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ARTICLE INFO ABSTRACT

Keywords: Aortic stenosis is a prevalent disease that is treated with either mechanical or bioprosthetic valve replacement
Aortic valve devices. However, these implants can experience problems with either functionality in the case of mechanical
TAVR

valves or long-term durability in the case of bioprosthetic valves. To enhance next generation prosthetic valves,
such as biomimetic polymeric valves, an improved understanding of the native aortic valve leaflet structure and
mechanical response is required to provide much needed benchmarks for future device development. This study

Uniaxial tensile testing
Second harmonic generation

Microstructure
aims to provide such information through imaging and mechanical testing of porcine aortic valve leaflet tissue.
Using second harmonic generation imaging on cleared tissue it is shown that the fibre orientations are dependent
on the leaflet type (left coronary, right coronary, non-coronary), while fibre crimp is not solely dependent on
either of these factors. Uniaxial tensile testing of the leaflets and their layers showed that the ventricularis layer is
stiffer than the fibrosa but the fibrosa dominates the mechanical response of the whole leaflet due to its higher
thickness. Overall, this work provides a detailed assessment of the native porcine aortic valve leaflets’ micro-
structure and mechanical response, delivering key information to aid the design and manufacture of future
bioinspired valve implant devices.
1. Introduction durability needed from current commercial devices. To be able to
develop a truly “bioinspired” material for this application it is essential
Aortic stenosis is the most prevalent valvular disease requiring sur- to have a detailed understanding of the native leaflet material and me-
gical or transcatheter intervention in Europe (Iung et al., 2019). Valve chanical response, as well as the underlying microstructure determining
replacement options contain both mechanical and bioprosthetic devices this response. Currently, there is a lot of interest in developing this kind
which are available and widespread. However, there are still significant of biomimicking device, particularly in replicating the complex collagen
challenges to overcome with these devices with regards to their func- fibre structure of the native aortic leaflets (Coulter et al., 2019; Zeugin
tionality: mechanical heart valves induce thrombosis leading to patients et al., 2024; Saidy et al., 2019; Stasiak et al., 2020; Boehm et al., 2023;
requiring lifelong anticoagulant treatment, and bovine or porcine peri- Snyder and Jana, 2023; Vernon et al., 2022). However, across all of
cardium used in bioprosthetic heart valves experiences premature these studies it is clear that there is a need for a benchmark, both for the
deterioration (Otto et al., 2021). An improved understanding of the fibrous structure and the mechanical response of the material.
native valve leaflets’ structure and mechanical properties could help Aortic valve leaflets have been a topic of study for decades, providing
inform the next generation of implantable devices and treatments. a detailed account of the leaflets’ function and macrostructure. We know
By designing new prosthetic valves to mimic the native hemody- that the leaflets are comprised of the fibrosa, spongiosa, and ven-
namic environment, these devices can achieve the superior function and tricularis layers which all work together throughout the cardiac cycle.
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The fibrosa layer provides the leaflet with its strength through pre-
dominantly circumferentially aligned collagen fibre bundles, while the
ventricularis aids opening and closing with radially aligned elastin
fibres.

It has been shown that the underlying microstructure of soft bio-
logical tissues drives their mechanical properties (Johnston et al., 2021;
Lee et al., 2015; Stella and Sacks, 2007; Tornifoglio et al., 2023; Whelan
etal., 2019). In leaflet tissue, the mechanical response can vary based on
the direction (Stella and Sacks, 2007; Balguid et al., 2007; Billiar and
Sacks, 2000; Kalejs et al., 2009; Martin and Sun, 2012; Mavrilas and
Missirlis, 1991; Rassoli et al., 2024; Stradins et al., 2004; Vesely, 1997;
Vesely and Noseworthy, 1992) and the layer (Stella and Sacks, 2007;
Vesely, 1997; Vesely and Noseworthy, 1992) tested. In particular, the
fibre orientation and degree of collagen straightness or crimp is known
to determine the stiffness and strain-stiffening behaviour in pericardial
tissue used in leaflets of bioprosthetic valves (Whelan et al., 2021).
Histology has commonly been used to visualise the leaflet microstruc-
ture; however, it is time consuming, destructive, and only able to pro-
vide a discrete profile of tissue structure in one plane (Lee et al., 2015;
Martin and Sun, 2012; Gross and Kugel, 1931; Hepfer et al., 2018; Joyce
et al., 2009; Pierlot et al., 2015; Sacks et al., 1998). Sacks et al. used
small angle light scattering (SALS), a non-destructive transmissive
light-based technique, to identify dominant fibre orientations and
dispersion on glycerol-cleared aortic valve tissue to measure changes in
fibre orientation with increasing fixation pressures (Sacks et al., 1998).
SALS has since been used on valve leaflet tissue to measure micro-
structural changes (Joyce et al., 2009; Liao et al., 2008; Manji et al.,
2015). However, it is only able to identify a singular, average fibre
orientation throughout a sample depth which reduces its ability to
identify the presence and orientation of more than one family of fibres.
Additionally, to obtain information from a singular layer, the leaflet
needs to be separated. This separation results in stretching of the fibrosa
and contraction of the ventricularis which can give an inaccurate
depiction of the fibre orientations in a whole, intact leaflet in vivo (Stella
and Sacks, 2007). Mega et al. and Rock et al. used white and polarised
light microscopy to obtain images of the aortic leaflets and identify
large-scale fibre bundles across the surface of the fibrosa, respectively
(Mega et al., 2016; Rock et al., 2014). While these have been able to
show the presence of multiple fibre families, they lack the detail of
localised fibre orientation and dispersion, and only represent the fibrosa
layer. Ultimately, these studies have been unable to provide detailed
information of the collagen microstructure of both the fibrosa and
ventricularis layers in whole, intact leaflets.

Second harmonic generation (SHG) microscopy is a non-destructive,
two-photon imaging technique commonly used to obtain high resolution
images of collagen microstructure throughout various thickness in tis-
sues (Chen et al., 2012; Campagnola and Dong, 2011). It has been used
to qualitatively assess microstructure changes in pulmonary leaflet tis-
sue (Hepfer et al., 2018; Manji et al., 2015), to quantify collagen char-
acteristics in aortic leaflet belly (Hutson et al., 2016), and quantify fibre
orientation and dispersion in mitral leaflets (Sadeghinia et al., 2022).
However, a key limitation of SHG is its inability to penetrate tissue
depths greater than 150 pm (Whelan et al., 2021; Campion et al., 2021;
Torun et al., 2023). To improve this, Schriefl et al. and Sadeghinia et al.
used a benzyl alcohol and benzyl benzoate (BABB) solution on arterial
tissue and mitral leaflets, respectively, to clear the tissue and achieve
images at depths greater than 1 mm (Sadeghinia et al., 2022; Schriefl
et al., 2013). BABB is a hydrophobic tissue clearing method that causes
delipidation to minimise light scattering within the tissue without
altering collagen structure; consequently, it results in minor tissue
shrinkage (Ueda et al., 2020).

While aortic valve leaflets have frequently been a topic of study,
there is a lack of detailed information on the collagen microstructure.
Particularly, there is a gap in discerning the difference in structure be-
tween the fibrosa and ventricularis leaflet layers in intact leaflets. To
better understand the microstructure, we aim to draw inspiration from
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previous studies and use SHG to assist with quantifying fibre orientation
and crimp in the commissure and belly regions of BABB-cleared porcine
aortic valve leaflets.

Additionally, mechanical testing has been performed on aortic valve
leaflets from both humans and animals, employing uniaxial (Balguid
et al., 2007; Kalejs et al., 2009; Mavrilas and Missirlis, 1991; Rassoli
et al., 2024; Stradins et al., 2004; Vesely, 1997; Vesely and Noseworthy,
1992) and biaxial (Stella and Sacks, 2007; Billiar and Sacks, 2000;
Martin and Sun, 2012; Rassoli et al., 2024) methods. While there is a
similar range in results through all of these studies, each uses different
testing protocols and data processing methods, leading to inconsistent
results that cannot be reliably compared or combined. Biaxial testing has
provided valuable insight into leaflet mechanics, but by design it pre-
vents studying the response of tissues in particular orientations decou-
pled from other directions, information which is useful for developing
new materials. Additionally, only two studies separate the leaflets into
layers (Stella and Sacks, 2007; Vesely and Noseworthy, 1992); however,
neither of these studies considered tissue thickness, opting only to
measure tension rather than stress. It is important to consider both the
material and the mechanical response of these leaflet layers when
exploring material alternatives. In the screening of new materials,
medical device companies and researchers often use quick and effective
methods, such as uniaxial tensile testing, to characterise a decoupled
mechanical response, and they need a reliable baseline to compare to.
However, the current literature does not deliver on this need.

To supplement the structural information gained from imaging, the
aim of this study is to perform uniaxial tensile testing on strips from
whole porcine aortic valve leaflets as well as their fibrosa and ven-
tricularis layers. By combining both imaging and mechanical testing on
this tissue, we can develop a detailed profile of the mechanical behav-
iour of the leaflets and their individual layers and, importantly, under-
stand how the underlying collagen microstructure governs this
behaviour to ultimately provide key information for the development of
novel, bioinspired materials for future prosthetic valves.

2. Methods
2.1. Tissue dissection and freezing

Sixteen porcine hearts from 6-month-old Large White Pigs were ac-
quired from a local abattoir (N = 10 for mechanical testing, N = 3 for
histology, and N = 3 for SHG), with n = 3 aortic valve leaflets available
from each heart. Within three hours of slaughter, each leaflet was
carefully dissected from the aortic root. After rinsing in phosphate
buffered saline (PBS) (P5493, Sigma), each leaflet was cryopreserved in
a tissue freezing medium containing Gibco RPMI medium (21875034,
BioSciences), sucrose (S0389, Sigma), and dimethylsufoxide
(PIER20688, VWR International) to —80 °C at a controlled rate of 1 °C/
min in a Mr. Frosty container (Nalgene, USA). Using dimethylsufoxide as
a cryoprotectant prevents the formation of ice crystals during freezing
that could possibly damage the tissue microstructure
(Miiller-Schweinitzer, 2009). Rapid thawing of each sample occurred at
room temperature within two months of freezing and each sample was
rinsed in PBS immediately after thawing to remove excess solution.

2.2. Histology

To conduct histological analysis, porcine leaflets from N = 3 animals
(n = 3 leaflets each) were cut into 2-3 mm sections along either the
radial or circumferential direction and fixed in 0.6% glutaraldehyde
solution overnight. Samples were stepwise dehydrated (Leica TP1020,
semi-enclosed benchtop tissue processor, Germany), embedded in
paraffin wax blocks, and sectioned in 8 pm-thick slices using Feather
C35 microtome blades. This yielded cross sections in the radial and
circumferential direction through the leaflet’s thickness. Sections in
each direction were stained using Verhoeff’s elastin (VF) for elastin and
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both Picrosirius red (PSR) and Alcian blue (AB) for the combination of
collagen and glycosaminoglycans (GAG) (Leica ST5010, Autostainer XL,
Germany). Brightfield images were obtained using an Aperio CS2 mi-
croscope with ImageScope software V12.3 (Leica Biosystems Imaging,
Inc., Vista, California).

2.3. Second harmonic generation (SHG) imaging

2.3.1. Clearing protocol

Leaflets from N = 3 animals were used for imaging to allow forn = 3
left coronary (LC), n = 3 right coronary (RC), and n = 3 non-coronary
(NC) leaflets, resulting in n = 9 total leaflets imaged. After defrosting,
the leaflets were fixed in 0.6% glutaraldehyde solution overnight; each
sample was placed in a histology cassette and held securely between
sponge sheets to ensure a flat surface for imaging and minimise
shrinkage in the circumferential and radial directions. Tissues samples
were chemically cleared according to a protocol described previously
(Sadeghinia et al., 2022; Schriefl et al., 2013) using a 1:2 BABB solution.
Briefly, samples were dehydrated in a series of graded alcohol solutions
(50%, 75%, 95%, 95%, 100%, 100%) for 45 minutes at a time then
submerged in a 1:1 solution of alcohol to BABB for 4 hours, before finally
submerging in 100% BABB overnight (~18 hours). Samples were
imaged within 2 days of clearing.

2.3.2. Imaging

SHG imaging was carried out using a Carl Zeiss 710 NLO Microscope
(Carl Zeiss, Jena, Germany) and a laser wavelength of 840 nm. Z-stacks
and tiled scans (5x5 tiles for belly region, 3x8 tiles for commissures)
were taken at a magnification of 20x through the maximum thickness
available, with a tile depth between 20 and 25 pm, depending on sample
thickness. Each leaflet was imaged at both the belly region and a
commissure, see Fig. 1A.

2.3.3. Image processing

For image processing, tiles from each scan were selected for analysis.
As the leaflets thickness is nonuniform, the number of images containing
tissue differed by region. Therefore, for each stack, the topmost image
with visible tissue was selected for analysis followed by each subsequent
3rd image until the tissue was no longer visible, see Fig. 1B. This resulted
in an analysed image every 60-75 pm over regions ranging from 200 to
900 pm in total thickness.

Tissue clearing and imaging
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Image processing was carried out with FIJI software (Schindelin
et al., 2012) using the NeuronJ plugin (Meijering et al., 2004) to mea-
sure fibre crimp as described by Rezakhaniha et al. (2012) and Whelan,
2021 (Rezakhaniha et al., 2012; Whelan, 2021). Crimp was measured by
degree of fibre straightness (S), defined based on the length of the fibre
(L) and the straight distance between the endpoints (Lo):

where S is bound between 0 and 1, with 1 representing a completely
straight fibre. Straightness measurements (n = 3) were taken per image,
resulting in ~50 measurements per belly or commissure, see Fig. 1B. In
addition, measurements of the dominant fibre orientations (n = 3) were
taken for each image of the fibrosa. In total ~900 measurements of
straightness and ~550 measurements of fibre angle were taken for
analysis.

2.4. Uniaxial tensile testing

2.4.1. Tissue preparation

Uniaxial tensile testing was performed on test strips. Strips were
prepared in either the circumferential (C) or radial (R) directions from
whole leaflets (n = 7C/10R), fibrosa layers (n = 12C/11R), or ven-
tricularis layers (n = 8C/8R), see Fig. 1C. To obtain fibrosa and ven-
tricularis layers, the layers were separated by pinning the leaflet fibrosa
side down onto a cardboard mat at 4-6 points, depending on the size of
the sample, along the outer edge. Using forceps and a scalpel, the ven-
tricularis was carefully removed from the fibrosa by scoring the spon-
giosa, starting from the belly edge of the leaflet until reaching the free
edge, similar to previously described methods (Stella and Sacks, 2007;
Vesely and Noseworthy, 1992).

Before testing, the samples were separated into 3-4 mm wide rect-
angular strips in either the circumferential or radial direction using a
scalpel, see Fig. 1C. After cutting, the tissue was free to stretch or con-
tract in width, giving a resulting width for each sample between 1 and 3
mm. For each strip, thickness measurements were taken at three loca-
tions along the gauge length using a Mitutoyo LITEMATIC VL-50
thickness gauge (Mitutoyo (UK) Ltd., UK). This machine has an accu-
racy of 0.5 + h/1000 pm, where h is the height of the sample being
measured.

Mechanical testing

©

Fig. 1. Overview of methods used in this study. (A) Clearing porcine valve leaflets using 1:2 BABB and SHG imaging, (B) acquisition and analysis. (C) Separation of
(i) whole leaflets into (ii) fibrosa and (iii) ventricularis layers, and further into strips in the radial and circumferential directions. (D) Diagram of radial and
circumferential directions on intact leaflet and (E) diagram of uniaxial tensile testing setup.
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2.4.2. Mechanical testing

To prepare for testing, samples were loaded into custom-made grips
and a holder used for preparation. Samples were held within grips lined
with Velcro and secured at the very ends with a drop of superglue, with
care taken to ensure glue did not get on the sample gauge length. Once in
the grips, the samples were held taught within the holder and the width
was measured at three points along the gauge length using an Absolute
AOD Digimatic calliper (Mitutoyo (UK) Ltd., UK).

Each sample was uniaxially extended to failure using a Zwick uni-
axial testing machine (Zwick Roell Group, Ulm, Germany) with either a
20 N (whole samples, fibrosa circumferential) or a 10 N load cell (ven-
tricularis, fibrosa radial). With a strain rate of 20 mm/min, each sample
was preconditioned for 5 cycles from 0.05 to 0.1 MPa and then loaded in
tension until failure (defined as a 20% drop from maximum load
reached), in line with previous testing performed within the group
(Whelan et al., 2019). Sample displacement and load was measured
using the Zwick crosshead output and a new reference configuration was
recorded after preconditioning. Every sample was hydrated with PBS
and tested at room temperature.

2.4.3. Mechanical characterisaion

Each sample was characterised by its initial and final modulus,
calculated from the slope of both the true stress and tension curves. True
stress was defined as:

6 =Oeng (1 + £eng)

Where oy, is engineering stress and e, is engineering strain, defined as:

Al

Eeng = L

Where Al is crosshead displacement and [ is initial sample gauge length.
True strain was defined as:

ee=In(1+ €eng)
Tension was defined as:

force

Tension=———————
¢ sample width

Modulus values were calculated using the slope formula:

2 J1
Y2y
X2 — X7

With initial moduli taken as the slope for the initial part of the curve,
which was defined as the region before a 5% increase from the starting
slope as this was the point when the samples typically began to stiffen.
Final moduli were taken as the slope between failure and 80% of the
failure load to obtain a robust determination of the slope at the end of
the curve.

2.4.4. Data processing

All processing from raw, Zwick-output data was carried out using a
custom MATLAB script to return true stress/strain, tension/strain, and
slope values.

2.5. Statistics

All statistical analysis was performed using GraphPad Prism 9
(GraphPad Software, Inc., San Diego, California). Specific statistical
tests for each dataset and sample sizes are specified in the results section.
All numerical and graphical values are shown as mean =+ standard de-
viation, and a p < 0.05 was considered significant.
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3. Results
3.1. Histology

Histological images of leaflet samples sliced either along the
circumferential or radial direction were obtained, see Fig. 2. Combining
PSR and AB allows the three layers of the leaflets to be distinguished, i.e.
the fibrosa is on the top densely packed with collagen, the ventricularis
on the bottom, with the spongiosa, rich in GAGs (blue), separating them.
The coherent orientation of collagen fibres in the circumferential di-
rection can be seen in the fibrosa, while there is no clear preference of
collagen fibre orientation in the ventricularis layer, see Fig. 2A and B.
Looking at the VF-stained samples, the elastin in the leaflets is primarily
located in the ventricularis, in what look like sheets somewhat more
preferentially aligned along the radial direction of the leaflet, see Fig. 2C
and D.

3.2. SHG imaging

3.2.1. Qualitative analysis

Fig. 3 shows the images of the collagen fibre structure throughout the
leaflet thickness at the belly and commissure regions across the three
leaflet types; the number of image tiles differed based on the total
sample thickness. In all leaflets, the collagen microstructure in the
fibrosa appears dense and organised around one or two primary di-
rections, see Fig. 3. Moving through the leaflet thickness this structure
becomes sparser and more dispersed in the ventricularis, with random
alignment of collagen fibres.

3.2.2. Fibre straightness

Across all the leaflets studied, collagen fibres are more crimped in the
fibrosa than the ventricularis, see Fig. 4B. Overall, for all of the leaflets
together, the level of fibre straightness remains consistent within each
layer across the regions studied (fibrosa belly/commissure: 0.68 + 0.12/
0.68 + 0.13; ventricularis belly/commissure: 0.79 + 0.10/0.78 + 0.10).

When grouping the results based on animal (PAV 1, 2, and 3) or
leaflet type (LC, RC, NC), there is no trend to suggest that fibres are more
or less straight based on either of these factors, and the fibrosa remains
more crimped than the ventricularis, see Fig. 4C-F. For detailed
straightness measurements, see supplementary material.

These results are presented to appreciate the overall distribution of
fibre crimp across all leaflets and animals. While the number of obser-
vations are high (n = 54-273), this represents a small population of
animals (N = 3). To avoid pseudoreplication inflating statistical signif-
icance, the results presented here do not include statistical analysis
(Lazic, 2010). For this analysis, see supplementary material.

3.2.3. Fibre orientation

Dominant collagen fibre orientations were measured in the fibrosa
layer of the leaflets, shown in Fig. SA-D. The ventricularis was not
considered in the orientation analysis due to the high degree of dis-
organisation of the fibres in this layer resulting in no clear dominant
alignment. There is a larger spread of angles in the belly portion of the
leaflet compared to the commissure region, with the suggestion of a
bimodal distribution at the belly region, see Fig. SA and B. For the belly,
the angles are centred around —10 and + 15° while in the commissure
the angles are normally distributed around —11°.

Looking at differences in fibre orientation between valves and leaflet
type in both the belly (B) and commissure (C) regions, the mean fibre
orientations differ more between leaflet types than between animals,
suggesting that fibre orientation is dependent upon leaflet type rather
than animal, see Fig. 5C and D.
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scale: 300 um

Fig. 2. Representative histology images of sample slices in the circumferential and radial directions stained with PSR and AB for collagen (red) and GAG (blue) (A,
B), and the slices from the same samples stained with Verhoeff’s for elastin (black) (C, D). Samples are oriented with the fibrosa layer (*) at the top and ventricularis
(1) at the bottom. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

3.3. Uniaxial tensile testing

3.3.1. Leaflet and layer thickness

The fibrosa samples were significantly thicker than the ventricularis
samples (0.33 + 0.13, n = 23 and 0.06 + 0.03 mm, n = 15, respectively;
p = 0.0002), and both groups were significantly thinner than the whole,
intact samples (0.53 + 0.15 mm, n = 17; p = 0.0165 for fibrosa and p <
0.0001 for ventricularis), see Fig. 6A.

3.3.2. Stress and tension response

For each group, an increase in mean modulus was observed between
the initial and final portions of the curve, see Fig. 6B-D. Generally, the
circumferential samples had a stiffer response than the radial samples,
although only the fibrosa exhibited a statistically significant difference
between the two orientations in both the initial (5.70 & 0.09, n = 5 and
1.28 + 1.69 MPa, n = 7 for circumferential and radial, respectively) and
final (26.6 & 12.09, n = 6 and 2.07 £ 0.92 MPa, n = 7 for circumfer-
ential and radial, respectively) portions of the curve. Across the board,
there were no statistically significant differences between the fibrosa,
ventricularis, and whole leaflet samples tested in the circumferential
direction, in either portion of the curve. This also remained the case for
the radial direction. Unexpectedly, for samples tested in the circumfer-
ential direction, no significant difference was found between the ven-
tricularis and either the fibrosa or whole leaflet, with the mean modulus
values remaining above the others for both the initial (28.44 + 36.6
MPa, n = 6) and final (42.48 + 14.81 MPa, n = 6) modulus values. This
relationship was also seen in the radial direction for the final modulus
(54.14 + 30.75 MPa, n = 6). It is worth noting, however, that in in both
radial and circumferential groups there is a high amount of variability in
the ventricularis response.

In addition to stress, tension was analysed to investigate the influ-
ence of sample thickness on the load bearing share of the tissue, see
Fig. 6E-G. By removing thickness from the calculation, tension gives a
better representation than stress response for how the individual layers
contribute to the overall leaflet load bearing. Here, we see greater dif-
ferences between the groups tested. The fibrosa and whole leaflet groups
exhibit significantly stiffer behaviour in their circumferential directions

compared to radial in both the initial (p = 0.0001 for FC and FR; p =
0.014 for WC and WR) and final (p < 0.0001 for RC and FR; p = 0.0015
for WC and WR) regions. There was no statistical difference observed
between the two ventricularis directions for either portion of the curve.
Between the groups, for samples tested in the circumferential direction,
the ventricularis was significantly less stiff than the fibrosa (p = 0.0093)
and whole leaflet (p = 0.0012) in the initial region and remained
significantly less stiff than the whole leaflet (p = 0.0243) samples in the
final region. Across all the groups and both regions, there were no sta-
tistically significant differences between any of the radial samples.

Due to a number of samples breaking at the grips, failure stress and
strain are not reported, instead only initial and final moduli have been
considered.

4. Discussion

This study presented the use of histological imaging, SHG imaging,
and uniaxial tensile testing to characterise the mechanical response and
collagen microstructure of healthy, porcine aortic valve leaflets and
their fibrosa and ventricularis layers with the aim of providing bench-
marks for development of novel synthetic devices. This work presents,
for the first time, the use of the chemical clearing agent BABB on aortic
valve leaflets to allow for SHG imaging and detailed analysis of the
collagen microstructure throughout the entire leaflet thickness, some-
thing which has previously been a challenge for imaging of valve leaflet
tissue.

To effectively replicate native aortic leaflet tissue with synthetic
materials, the collagen microstructure should be considered as the fibre
orientation and organisation determine the tissue’s function. Using SHG
paired with BABB gave valuable insights into the collagen microstruc-
ture at key locations in the leaflets. Chemically clearing the leaflets with
BABB solution allowed for full penetration of the leaflet thickness, up to
900 pm at some locations, while without clearing SHG depth is usually
limited to less than 150 pm (Whelan et al., 2021; Campion et al., 2021;
Torun et al., 2023). This resulted in the ability to obtain detailed images
of the collagen microstructure throughout the whole tissue thickness
without the need for destructive wax embedding and slicing that comes
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Belly

Fig. 3. Representative SHG images from each leaflet type (left coronary, LC; right coronary, RC; and non-coronary, NC) at both the commissure and belly regions.
Each column shows a single tile view of the collagen microstructure from the fibrosa layer down through the thickness to the ventricularis. Distance between in-
dividual tiles: 60-75 pm. Tile size: 425 x 425 pm. More sample images in supplementary.

with histology.

While this study investigates fibre orientation and crimp, the images
obtained can be used to extract other useful characteristics of the
microstructure. For example, Whelan et al. used SHG images to quantify
collagen content in bovine pericardium (Whelan et al., 2021) which
could be applied to this workflow to extract potentially further differ-
ences between the fibrosa and ventricularis layers. Another application
is in the development of more refined constitutive models to describe
this tissue, such as in Sadeghinia et al. who utilised SHG on cleared
mitral valve tissue (Sadeghinia et al., 2022). Ultimately, SHG imaging on
cleared leaflet tissue can provide numerous insights into the tissue
microstructure in a more robust and time efficient process than
histology.

Collagen crimp is a key feature of tissue microstructure as it governs

the tissue’s strain-stiffening behaviour. With the aortic valve, the degree
of crimp determines how much the leaflets are able to stretch under
pressure when closed. To the authors’ knowledge, these results have
presented the most extensive quantification of collagen crimp to date in
the fibrosa and ventricularis layers of the leaflet. We show that when the
leaflet is flat, the collagen fibres in the ventricularis are straighter than
in the fibrosa layers, see Fig. 4B. Previously, Sacks et al. (1998) used
SALS to suggest that the fibres in the ventricularis layer are more
crimped than the fibrosa due to lower fibre eccentricity measured
compared to the fibrosa. With the new insights from our results, we can
see that this particular phenomenon measured by Sacks et al. may not be
due to less straight fibres, but most likely from to the higher degree of
disorganisation of collagen fibres in this layer. These findings support
the known function of the aortic valve: the ventricularis is held in
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tension to be able to provide elastic recoil to open the leaflet, while the
fibrosa contains significant folding to allow leaflet deformation and
effective closure of the valve. Throughout leaflet separation during
mechanical testing this contrast between the two layers was evident

with notable contraction of the ventricularis, particularly in the radial
direction, and expansion of the fibrosa after separation (this can be seen
in Fig. 1C). This observation is supported by Stella and Sacks (2007) who
previously quantified the contraction of the ventricularis and expansion
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of the fibrosa after separation from each other.

Collagen fibre orientation in the fibrosa layer was quantified in both
the commissure and belly regions and supported trends previously
noted: there is a higher degree of alignment at the leaflet commissure
with the origin of fibre bundles which fan out to a more dispersed overall
alignment in the belly region (Sacks et al., 1998; Rock et al., 2014;
Misfeld and Sievers, 2007). Previously, studies have only been able to
identify either overall fibre orientation in a particular region of interest
which removed the ability to identify multiple families of fibres or have
only visualised the large-scale fibre bundles across the leaflet (Mega
et al., 2016; Rock et al., 2014). While previous work has been useful to
understand the overall collagen fibre directions in the leaflet as a whole,
a more detailed understanding of the range and variability of fibre ori-
entations was needed and has now been uncovered from the results
presented here. These results have been able to show orientation
changes in the collagen fibres throughout the layers of the leaflet,
something that has not been seen in detail with previously used imaging

techniques (Martin and Sun, 2012; Hepfer et al., 2018; Pierlot et al.,
2015; Sacks et al., 1998; Liao et al., 2008; Mega et al., 2016; Rock et al.,
2014). While fibre orientation was not measured in the ventricularis due
to the high degree of disorganisation of the fibres, qualitative assessment
of the images shows a stark contrast between the highly organised and
dense collagen network in the fibrosa and a more sparse, non-uniform
network in the ventricularis (see Fig. 3).

Notably, these results have shown how fibre crimp and orientation
change based on leaflet type and between valves. Collagen crimp was
not seen to change from animal to animal, suggesting this feature is
dependent upon the localised physiological environment of the indi-
vidual leaflet. Meanwhile, fibre orientation was seen to depend on
leaflet type, something that has only previously been seen on a macro
scale (Mega et al., 2016; Rock et al., 2014). These results corroborate, at
a microscale, what has been seen at a larger scale: predominant fibre
orientation in the commissure points downwards towards the centre of
the leaflet and belly region, and there is a greater range of fibre
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orientations in the belly spanning directions pointing upwards towards
both commissures.

The native aortic valve leaflet is a complex structure whose function
and mechanical response is dictated by its fibrosa and ventricularis
layers. To understand and replicate the native leaflet through novel
materials it is essential to characterise not only the leaflet as a whole but
also its layers. Uniaxial tensile testing provided these unique insights
into the mechanical and material response of the native aortic valve
leaflets and their individual layers. In utilising uniaxial over biaxial
tensile testing we were able to decouple the circumferential from radial
fibre orientations, allowing for the characterisation of the material with
fibres predominately orientated either with or against the load. While
biaxial testing provides insight into the behaviour of the leaflets in vivo,
this does not necessarily directly translate to screenable characteristics
in new materials for prosthetic leaflets. When screening new materials,
medical device companies or researchers will use quick and reliable
procedures like uniaxial testing to determine the mechanical response
and anisotropy of the material, and they need to have accurate baseline
data for assessment. To compare the groups, we looked at the stress and
tension versus strain response curves as well as the initial and final
modulus values for each of these. While all of the samples were loaded
until failure, it was noted that many samples failed at the grips, sug-
gesting high stress concentrations at these locations; for this reason,
failure stress and strain have not been reported or considered in analysis.
This is expected when strip samples are used over dog-bone samples (Pei
et al., 2021).

In the whole, intact leaflets we saw that the tissue was stiffer in the
circumferential direction than the radial direction, with a higher tensile
modulus in both the initial and final loading regions. A handful of
studies have previously investigated the uniaxial tensile response of this
tissue before, looking at both porcine and human aortic valve tissue, and
the results obtained in this current study fall within a similar range, see
Fig. 3 in supplementary material (Balguid et al., 2007; Kalejs et al.,
2009; Mavrilas and Missirlis, 1991; Stradins et al., 2004). Each of these
studies employed a different testing protocol with varying stain rates
and preloading conditions, so in order to reliably compare whole leaflet
uniaxial behaviour to the individual layers it was necessary to repeat
these tests.

By not only analysing the stress response of the tissue but also the
tension response we used the initial and final moduli to show how the
thickness of the layers impacts their mechanical contribution in the
whole leaflet. Most notably, we see that the ventricularis as a material is
very stiff, with many samples reaching higher stresses in both the radial
and circumferential directions than the fibrosa. This high stiffness in
both directions can be attributed to the disorganised nature of the
collagen fibres, evident through histology and SHG imaging, allowing
for a stiff response in all directions. Due to the tissue’s small thickness,
however, it does not dominate the leaflet’s stress response in the
circumferential direction. This is clearly shown in Fig. 6B and E as the
whole leaflet’s stress and tension response more closely follow that of
the fibrosa rather than the ventricularis in the circumferential direction.
Due to its larger thickness and more specialised collagen fibres align-
ment, the fibrosa is the primary contributor to the leaflet’s ability to
withstand stress circumferentially.

Meanwhile, in the radial direction, it is the essential combination of
both the ventricularis and fibrosa that provide the leaflet’s mechanical
response. These results further support conclusions drawn previously
from biaxial testing carried out by Stella and Sacks in 2007, where the
researchers suggested that the ventricularis dominates the mechanical
response of the native leaflet in the radial direction at high stress levels
(Stella and Sacks, 2007). While the ventricularis is able to withstand
high stresses in the radial direction, due to the collagen fibres in the
fibrosa having a predominantly circumferential alignment, it is unable
to bear as high a load in the radial direction. It is the pairing of the two
layers that gives the whole leaflet its stress response in this direction.

Additionally, the ventricularis contains elastin sheets/fibres with
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some preferential alignment radially. This is necessary for effective
leaflet function as the high levels of stretching in the ventricularis in the
radial direction allow the valve to close fully under diastolic pressure,
while its subsequent elastic recoil ensures a fully open valve during
systole (Sacks et al., 2009).

To the authors’ knowledge no studies have presented both the me-
chanical and material response of this tissue, opting either to present a
measure of tension or a measure of stress, but the consideration of both
of these is needed for effective development of novel materials, espe-
cially when considering mimicking both the fibrosa and ventricularis
layers. As mentioned, the specialised configuration of the two layers
contains folding of the fibrosa and a stretched ventricularis. While this
provides the leaflet with an enhanced ability to withstand load and
quickly close, the overall stiffness of the leaflet can be described by the
individual stiffnesses of the fibrosa and ventricularis layers (see Fig. A4
in supplementary material). When using synthetic materials to replicate
the aortic leaflet in future prosthetic devices, it is essential to consider
both the mechanical response of the material as well as how the union
and combination of these materials may impact the leaflets’ behaviour in
vivo. The need for this structural and mechanical information is evident
in publications attempting to mimic both the leaflet fibre microstructure
and mechanical response, such as (Coulter et al., 2019; Zeugin et al.,
2024; Saidy et al., 2019; Stasiak et al., 2020; Boehm et al., 2023; Snyder
and Jana, 2023; Vernon et al., 2022). Lack of a suitable tissue bench-
mark prevents adequate comparison of novel materials to native tissue.
This study addresses this knowledge gap, providing future researchers
with the necessary information to drive development of novel materials.

This study does contain a few limitations. The use of uniaxial tensile
testing over biaxial tension removed the ability to measure the inter-
action between fibres in more than one direction. However, the results
presented provide a detailed analysis of the mechanical response of the
aortic valve leaflet layers and how these drive the response of the whole
leaflet. In particular, we have used industrially-relevant methods to
show the anisotropy of tissue response between the different orienta-
tions and provided quantifiable modulus values for ease of comparison
with other materials. Secondly, SHG imaging was limited to the belly
and commissure regions of the leaflets. This was due to the knowledge
that the collagen fibre bundles originate at the commissures and meet in
the belly, providing two high-interest and contrasting regions, as well as
the practicality of high imaging and data processing times. Additionally,
characterising the fibre structure at the leaflet commissures could pro-
vide insight for future prosthetic valve development as the commissure
region experiences high levels of stress, a factor known to exacerbate
structural valve degeneration (Kostyunin et al., 2020; Stanova et al.,
2024). Future work in this area should endeavour to gain the same de-
gree of detailed understanding of the microstructure in the rest of the
leaflet. Finally, this entire study was performed on porcine rather than
human tissue. While human tissue is preferable, healthy human valve
tissue is very difficult to obtain. Porcine tissue is commonly used in valve
leaflet research and has been shown to be a good indicator of healthy
human valve tissue while also being more readily available (Martin and
Sun, 2012).

5. Conclusions

This study has presented an extensive evaluation of the aortic valve
leaflet microstructure in combination with mechanical testing to pro-
vide further insights into the leaflet material. It has demonstrated, for
the first time, the use of clearing agent BABB on aortic valve leaflet tissue
to aid SHG imaging, allowing for in-depth quantification of otherwise
challenging features of the collagen microstructure. Through this im-
aging, we have shown that the fibre orientations in the tissue are
dependent on leaflet type, while fibre crimp is likely influenced by the
local loading environment. Additionally, we have provided detailed
quantification of collagen fibre orientations at key regions of the leaflet,
as well as collagen fibre crimp in both the fibrosa and ventricularis
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layers at these locations. Along with microstructural information, we
have provided detailed mechanical property data of the fibrosa and
ventricularis layers and how they may individually contribute and in-
fluence the loading response of aortic valve leaflets. Overall, this study
has provided essential detail to support the current knowledge of the
native aortic valve leaflets with the aim to aid the development of next
generation bioinspired and biomimicking leaflet designs which can
improve upon current commercial devices.
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