrade
under different device-specific conditions, such as cellular
activities or loading conditions, and will impair mechanical
stability and consequently lead to scaffold failure [24,25]. In
order to optimise 3D PU-based scaffold design and avoid un-
expected degradation and malfunction, so as to develop an
appropriate in vitro tissue-engineered model to study the
tumour-regulatory  mechanisms and treatment/drug
response, it is crucial to understand the relation between

internal structure, mechanical properties, and their response
to cellular activities.

The majority of research on PU-based scaffolds have been
focusing on measuring and manipulating the bulk properties
at the macroscopic level, the biomechanical and structural
characteristics at different length scales have been neglec-
ted, which have been reported to be important in deter-
mining the efficiency of drug delivery into the tumour
[13,21,23,26,27]. Moreover, measurement of mechanical
properties both before and after the growth of cellular
components is crucial to identify the biostability of the
in vitro tissue-engineered model. Among the numerous
experimental methods for studying the structural alteration
of PU-based scaffolds, synchrotron X-ray techniques have
been shown to be a very powerful tool for in situ multi-scale
structural analysis for a series of polymeric materials, and
allow probing of the intricate links between structural
alteration and mechanical properties across the multiple
length scales. Small-angle X-ray scattering (SAXS) is well-
established for quantifying the structural evolution of both
crystalline and amorphous phases of polymeric materials at
the nanoscale whilst the wide-angle X-ray scattering (WAXS)
has been widely applied in revealing the structural changes
at the atomic level led by mechanical loading quantitatively
[28—31].

In this work, both the mechanical properties in response to
surface modification by ECM proteins (Col and FN) and
pancreatic cell activities are investigated. In particular, the
mechanical performance and the structural evolution of this
bioinspired PU-based scaffold was explored at multiple length
scales using in situ micromechanical testing with SAXS/
WAXS. This provides an observational basis for improved
insight into the structure—property relations for future design
and development of the in vitro tissue-engineered model and
its application in bioengineering and biomedical field such as
therapeutic treatment.

2. Materials and Methods
2.1. Sample preparation

2.1.1. Polymer scaffold preparation and surface modification
Polymeric polyurethane (PU) scaffolds were produced using
thermal induced phase separation (TIPS) method reported
previously [21,23]. PU beads (EG-80A, molecular weight
148,474 g/mol, 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 chemical components of the hard
segment (HS) and soft segment (SS) of the PU is shown in Fig. 1
(a). HS is comprised by a combination of hexamethylene dii-
socyanate (HMDI) and 1,4-butanediol (chain extender), and
the SS is consisted of poly (tetrahydrofuran) (pTHF).

The scaffolds were then cut into 5 x 10 x 2.5 mm? cubes.
They were 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 100—150 pm and the
porosity was 85—90% [16,32].
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Fig. 1 — In situ experimental setup at beamline B16 Diamond Light Source incorporating a micromechanical rig, SAXS and

WAXS detectors.

As previously described, 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 pg m1~?) 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
[33]. 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) sup-
plemented with 10% fetal bovine serum (Fisher Scientific, UK),
1% penicillin/streptomyecin (Fisher Scientific, UK) and 2 mM t-
glutamine (Sigma—Aldrich, UK) in a humidified incubator at
37 °C with 5% CO,. For all experimental conditions,
2 x 10° cells (re-suspended in 30 pl of cell culture media) were
seeded in each scaffold. Immediately after seeding, the scaf-
folds were placed in the incubator for 1 h to promote cellular
attachment within the scaffolds. Post 1 h incubation, 1.5 ml of
cell culture media was added to each scaffold followed by
incubation in a humidified incubator at 37 °C with 5% CO, for
the entire duration of the experiment (2 weeks). The cell cul-
ture medium was changed every two days. At the end of the
culture period, the scaffolds were fixed with 4% para-
formaldehyde (SIGMA- Aldrich, Merck, UK), dried in a vacuum
desiccator for further imaging and analysis. Uncoated PU
scaffolds were used as control for all experiments.

2.1.3.  PU scaffolds for in situ micromechanical testing

The sample selection consisted of three groups PU scaffolds: i)
pure PU and PU seeded with cells (PU-Cell); ii) PU surface-
modified with collagen (PU-Col) and PU surface-modified
with collagen and seeded with cells (PU-Col-Cell); iii) PU
surface-modified with fibronectin (PU-FN) and PU surface-
modified with FN and seeded with cells (PU-FN-Cell).

Specimens for in situ micromechanical testing combined with
SAXS/WAXS were cut into rectangular shape, 10 x 2.5 x 5 mm?
in dimension (Table 1).

2.2. In situ micromechanical with SAXS/WAXS

The combined in situ micro-tensile mechanical testing with
SAXS/WAXS experiment was performed on the B16 beamline
at Diamond Light Source (DLS, UK). PU specimens mounted on
the portable mechanical rig (Microtest, Deben Ltd., Suffolk,
UK) were stretched at a constant displacement rate of 0.2 mm/
min with a 200 N load cell. The schematic representation of
the experimental setup is illustrated in Fig. 1. The Microtest
tensile testing software was used to control and record the
applied load and displacement. The slit-collimated mono-
chromatic synchrotron X-ray beam (spot size 180 x 180 um?)
with a wavelength of 0.6890 A (X-ray beam energy 18.0 keV)
was used to measure the scattering patterns. The SAXS and
WAXS patterns were acquired continuously during the uni-
axial deformation with an acquisition interval of 0.2 N. Each
SAXS and WAXS pattern was collected in the plane perpen-
dicular to the incident X-ray beam and parallel to the uniaxial
loading direction. WAXS patterns were acquired with a Ima-
gine Star 9000 detector (Photonic Science Ltd., UK) with a
500 ms exposure time at sample-detector-distance of
85.8 mm, as calibrated by a silicon standard. SAXS detector
(Pilatus 300k, Dectris, Baden, Switzerland) was translated into
the incident X-ray beam right after the WAXS measurement
and the patterns were collected at sample-detector-distance
of 1780 mm with an exposure time of 200 ms, as calibrated
by a silver behenate (AgBh) standard.

Table 1 — Sample list.

Group No. Description

Group #1 Non-modified Pure PU PU-Cell
Group #2 Col-modified PU-Col PU-Col-Cell
Group #3 FN-modified PU-FN PU-FN-Cell
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Fig. 2 — X-ray data reduction pipeline: (a1) A 2D SAXS pattern at 0 strain, dash lines denote the area where the azimuthal
integration is performed. (a2) The 1D SAXS intensity profile (I(q)), inset shows corresponding 1D SAXS electron density
correlation function for analysing nanostructural lamellae. (b1) The same 2D SAXS pattern as b1, radial integration is
performed over the region denoted within the dash lines. (b2) The 1D SAXS intensity profile (I(y)), experimental data (open
circle) is fitted with Gaussian function as the guideline to eye, the FWHM marked by double-headed arrow. (c1) 2D WAXS
pattern at the same strain level as in b1. (c2) The 1D integrated WAXS intensity profile (I(D)) after linear background
subtraction for two levels of applied macroscopic strain at 0% (pink line), 1.7% (dark red line), showing the peak shift to the
right as applied load increases. (c3) Macroscopic loading and unloading stress—strain plot for a pure PU specimen, with red
and black dots indicating the position where the 1D WAXS profiles in (c2) are shown.

2.3.  Data processing and analysis

2.3.1. SAXS lamellae long period

In SAXS, the scattering pattern results from the frequently
occurring spacing of semi-crystal and amorphous lamellar
stacks inside polymer. 2D SAXS patterns I(q,x) (Fig. 2 (al))
from Group #1 pure PU were processed by azimuthally inte-
grating over angular range (x) of +20° using data analysis
software package Fit2D [28,34]. Only the deformation of the
lamellar stacks strained along the loading direction is being
considered in the present study. The resultant 1D radial in-
tensity profile I(q) opens the door for solving the structural
dimension so-called long period of the lamellae (Fig. 2 (a2)),
where q is the length of the scattering vector e The peak

representing the periodic stacking of lamellae is identified by
converting the 1D radial intensity profile from reciprocal
space to real space dimension through the following electron
density function (y(x)):

Y(x) = ] 1(q)q* cosqx / /m I(q)q*dq (1)

The apex corresponding to the average value of lamellae
long period (Lp) is denoted by the red arrow in the inset graph
of Fig. 2 (a2) and the position of this correlation peak ~10 nm is
determined via Gaussian function fitting. The changes of Lp
with respect to its strain-free state can be considered to be a
strain measurement at the lamellar scale. The lamellae
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apparent moduli <ELP— d”“) calculated from the linear

T desaxs

model fit of the macroscopic stress (o) vs. lamellar strain
(SAXS strain, esaxs) curve are derived for quantifying the var-
iations of nanomechanical parameter induced by surface
modification and cell culture.

2.3.2. SAXS domain orientation

The predominant orientation of the lamella can also be
extracted from the SAXS pattern. The angular distribution,
which gives access to the orientational information of the
rubbery lamellae, is calculated by integrating the same 2D
SAXS pattern over the q range of 0.058 nm™~* to 0.074 nm™%.
Azimuthal angle (x) is denoted with a dashed line from 0 to
180°, as shown in Fig. 2 (b2). The 1D SAXS azimuthal intensity
profile I(x) (solid circles) was fitted with a Gaussian function to
determine the peak centre position yo which defines the pre-
dominant orientation of the lamellae. The direction of
lamellae ¢ in real space given by ¢ = xo + 90°. The full width at
half maximum (FWHM) signifies whether the angular distri-
bution I(x) is narrow or broad which reflects the degree of
lamellar alignment: large FWHM indicates lower degree of

alignment whilst FWHM will decrease as lamellar alignment
increases.

2.3.3.  WAXS lattice strain

An example 2D WAXS pattern from Group #1 pure PU is shown
in Fig. 2 (c1). This 2D pattern (I(D, x)) is azimuthally integrated
across an angular sector of +20° straddling the loading direc-
tion, resulting in a 1D WAXS intensity profile as a function of
lattice d-spacing I(D). The WAXS intensity profile (after linear
background subtraction) presented in Fig. 2 (c2) exhibits a
lattice spacing of ~ 4 A at the peak centre position. This
observed amorphous halo corresponds to the overlying
reflection of the urea moieties [35]. The WAXS intensity profile
I(D) collected at the equivalent stress level of 0.012 MPa and
0.036 MPa (Fig. 2 (c3)) shows the peakcentre position shifts
towards larger value of d-spacing under loading. In parallel to
the increased d-spacing, the intensity of the scattering peak
decreases which is partly due to the thinning down of the
scattering volume with the application of loads. The lattice
strain (WAXS strain, ewaxs), indicating the structural evolu-
tion at the atomic scale, could be derived from the percentage
changes of peakcentre position with respect to the unstrained
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state as reference. The lattice apparent moduli (ELT = di;/’rﬁ) is

defined as the slope obtained from the linear regression (o)
vs. WAXS strain (ewaxs) curve.

3. Results

Fig. 2 shows the 1D SAXS/WAXS (a2, b2 and c2) profiles for the
control pure PU specimens at strain-free state. In the SAXS
electron correlation function profile, a peak of ~10 nm is
observed, indicating the thickness of the semi-crystalline and
amorphous lamellae phase inside polymer. The correlation
peak of 1D WAXS profile arises from periodic arrangement
inside semi-crystalline phase is identified to be ~4 A. As a
result, it is conceivable that this type of PU is comprised of two
distinct regions: a semi-crystalline domain with a character-
istic period of ~4 A, and rubbery amorphous lamellae. The
overall length of these two regions, so called lamellae long
period, is determined to be 10 nm by SAXS. At the nano- and
atomic scale for SAXS and WAXS respectively, special atten-
tion is focused on the changes in lamellae long period and
crystal lattice spacing during mechanical loading in order to
probe the effects of surface modification on the mechanical
behaviour of entangled lamellar network and the semi-
crystalline phase, in the following sections.

The tensile mechanical testing was carried out to investi-
gate the effects of Col and FN on the mechanical properties of
the PU scaffold. The macroscopic stress (o) Vs. strain (ey)
curves of PU scaffolds with different treatments, including
pure PU (solid black), PU-Cell (open black), PU-Col (solid red),
PU-Col-Cell (open red), PU-FN (solid blue) and PU-FN-Cell
(open blue), were plotted in Fig. 3 (a,b), showing a classic
non-linear mechanical behaviour of polymer macroscopi-
cally. From Fig. 3 (c—f), it is clear that FN has a stiffening effect
on PU as Group #3 (FN-modified) shows steeper slope in the
macroscopic stress oy Vs. strain ey curve compared to the
non-modified groups. Comparing Group #1 (pure PU) and #2
(PU-Col), it appears that the cell culture leads to an increase in
ductility. Overall, the PU-FN specimens are proved to be the
stiffest whilst the PU-Cell specimens are the most ductile.

To demonstrate stress-induced multi-scale structural
changes, the parameters i) lamellar strain (SAXS strain) (ii)
lattice strain (WAXS strain) and iii) lamellar alignment as
described previously in Materials and Methods are consid-
ered. For i) and ii), in Fig. 3 (c—f) it is shown that the structural

o
=3

units of PU at the lamellar and lattice scale with different
treatments—non-modified, FN-modified and Col-mod-
ified—exhibit a different level straining at the same level of
macroscopic stress oy. In Fig. 3 (c,d), the intrinsic mechanical
behaviour of the amorphous lamellae during the loading and
unloading cycle is presented. At a given stress of 0.05 MPa, we
can observe that SAXS strain in PU-Cell (~0.3%) is quite close
to PU-Col-Cell (~0.4%), whilst the strain in PU-FN-Cell is much
lower (~0.09%). This reduction in strains developed at the
lamellar level is likely due to the alteration in entangled
lamellar networks mediated by FN (Fig. 3 (c)). The variations of
WAXS strain in relation to surface modification is plotted in
Fig. 3 (e,f). Consistent with what has been identified at the
macroscopic and lamellar level, the WAXS strain exhibits a
surprising upswing in the PU-FN-Cell group. This stiffening
effect of FN is observed at multiple scales, as judged by the
steeper inclination of the stress vs. strain plot of Group #3 (FN-
modified, blue curves) shown in Fig. 3. Another observation to
note is that the fairly linear increase of WAXS strain with
macroscopic stress can only be observed in the case of PU-FN-
Cell. For non-modified and Col-modified group it appears the
WAXS strain starts to decrease beyond certain level of stress,
which indicates that there is some form of atomic debonding
occurring. Surprisingly, the precise form of this debonding
appears to be such that the drops in macroscopic and SAXS
strain do not yet occur, suggesting that the reduced stress
carrying ability is initialising at the lattice scale.

In order to quantitatively interpret the mechanical
parameter in a multi-scale manner, we consider the Young's
moduli for macroscopic stress vs. macroscopic strain and
‘apparent moduli’ that corresponds to the slope of each
macroscopic stress vs. SAXS/WAXS strain curve. Progressing
from the observational trends in the representative specimen
from each group as illustrated in Fig. 3, the alterations of the
Young's moduli and the lamellae and lattice apparent moduli
pooled across specimens with different treatments are
demonstrated and the evolution of strain at multiple length
scales over the loading cycle is compared in Fig. 4. Macro-
scopically, the qualitative impression of higher slopes in FN-
modified group is confirmed by the linear model fits of the
stress vs strain plots. PU-Col-Cell (n = 3; 0.016 + 0.001 MPa) has
roughly a 50% smaller Young's moduli compared to PU-Cell
(n = 3; 0.03 + 0.002 MPa), whilst PU-FN-Cell (n = 3;
0.107 + 0.063 MPa) is over three times larger (Fig. 4 (a)). At the
nano-scale, comparing with lamellar apparent moduli in PU-
EN-Cell (n = 2; 416 + 14 MPa), the PU-Cell (n = 2;
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8.9 + 2.2 MPa) and PU-Col-Cell (n = 2; 6.5 + 1.7 MPa) are ~79%
and 84% less respectively (Fig. 4 (b)). Consistent with the re-
sults in the cell-seeded group, a notable stiffening phenome-
non by FN can also be observed in the cell-free group. For
example, PU-FN (n = 2; 17.2 + 3.3 MPa) shows a ~70% increase
of lamellar apparent moduli when compared to the control
group (pure PU; n = 3; 10.4 + 0.2 MPa). In terms of strain at
lattice scale, it is found in Fig. 4 (c) that the PU-FN-Cell (n = 2;
41.2 + 21.2 MPa) has the highest lattice apparent moduli,
whilst PU-Col-Cell (n = 2; 1.6 + 0.8 MPa) is slightly larger (~10%)
relative to the PU-Cell (n = 2; 1.5 + 0.4 MPa). A similar increase
of lattice apparent moduli induced by FN can also be identified
in the cell-free group at the lattice scale. The addition of cell to
FN-modified PU leads to the significant increases in the
Young's moduli and the lamellar and lattice apparent moduli,
suggesting that FN-induced stiffening of PU is highly cell-
dependent.

To understand how the stress and strain are transmitted
through the semi-crystalline phase and amorphous lamellae
and their relation to surface modification, we quantified the
strain magnitude depending on the length scale as summar-
ised in Table 2. In the cell-populated group, the proportion-
ality factor between the SAXS and the macro strains (esaxs/em)
in PU-FN-Cell (0.0041 + 0.0012) is greater than PU-Col-Cell
(0.0025 + 0.0012), whilst PU-Cell (0.0027 + 0.0024) is in be-
tween of these two. Concurrently in Group #3 (FN-modified),
whilst the value of ewaxs/epm in PU-FN is ~0.0085, after cell
culture the value increases to ~0.0222, marking an overall in-
crease of ~160%. Similar changes of increased strain ratio can
be found at the lamellar level (esaxs/en) Which dictates that
this effect of cell can be observed throughout multiple length
scales in FN-modified group. Such increased SAXS strain take-
up in PU-FN-Cell demonstrates that the increased loads are
being transferred in adjacent lamellae and lattice throughout
the mechanical loading compared with PU-FN, which could be
explained by the increased interlamellar cohesion.
Conversely, in Group #2 (Col-modified), an opposite effect of
cell is observed: reduced values of espxs/em and ewaxs/en in PU-
Col-Cell are found, indicating that the addition of cell lowers
the efficiency of load transfer from lamellar down to lattice
level. In Group#1, it is noting that the proportionality factor of
esaxs/em in PU-Cell (0.0027 + 0.0024) is lower than jure PU
(0.0038 + 0.0009) whilst proportionality factor of ewaxs/em
changes in the opposite direction after the cell culture. How-
ever, given the existing large dispersion from the mean of
esaxs/em in PU-Cell, it cannot be concluded whether the cell
culture had an effect on lowering the efficiency of load
transferring at the lamellar scale.

Being concomitant with the elongation and extension of
lamellae long period and lattice d-spacing, there are also

Table 2 — Multi-scale strain ratio.

Group No. Description esaxs/em ewaxs/EM
Group #1 PU 0.0038 + 0.0009 0.0077 + 0.0049
PU-Cell 0.0027 + 0.0024 0.0147 + 0.0021
Group #2 PU-Col 0.0037 + 0.0013 0.0153 + 0.0033
PU-Col-Cell 0.0025 + 0.0012 0.0103 + 0.0034
Group #3 PU-FN 0.0030 + 0.0008 0.0085 + 0.0087
PU-FN-Cell 0.0041 + 0.0012 0.0222 + 0.0270

marked alterations in FWHM (indicating the lamellar align-
ment) of SAXS I(x) throughout the mechanical testing. The
overall trend lamellar alignment is similar in both loading and
unloading cycle, nevertheless, clear differences appear be-
tween different surface modifications, as shown in Fig. 5. The
monotonic decrease of FWHM with increasing stress is
observed both in Group #1 (non-modified) and #2 (Col-modi-
fied). This reduced FWHM indicates of a large distribution of
randomly ordered lamellae stacks quickly aligned as stress
increases. In contrast, for lamellae stacks in FN-modified
Group #3, the FWHM increases with stress up to the transi-
tional point of ~0.12 MPa, indicating an increased structural
randomness, followed by the FWHM decrease to a minimum
to ~60 (Fig. 5 (a)).

The cartoon schematics reflecting the orientational
changes with the applied loads are proposed in Fig. 6 to
compare the changes of FWHM between the control group
(pure PU) and stiffened (FN-modified) cases. Fig. 6 (a) shows a
representative FWHM at a strain-free state which exhibits a
relatively small value ~60 (obtained from peak II) and then an
increase to a maximum of 75 at 0.8 strain. The distribution is
relatively broad with two peaks centering roughly at 90° and
130° (corresponds to lamellar direction of ~0° and 50° along the
loading direction) in the unstrained state, then the two peaks
merge together under loads, followed by a broader distribu-
tion with single peak centering roughly at 90°. For macro-
scopic strain greater than 0.8, the FWHM decreases
monotonically—without discontinuous transition—as the
strain increases. The increase of FWHM from 0 to 0.8 strain
implies an increase of orientational randomness, as illus-
trated in the schematic representation shown in upper Fig. 6
(a—c), and may be due to the two lamellae orientations mov-
ing into a single broad orientation along the loading direction.
The angular distributions and the schematic representations
from the control group (pure PU) at two strain levels is similar
to the FN-modified group, yet clear difference is proposed in
the unstrained case. The pure PU exhibits single angular dis-
tribution at strain-free state (Fig. 6d). The elimination of the
two peaks distribution is likely due to the initial load applied
prior to the loading up. Note, the transitional position of the
increase and the subsequent reduction of FWHM can only be
found in FN-modified group, suggesting that the ability of
reorientation (from the initial distribution with two main di-
rections to a random and then highly oriented distribution) is
lower for the stiffened PU.

4, Discussions

In this work, we present an in situ multiple-length-scale
deformation analysis using synchrotron-based SAXS/WAXS
for a series of bioinspired PU-based pancreatic cancer models.
Prior to the characterisation of mechanical and morphological
properties, PU was coated with two different ECM proteins:
Col and FN, which has been proved to be capable of enhancing
the cell attachment to the polymer substrates [36—40]. This PU
is a soft material with excellent ductility as measured by a
stress of ~0.04 MPa at ~210% strain in PU-Cell group. FN-
modification contributes a higher mechanical resistance to
deformation in PU, as shown by the increase in maximum
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Cell) PU specimens during loading (a) and unloading cycle (b).

stress and the reduction in macroscopic strain during tensile
deformation, both with and without the presence of cell. The
increased tensile strength is likely due to the formation of an
entangled network of FN fibrils on the scaffold surface, which
can effectively mediate the mechanical properties macro-
scopically [36]. Such stiffening effect is manifested across
length scales, as evidenced by the striking increase of
apparent lamellar and lattice moduli induced by FN in Fig. 4. In
Group #3 (FN-modified), the cell-seeded scaffold exhibits a
higher-level of moduli at multiple length scales compared to
the cell-free counterpart, possibly due to increased inter-
lamellar cohesion led by enhanced cell adhesion [23,39]. Such
alteration of interfacial properties would lead to an increased
load-bearing capacity as observed in FN-modified specimens.
In Group #2 (Col-modified), we also noted that cell culture
lowers the tensile mechanical properties of PU scaffold
throughout length scales. It is conjured that in this scenario,
excessive matrix metallopeptidases (MMPs) were secreted
from cells, followed by a degradation of structural proteins
(e.g. collagen) [41], which in return lowers the interlamellar
cohesion. It is known that cell-associated MMPs can mediate
the cellular microenvironment remodelling [42,43]. However,
the precise dynamic interplay between the ECM degradation,
surface modification and ECM protein secretion are still poorly
understood. For instance, the quantitative investigation about
appropriate surface absorption time of collagen before the
ECM microenvironment or metalloprotease level could
significantly change the moduli of PU scaffold to date is still
lacking. Further studies are required to assess and understand
the cell-mediated ECM degradation and protein absorption on
PU scaffold so that the appropriate surface functionalisation
protocol can be established.

In support to these claims, it is worth looking into the
strain ratio at multiple length scales during the tensile me-
chanical testing. The deformation along the loading direction
where the semi-crystalline and lamellar phase are straining
fairly in the same magnitude suggests that their arrange-
ments obey a paralleled coupling, as illustrated in the sche-
matic representation in Fig. 6 (d). A more efficient shear force
transferring in the amorphous chain leads to a greater SAXS
and WAXS strain take-up in Group #3 (esaxs/
em = 0.0041 + 0.0012 and ewaxs/em = 0.0222 + 0.0270) as shown
in Fig. 6. It is possible that the increased interlamellar

entanglements and cohesion led by FN fibrils and cellular
activity are acting like a ‘load-transmitter’, transferring the
applied loads between lamellae effectively. In contrast, in
Group #2 (Col-modified) a significant decrease in both esaxs/em
and ewaxs/em is identified after cell culture. Such reduction in
strain ratio complements the decreased load-bearing capacity
after cell culture observed in Fig. 4 (Group #2) and taking
together means a reduction in interfacial cohesion. This is
another indirect evidence showing that the interconnections
between adjacent lamellae build-up by collagen fibrils may be
degraded by the cell-secreted MMPs. For electron spun bio-
inspired PU film, the ratio between SAXS strain and macro-
scopic strain has been estimated to be ~0.3 [29,30], which is
~70 folds larger than the value reported here. Such differences
may be resulted from the distinct nanostructure formed dur-
ing different fabrication methods: freeze casting or electron
spun. Instead, the ratio of WAXS strain and macroscopic
strain of electron spun PU (~0.1) [29,30] is comparable with the
value (0.022 + 0.027) identified in the current study.

These experimental results from SAXS and WAXS allow to
explain the structural changes induced by surface modifica-
tion, in which interesting deformation mechanism was
captured both before and after the growth of cellular compo-
nents. On the basis of these experimental observations, a
simple schematic model that sheds light on the key biophys-
ical mechanisms enabling mechanically-tuneable PU is pro-
posed in Fig. 6, which helps to complement data pertaining to
the structural evolution and deformation at multiple length
scales when PU was surface-modified differently. At the ul-
trastructural level, the lamellar stack in parallel with semi-
crystalline of unmodified and FN-modified PU is illustrated
as shown in Fig. 6 (f). Structurally, we considered that the
anisotropic lamellae are embedded in the entangled inter-
lamellar networks. Under mechanical loading, the mismatch
in mechanical strength between the lamellae and the inter-
lamellar networks will result in an inhomogeneous stress
distribution, which will finally lead to the occurrence of a
strong shear field in the interface. The FN-modification onto
PU interlamellar networks is shown in Fig. 6 (f, upper), and can
be considered as the representation of an increased entan-
glement as mentioned previously. In this manner, the alter-
ation in interlamellar interface combined with the efficient
shear load transmission enables the stiffening of PU scaffolds,
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direction. (a-c, bottom) corresponding I(x) profiles at three different strain levels. (a) At ey = 0, the I(x) profile displays a
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broader distribution of I(x) due to lamellae progressively reorienting towards the loading direction (small FWHM) and (c) At
em = 1.6, a narrower distribution of I(x) shows highly aligned lamellae (larger FWHM). (d and e, upper) schematic
representations illustrate the lamellar structural evolution from pure PU. In (d and e, bottom), the I(x) profile starts from
single gaussian distribution from e,; = 0 (d, bottom) with relatively wider I(x) distribution and progressively reorienting to a
highly aligned lamellar along the loading direction (larger FWHM) as shown in (e, bottom). (f) Schematic illustration of FN-

induced strengthening via enhancing interlamellar cohesion.

as elucidated in Fig. 4. Along the loading direction, slight
alteration in the interlamellar networks at the lamellar and
lattice scale will amplify to massive changes in macroscopic
stress, as a result of which the stress is much more efficiently
conferred between adjacent lamellae. Reorientation of
lamellar stacks towards the loading direction occurs simul-
taneously with the lamellar elongation and extension. How-
ever, in the lateral direction which is perpendicular to the
tensile direction, the FN-modified specimens exhibits lower
rate of lamellae recruitment to bear load, as shown by the

transitional point of an increase of FWHM up to ~0.12 MPa and
a subsequent decrease afterwards in Fig. 5, which would be
attributed to the repulsion of the FN layer that detains the
reorientation of lamellae.

5. Conclusions

In summary, in this first direct measurement of multi-scale
deformation mechanisms of bioinspired PU scaffolds of
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pancreatic cancer model using in situ combined micro-
mechanical testing and SAXS/WAXS, we have shown the
mechanical properties at the micro-, nano- and lattice scale
for a series of PU specimens, including pure PU, PU-Cell, PU-
Col, PU-Col-Cell, PU-FN and PU-FN-Cell. A greater lamellar
recruitment, modulated by the entangled lamellar networks,
results in a 4.5 folds increase of macroscopic stiffness. FN was
found to be the optimal protein increasing in both the cell
attachment and mechanical properties. Col is also found to be
able to promote cellular activity but lower the mechanical
properties of PU scaffold in comparison to FN possibly due to
the excessive secretion of MMP in the tumour micro-
environment. The use of in situ micromechanical testing
combined with synchrotron X-ray techniques has allowed us
to quantitatively measure both the deformation mechanics
and the mechanical properties of constructive components at
multiple length scales as PU undergoes different surface
modifications. Understanding how these ECM proteins, FN
and Col, interact with cells and the surface of polymer high-
lights the potential of tailoring the freeze-casted PU scaffold
by combining both Col and FN to optimise biocompatibility
and mechanical performance thereby develop a novel 3D
tissue-engineered scaffold for PDAC research.
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