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A fundamental mechanism of in situ tissue regeneration from biodegradable

synthetic acellular vascular grafts is the effective interplay between graft

degradation, erosion and the production of extracellular matrix. In order

to understand this crucial process of graft erosion and degradation, we con-

ducted an in vitro investigation of grafts (n ¼ 4 at days 1, 4, 7, 10 each)

exposed to enzymatic degradation. Herein, we provide constitutive relation-

ships for mass loss and mechanical properties based on much-needed

experimental data. Furthermore, we formulate a mathematical model to provide

a physics-based framework for understanding graft erosion. A novel finding is

that despite their porous nature, grafts lost mass exponentially via surface ero-

sion demonstrating a 20% reduction in outer diameter and no significant

change in apparent density. A diffusion based, concentration gradient-driven

mechanistic model of mass loss through surface erosion was introduced

which can be extended to an in vivo setting through the use of two degradation

parameters. Furthermore, notably, mechanical properties of degrading grafts

did not scale with mass loss. Thus, we introduced a damage function scaling

a neo-Hookean model to describe mechanical properties of the degrading

graft; a refinement to existing mass-dependent growth and remodelling

(G&R) models. This framework can be used to improve accuracy of

well-established G&R theories in biomechanics; tools that predict evolving

structure–function relationships of neotissues and guide graft design.

1. Introduction
Since the publication of the seminal paper by Weinberg & Bell [1], there have

been tremendous developments in the field of tissue-engineered vascular

grafts (TEVGs). Specifically, the first-in-human clinical trial for extracellular

matrix (ECM)-derived acellular grafts for hemodialysis access conducted by

Niklason et al. showed very promising results at 1 year post-implant [2].

While these grafts perform well in large diameter (greater than 6 mm) and

high flow conditions, they are less successful as small diameter TEVGs.

However, the need for small diameter TEVGs keeps growing due to high preva-

lence of atherosclerosis in coronary and peripheral arteries in the United States

[3] and drawbacks associated with common treatment options. The venous

graft, which is the surgical gold standard, has limited availability and suffers

from high incidences of donor site morbidity [4]. As an alternative, various

tissue-engineered strategies have been suggested in recent years. These can

broadly be classified into four major categories—ECM-derived cellular [5],

ECM-derived acellular [2,6], synthetic cellular [7–9] and synthetic acellular

[10,11] TEVGs. While the ECM-derived strategies have shown remarkable

in-host remodelling with some even reaching Phase II clinical trials, they are

associated with complicated and high production times along with significant

production costs which serve as a barrier to clinical translation.
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Synthetic acellular bioresorbable grafts circumvent the need

for high production times by eliminating key cell-dependent

steps thereby offering an alternative that is potentially easy to

translate to a clinical setting. Particularly, we have shown that

one such bilayered acellular composite graft made of an inner

fast degrading poly(glycerol sebacate) (PGS) core and an

outer slow degrading polycaprolactone (PCL) sheath devel-

oped a fully functioning neoartery when implanted in a rat

abdominal aorta [10]. This neoartery exhibited mature levels

of elastin and collagen production along with nerve generation

[12]; essential components of a healthy blood vessel, at 1 year.

However, despite remarkable success seen in young small

animal models, translating this to the clinic requires substantial

graft redesign to accommodate for changes in arterial

geometry, age and physiological conditions of different species.

Developments in biomechanics have led to formulation of

continuum mechanics based, mixture theory-driven growth

and remodelling (G&R) computational models that predict

vascular G&R response to altered physiological conditions

[13–15]. These models have been useful in predicting G&R

response in diseased conditions like aneurysms [16–19] and

are being extended to model the in vivo development of neo-

tissue from a degrading TEVG in venous circulation [20]. In

our prior work, we used this G&R model to conduct a

paramteric study to understand the effect of degradation

rates on long-term neoarterial development [21]. Briefly, we

postulate the following strain energy function to model the

evolving neoartery using a constrained mixture model [22]:

WðsÞ ¼
Xn

a¼1

WaðsÞ ¼
Xn

a¼1

rað0Þ
rðsÞ QaðsÞ �WaðCa

nð0ÞðsÞÞ

þ
ðs

0

maðtÞ
rðsÞ qaðs� tÞ �WaðCa

nðtÞðsÞÞdt, (1:1)

where W(s) is the total strain energy of the mixture, ra(0) is

the density of constituent a at time s ¼ 0, Qa(s) is the survival

function that represents remaining mass and �Wa
(Cn(0)) rep-

resents the evolving strain energy function of the degrading

constituent. �Wa
(Ca

n(t)(s)) and ma(t) represent the strain

energy function and rate of deposition of constituents,

where Ca
nðtÞðsÞ is the right Cauchy–Green tensor at current

time s, defined relative to the configuration at time t. The sur-

vival function and changing mechanical properties are

phenomenological equations which can be tuned to refine

the predictive capability of the tool. There is a much cited

need in the field of biomechanics for experimental data to

develop these constitutive equations and obtain the requisite

rate constants [20,23]. Our prior computational work with

this model showed that the time constants associated with

graft erosion and degradation are critical for the remodelling

process, with fusiform aneurysms forming if the degradation

rate was too fast. It must be noted that while degradation

is defined as the deleterious change in properties due to

scission of polymer chains into monomers [24], we are pri-

marily concerned with the manifestation of these changes

in the context of mechanical properties. Erosion of the

grafts is defined as the reduction in mass through surface

or volumetric (bulk) erosion.

While there is a critical need to understand the erosion and

degradation process of TEVGs, the only data available are

based on studies of solid PGS erosion in vivo [25] and base-

accelerated degradation in vitro [26], with no data on

degradation or erosion of porous small diameter PGS TEVGs.
In this study, we address this need by investigating the degra-

dation and erosion mechanisms of porous PGS TEVGs used

for in situ neoartery formation [12]. We acquire experimental

data by conducting an in vitro analysis of the porous grafts

used in our in vivo studies exposed to enzymatic degradation

and provide a constitutive equation (functional form) for

mass loss and mechanical property change as a function of

degradation time. Furthermore, we use these data to develop

a diffusion-based erosion model for predicting mass loss. This

mechanistic, physics-based explanation allows formulation of

erosion as a boundary-value problem and can be used for mod-

elling the phenomena under different boundary conditions. To

our knowledge, this is the first investigation that studies the

degradation and erosion process for porous PGS TEVGs and

provides a mechanistic framework to model erosion with

validation against experimental data. These results provide

physical insights into the mechanisms of degradation and

erosion and will be of great value for G&R frameworks as the

basis of predictive tools for rational design of TEVGs.

PGS is a widely used elastomer in the field of tissue engin-

eering due to its biocompatibility and fast degradability.

It has been used in myocardial engineering [27–29], vascular

graft and microvasculature fabrication [10,30], bone and

cartilage engineering [31,32] and nerve guide development

[33–35] to name a few. These applications require an under-

standing of the degradation and erosion process of the

polymer as it guides load transfer and remodelling response.

Hence, understanding these mechanisms will have transla-

tional benefits by tuning properties of PGS (like curing time,

temperature, porosity) to achieve desired degradation rates.

This work also has broader applicability to other elastomers

manufactured by salt leaching [36–38] as they exhibit a similar

porous morphology which we have found to play a major role

in degradation.

This paper is broadly divided into two parts—modelling

erosion as pertaining to mass loss and modelling degradation

as manifested by change in mechanical properties. Section 2

outlines the methods used to investigate the enzymatic degra-

dation of grafts in vitro followed by outlining the analytical

solution of the erosion boundary value problem and predicting

mass loss through this process. Section 3 provides constitutive

relationships of mass loss based on in vitro enzymatic degra-

dation assays and outlines the relative contribution of bulk

versus surface erosion. Results from the mathematical model-

ling of erosion are presented in the context of theoretical as

compared to the experimental mass loss. Furthermore, we

investigated the changes in mechanical properties of the

degrading grafts and introduced a scalar damage function

with an explicit time-dependence to represent the weakening

of mechanical properties over degradation time s. Finally, we

analyse the results in the context of TEVG development and

refinement of G&R tools for guiding graft design.
2. Material and methods
2.1. Graft fabrication
The PGS prepolymer was synthesized as previously described

[39]. Briefly, 20 grafts were fabricated from a solvent casting/

salt leaching method using 25–32 mm ground salts as porogens

[40]. Salts were packed into the mould, which consisted of a

stainless steel rod (outer diameter¼ 0.8 mm) as a mandrel and a

teflon outer tubing (inner diameter¼ 1.58 mm, length¼ 20 mm).
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Figure 1. Scanning electron microscopy image of salt-leached PGS core at time s ¼ 0.
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Figure 2. (a) Image of PGS graft mounted on brass stub in styrofoam holder, (b) scanned CT image, (c) reconstructed surface mesh with (d) PGS in red and pores in
green. (Online version in colour.)
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The salt mould was then fused in humidified chamber at 378C
for 90 min. Salt templates were released from the mould. PGS

prepolymer was dissolved with tetrahydrofuran to prepare

20% (w/v) solution. The volume of PGS solution was adjusted

as 3 : 1 mass ratio of salt : PGS, and added to salt templates.

Salt templates were placed in a fume hood for 1 h to evaporate

solvent, and cured in a vacuum oven at 1508C for 24 h. After

curing, grafts were placed in a series of two water baths (first

bath for 24 h and second bath for 48 h) to remove residual salts

and then lyophilized (figure 1).

2.2. Enzymatic degradation
Since graft mechanics cannot directly be studied in vivo due to

the growth of neotissue upon graft degradation, we conducted

an in vitro analysis of the effect of enzymatic degradation on

graft properties to understand the physics of degradation and

erosion of these grafts. Cholesterol esterase was the enzyme of

choice for the study as it has been reported to be the primary

enzyme responsible for catalysis of PGS degradation by hydro-

lysis of ester groups in vivo [41]. Fabricated PGS samples (n ¼ 4

at each of the 4 time points) were immersed in 1 ml solution of

phosphate buffered saline with 0.2 units mg21 PGS of cholesterol

esterase (Sigma-Aldrich) kept in an incubator at 378C maintained

at a pH of 7.4. Enzyme concentration was chosen through pre-

liminary experiments that iteratively determined the

concentration required to achieve complete in vitro mass loss

by three weeks, a time constant found to match in vivo observed

rates of mass loss [25]. Initial enzyme concentration for this pro-

cess was obtained from Chen et al. [42]. The medium was

replaced every 2 days to maintain enzyme activity. Mass loss,

change in volume fraction, morphology and mechanical proper-

ties were recorded at days 1, 4, 7 and 10 after which the grafts lost

most of their structural integrity.
2.3. Dry mass loss
The mass of each sample was recorded before immersion in

degradation media and at every time point post-degradation.

Wet samples at every time-point were thoroughly dried by

lyophilization for 24 h. Each sample was then weighed and

mass loss was calculated as

Dm (%) ¼ m(s)�m(0)

m(0)
� 100, (2:1)

where m(s) is the dry mass after degradation time s and m(0) is

the initial dry mass.
2.4. Change in volume fraction
Porosity and pore size of grafts were measured using a

submicrometre resolution (0.35 mm) Skyscan 1272 (Bruker Cor-

poration) 11 Mp micro-computed tomography (microCT)

instrument. Samples were scanned before immersion in degra-

dation media for baseline measurements. Following enzymatic

degradation, samples were lyophilized at predetermined time

points and dry samples were scanned to measure change in por-

osity and pore size over time. Briefly, samples were mounted on

a brass stub with a styrofoam holder (figure 2a) and scanned

using the following settings: camera pixel size of 7.4 mm, image

pixel size of 2.8 mm, frame averaging of 10, rotation step size of

0.18 and scanned 1808 around the vertical axis. In vitro volume

fraction of PGS was defined as

fPGS(s) ¼ VPGS(s)

Vgraft(s)
, (2:2)

where fPGS(s) is the in vitro volume fraction (also called porosity)

of PGS, VPGS(s) is the volume of PGS and Vgraft(s) is the total graft

volume as calculated using microCT at time s. To obtain volume
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Figure 3. Schematic of cross section of TEVG submerged in degradation
media. Diffusion of eroded PGS occurs in the domains V1 and V2. G1

and G2 represent the inner and outer surfaces of the PGS graft, respectively.
G3 represents the impermeable outer tube wall.
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fraction, a three-dimensional image was reconstructed as a stack

of 2 mm average thick sections in the axial plane using NRecon

(Bruker Corporation). Volume fraction was calculated by using

CT-Analyser (Bruker Corporation). Briefly, a region of interest

(ROI) was defined along the length of the graft followed by iden-

tifying a threshold value to obtain a binary image with air as the

background (figure 2c). These binary images were then used to

obtain overall dimensions and a three-dimensional morpho-

metric analysis was conducted to obtain metrics of volume

fractions and to create a surface mesh using the marching

cubes algorithm (figure 2d ). We calculated the per cent change

in in vitro porosity over time of the degrading grafts as

DfPGS (%) ¼ fPGS(s)� fPGS(0)

fPGS(0)
� 100, (2:3)

where fPGS(0) and fPGS(s) are the porosities of the scaffolds at

time s ¼ 0 and current time, respectively.

2.5. Apparent density
The balance of mass equation in mixture theory allows formu-

lation of mass exchange between different constituents. This

exchange leads to mass deposition/removal which can occur as

a surface or volume erosion process. Surface erosion constitutes

evolution of the entire boundary of the species and volume ero-

sion is surface erosion at a microscopic level (at pore surface)

throughout the bulk of the body [43]. Looked at another way,

pure surface erosion requires that the apparent density of the

body remains constant, whereas volume erosion leads to a

change in apparent density, where the apparent density of PGS

(rPGS
a ) is defined as the mass of PGS per unit total TEVG

volume. The apparent density can also be defined in terms of

graft porosity as follows:

rPGS
a ¼ rPGS

T � fPGS(s), (2:4)

where rPGS
T is the true material density of PGS.

2.6. Change in bulk morphology
Three-dimensional images obtained from microCT reconstruc-

tion were used to calculate the changes in inner and outer

diameter as functions of time exposed to enzymatic degradation.

These were measured at every 0.2 mm and averaged across the

length of the sample followed by normalization to its initial

dimensions to calculate per cent change in diameter as

Dd (%) ¼ d(s)� d(0)

d(0)
� 100, (2:5)

where d(0) and d(s) are the diameters of the scaffolds at time s ¼ 0

and current time, respectively.

2.7. Mechanical testing
PGS grafts were assumed to be isotropic as they were fabricated

using the method of salt-leaching. Uniaxial tensile testing was

performed on each sample to calculate the change in mechanical

properties as a function of time exposed to enzymatic degra-

dation. The wet length, diameter and thickness of each sample

was recorded before mounting the sample. Each sample was

tested uniaxially to failure on a custom-designed biaxial tensile

testing machine. Briefly, the device consists of mounting points

for various gauge cannulae (Zephyrtronics Inc.) which are used

to mount specimens. A bath is provided for submerging samples

in desired solution at 378C. Samples can be stretched axially at a

controlled strain rate via a computer-controlled actuator (Aero-

tech Inc., Model ANT-25LA) under a video camera (Edmund

Optics, model EO-5012C) capturing images which are analysed

using custom written Matlab (MathWorks, Natick, USA) code

to obtain local strain measurements. The load is recorded by a
load cell (Transducer Techniques, model MDB-5) affixed to one

of the mounts of the device. In this case, samples were stretched

uniaxially to failure to obtain their mechanical properties.

Samples were mounted on gauge 27 cannulae followed by lightly

gluing 250 mm silica microspheres (Whitehouse Scientific Ltd) on

the surface for local strain measurements. Four preconditioning

cycles were performed by stretching the samples to 10% of

their initial length at a strain rate of 0.005 mm s21. This was fol-

lowed by stretching the samples to failure. Cauchy stress and

stretch were calculated as follows:

sz ¼
f

p(ro(t)2 � ri(t)2)
and lz ¼

l(t)
l(0)

, (2:6)

where f is the load recorded by the load cell, r0(t) and ri(t) are the

outer and inner radii, respectively, at current time, calculated by

assuming isovolumetric deformation. l(0) and l(t) are the initial

and current lengths, respectively.

This data were fit to a standard neo-Hookean model with a

time-dependent material coefficient

�WPGS
(s) ¼ b(s)

2
[I1 � 3], (2:7)

where s represents the G&R time and I1 is the first invariant of

the right Cauchy–Green tensor, namely the trace of Ca
nðtÞðsÞ.

2.8. Mathematical model of surface erosion
In this section, we discuss the analytical solution for the mass

loss from a graft subjected to enzymatic degradation. We hypoth-

esized that the mechanism of TEVG mass loss is through a time

evolving concentration gradient set up by diffusion of the eroded

PGS from the exposed graft surface. This diffusion-driven mass

loss can occur in the volume occupied by the solvent (degra-

dation media) which serves as the transport medium for the

eroded solute.

We model the graft as a thick walled, circular cylinder and

define a cylindrical coordinate system (r, u, z) with the z-axis coinci-

dent with the centreline of the graft. We consider an initial value

problem, where at time s ¼ 0, the graft is placed in an impermea-

ble cylinder of radius R3. V1(s) and V2(s) denote the inner

solvent region (0 � r � R1(s), 0 � u� 2p, 0 � z� L) and outer sol-

vent region (R2(s)� r � R3, 0 � u� 2p, 0 � z� L), respectively

(figure 3). In this work, we approximate these moving boundaries

G1 andG2 as independent of time, based on our perturbation analy-

sis of the moving boundary problem [44]. It follows from the

perturbation analysis that this approximation is valid when the
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ratio cs/r
a
a � 1. In this study, cs/r

PGS
a ¼ 8.77� 1024, supporting

the fixed boundary approximation.

The eroded PGS (solute) sets up a concentration gradient in both

these domains and Fick’s law in conjunction with conservation of

mass can be used to model the rate of change of concentration

gradient. Figure 3 shows a representative two-dimensional cross

section of the hollow cylinder (TEVG) submerged in degradation

media.

We employ Fick’s law of isotropic diffusion in both fluid

domains,

F ¼ �Drc inV1,V2, (2:8)

where F is the mass flux and D is the coefficient of diffusion, a

scalar material constant. Substituting Fick’s law in the equation

for conservation of mass for a stationary fluid, we obtain

@c
@s
¼ Dr2c: (2:9)

The diffusion is modelled as axisymmetric and independent of

axial position, so that (2.9) reduces to

@c
@s
¼ D

1

r
@

@r
r
@c
@r

� �
, V1, V2: (2:10)

We impose the standard Noyes–Whitney equation [45] to

describe the rate of dissolution of the graft at its inner and

outer surfaces, G1 and G2, respectively

n � F ¼ h(cs � c) or
@c
@n
¼ � h

D
(cs � c),

onG1,G2, s . 0,

(2:11)

where h is a material coefficient, c is the molar concentration and

cs is the saturation limit for the solute (eroded PGS) in the solvent

(enzymatic media). We assume the concentration is initially zero

in both fluid regions,

c(r, 0) ¼ 0 inV1, V2: (2:12)
2.8.1. Solution in inner domain, V1
At the inner surface of the graft (G1), where r ¼ R1 and n ¼ �er,

equation (2.11) takes the form,

@c
@r
¼ h

D
(cs � c) r ¼ R1, s . 0: (2:13)

The classical method of separation of variables can be used to

obtain the solution c(r, s) to equation (2.10) subject to the bound-

ary condition (2.13) and initial condition (2.12) [46]. For the sake

of completeness, the details are included in electronic

supplementary material, appendix A. Briefly here, defining

r̂ ¼ r
h
D

, ŝ ¼ s
D
R2

1

and b̂ ¼ h
R1

D
, (2:14)

for the inner domain V1, the solution is

c
cs
¼ 1�

X1
n¼1

2J0(anr̂)

b̂ (1þ a2
n) J0(anb̂ )

e�a
2
nb̂

2 ŝ, r̂ [ [0, b̂ ], ŝ . 0, (2:15)

where J0(anr̂) are the eigenfunctions of a (singular) Sturm–

Liouville problem [47] and an are the corresponding eigenvalues

and found as the distinct, positive real roots of

J0(anb̂ )� anJ1(anb̂ ) ¼ 0: (2:16)

As is well known, these an can be ordered such that

a1 , a2 , a3 � � �an � � � , (2:17)

a fact which will be relevant in later sections. Using

equations (2.11) and (2.15), mass loss in the inner domain can
then be calculated as follows:

Dm̂ ¼ 2pR1l
ðs

0

hðcs � cÞdt (2:18)

¼ 4p
R2

1lcs

b̂ 2

X1
n¼1

1� e�a
2
nb̂

2 ŝ

ð1þ a2
nÞa2

n

" #
: (2:19)

2.8.2. Solution in outer domain, V2
The boundary condition on the outer surface of the TEVG,

G2 (r ¼ R2, n ¼ er) is

@c
@r
¼ � h

D
(cs � c) r ¼ R2, s . 0: (2:20)

On the surface of the outer tube wall, G3 (r ¼ R3) : n ¼ �er, the

zero flux condition becomes

@c
@r
¼ 0 r ¼ R3, s . 0: (2:21)

The classical method of separation of variables can be used to

obtain the solution c(r, t) to equation (2.10) subject to the bound-

ary conditions (2.20) and (2.21) with the initial condition (2.12).

The details are provided for completeness in electronic

supplementary material, appendix B. Using the following

non-dimensionalization in the outer domain:

r̂ ¼ r
h
D

, ŝ ¼ s
D
R2

2

, b̂ ¼ h
R2

D
and g ¼ R2

R3
, (2:22)

the solution can be written as

c
cs
¼ 1�

X1
n¼1

Cnf0(anr̂) e�a
2
nb̂

2 ŝ, (2:23)

where

f0ðanr̂Þ ¼: J0ðanr̂ÞY1 an
b̂

g

 !
� Y0ðanr̂ÞJ1 an

b̂

g

 !
: (2:24)

The eigenvalues an are the roots of

anJ1ðanb̂ ÞY1 an
b̂

g

 !
� anY1ðanb̂ ÞJ1 an

b̂

g

 !

¼ J0ðanb̂ ÞY1 an
b̂

g

 !
� Y0ðanb̂ ÞJ1 an

b̂

g

 !
(2:25)

and

Cn ¼
2f0(anb̂ )

b̂ [(a2
nf

2
0(an(b̂=g))=g2)� (1þ a2

n)f2
0(anb̂ )]

: (2:26)

Using this result, the mass loss in the outer domain can obtained

by using equations (2.11) and (2.23), applied at G2,

Dm ¼ 2pR2l
ðs

0

hðcs � cÞdt (2:27)

¼ 2p
R2

2lcs

b̂

X1
n¼1

Cn

a2
n
f0ðanb̂ Þð1� e�a

2
nb̂

2
ŝÞ

" #
: (2:28)

2.9. Determination of degradation constants
Mass loss was theoretically calculated through the above bound-

ary value problem using two degradation constants. The

experimental condition required change of degradation media

every two days which changed the solute concentration. This

process was modelled by repeatedly solving the dimensional

form of equation (2.28) at each 2-day time point, after which

the solute concentration in the solution was returned to zero.

For this analysis, we let cs ¼ 0.25 g l21 [48] as the degradation

products of PGS are sebacic acid and gycerol, with glycerol

being miscible in the media. h and D are obtained by fitting
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dimensional form of equation (2.28) to only the first experimental

mass loss time point. These values of h and D are then used to

predict mass loss at all other subsequent times. These predicted

values were validated against the experimentally observed

mass loss at each time point.
3. Results
3.1. Baseline graft evaluation
The fabricated grafts (n ¼ 20) had an average outer diameter of

1.51+0.02 mm, inner diameter of 0.85+0.13 mm and length

of 9.62+0.36 mm. Porosity of 72.76+1.89% and pore size of

25–32 mm with 99.99% interconnectivity of pores were

observed. MicroCT analysis was conducted to assess hetero-

geneity within samples before exposing them to enzymatic

degradation. Figure 4a shows the variation in porosity along

the length and figure 4b shows the pore size of a representative

sample. All samples showed consistent porosity of 71.84+1.76

across their length and 75% of these pores lie within 16–35mm

for all samples, as expected from porogen size.

3.2. Erosion of tissue-engineered vascular graft
Changes in mass, volume fraction and bulk morphology

were assessed as a function of time exposed to enzymatic

degradation. These are important parameters that indicate

the extent of erosion of these grafts. They are also valuable

in understanding and modelling the mechanism of erosion

in these porous TEVGs.

3.2.1. Survival function: best-fit to experimental mass loss
Rate of mass loss is of fundamental importance for under-

standing and modelling degradation of these grafts. Figure 5
shows the in vitro rate of mass loss of these porous grafts

when exposed to enzymatic degradation. In the constrained

mixture model, mass loss of the degrading TEVGs is captured

by the survival function QPGS(s) which is defined as:

QPGS(s) ¼ 1� DmðsÞ
100

(3:1)

where Dm(s) is defined in equation (2.1). In order to obtain the

functional form of the survival function for these porous

grafts, we performed nonlinear regression on mass loss as a

function of time exposed to enzymatic degradation in vitro.

Figure 5 shows the experimental mass loss with the best-fit

exponential form of the survival function. Rate constant Q2

controls the rate of degradation.

While the form of this survival function is generally

assumed to be sigmoidal [20] due to lack of experimental

data in the literature, table 1 shows that an exponential function

is better suited to model mass loss with an R2 value of 0.99.

3.2.2. Tissue-engineered vascular graft mass loss is surface
erosion driven

The mass loss of TEVGs can be due to a range of mechan-

isms, from pure surface erosion to pure volume erosion.

Figure 6 shows that there was a 20% reduction in outer diam-

eter at day 10 with a negligible change in the inner diameter.

The small change in inner radius can be attributed to satur-

ation of the inner domain and will be explained in detail in

later sections. Also, the apparent density of the grafts (as nor-

malized with their original apparent density to account for

between sample variations) also remains fairly constant as

seen in figure 7 over the duration of degradation. Therefore,

mass loss can only be attributed to the erosion of the outer

diameter thereby showing that these TEVGs primarily

undergo surface erosion.

3.3. Mathematical modelling of tissue-engineered
vascular graft erosion

A simple mass balance shows that saturation of the inner

domain causes at most a 0.044% reduction in inner radius

of the grafts as follows:

cspR2
1 ¼ pðR1ðsÞ2 � R1ð0Þ2Þra,

DR1

R1ð0Þ
¼ cs

2ra
� 100

and
DR1

R1ð0Þ
¼ 0:044%:

9>>>>>=
>>>>>;

(3:2)

This is consistent with the result that no discernible change

in inner radius is observed. As the inner core saturates, the



Table 1. Functional forms for survival function with best-fit values and goodness of fit.

functional form equation parameter values R2

exponential QPGS(s) ¼ Q1 e2Q2s Q1 ¼ 97.74, Q2 ¼ 0.07 d21 0.99

linear QPGS(s) ¼ _msþ m(0) _m ¼ �5:02 d�1, m(0) ¼ 93.8 0.88

sigmoidal QPGS(s) ¼ [1 þ ekpðs�offsetÞ]21 kp ¼ 1.42 d21, offset ¼ 27 days 0.03
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observed surface erosion can be attributed to reduction in outer

diameter. Based on the observation that TEVG erosion was pri-

marily driven by a concentration gradient as seen by the

negligible loss in inner diameter, we developed a concentration

gradient-driven mass diffusion equation to model this mass

loss process. Using equation (2.28) and the approach elucidated

earlier for the outer domain, we determined that the best-fit

values of h and D are 1.053 � 1026 mm s21 and 2.123 � 1026

mm2 s21, respectively. Using these values obtained by fitting

to the first experimental time point, and the roots of

equation (2.25) outlined in table 2, we can predict mass loss

at the subsequent times. Figure 8 shows the experimental

and predicted mass loss from the mechanistic model in the

outer domain. The first experimental time point was used to

fit h, D required in equation (2.28). As can be seen, the predic-

tions at later time points closely follow the experimentally

observed mass loss which suggests that the analytical approach

accurately models TEVG mass loss.

Figure 9 shows the spatial distribution of concentration at

the experimental time points of 1 and 2 days. It can be seen

that saturation is observed at day 1 and the saturation front
increases over time. As noted in Material and methods

section, after 2 days, the degradation medium was replaced

in the experiment to maintain enzyme activity and prevent

complete saturation. Through the use of three terms in the

series equation (2.28), this analytical approach models the

experimental phenomena and re-establishes the concen-

tration gradient which can be seen by the increase in rate of

mass loss after 2 days following a period of reduction in

rate of mass loss (figure 8). This method provides a better

understanding of the physical phenomena causing erosion

which is a significant improvement to using a single rate con-

stant obtained through a best-fit over degradation time.
3.4. Degradation of tissue-engineered vascular graft
3.4.1. Change in mechanical properties
Change in mechanical properties due to degradation is a cru-

cial component of in situ host-remodelling. Degradation of

polymer alters mechanical properties of the grafts, which

causes a transfer of load from the degrading graft to the sur-

rounding cells under in vivo conditions. In order to capture

this phenomenon accurately in our G&R tool, we need to

obtain the functional form and rate constants associated

with the evolving material properties. Figure 10 shows the

stress–stretch data fitted to a neo-Hookean model (equation

(2.7)) at each degradation time point with an R2 . 0.97 for

each sample.

Section 3.2.2 shows that the TEVG mass loss is primarily

surface driven; however, the mechanical properties are not.

Specifically, the mechanical properties of the grafts do not

scale with density. We introduce an explicit time dependence

of mechanical properties to the existing G&R models by

introducing a scalar damage function z(s) such that 0 �
z(s) � 1. This damage function ‘softens’ the material over

degradation time s. Here, 1 represents the value for the initial

undamaged graft and 0 represents complete degradation.

Hence, the mechanical properties of the degrading graft can

be represented as

WPGS(s) ¼ b(s)

2
[I1 � 3] ¼ z(s)

bPGS
0

2
(I1 � 3)

� �
, (3:3)

where bPGS
0 ¼ 34.43 kPa

The damage function is obtained by a nonlinear regression

fit of z(s) normalized to the shear modulus at s ¼ 0 (figure 11).

It can be seen from table 3 that an exponential fit to the

normalized z(s) values yielded an R2 value of 0.96.

In summary, the experimental data provided by the in vitro
enzymatic degradation study conducted on these porous

TEVGs enable the formulation of data-driven functional forms

of the survival function and changing material properties.
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Table 2. Roots of equation (2.25).

n 1 2 3 4 5 6 7

roots 0.2919 1.7824 3.2043 4.6504 6.1131 7.5859 9.0649
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Recall the strain energy function for the entire mixture

W(s) ¼
Xn

a¼1

Wa(s) ¼
Xn

a¼1

ra(0)

r(s)
Qa(s) �Wa

(Ca
n(0)(s))

þ
ðs

0

ma(t)

r(s)
qa(s� t) �Wa

(Ca
n(t)(s)) dt: (3:4)

For the TEVG component in question,

a ¼ PGS mPGS(t) ¼ 0, (3:5)

since PGS is only degrading and is not deposited over time.

Therefore,

W(s) ¼ WPGS(s) ¼ rPGS(0)

r(s)
QPGS(s) �WPGS

(CPGS
n(0) (s)): (3:6)

Substituting the form of the survival function and evolving

material properties gives

WPGS(s) ¼ rPGS(0)

r(s)
Q1 e�Q2s(s)z(s)

bPGS
0

2
(I1 � 3)

� �
, (3:7)

where values of Q1 and Q2 are given in table 1.
4. Discussion
Successful G&R elicited by porous acellular TEVGs rests on

the effective interplay between PGS degradation, erosion

and ECM deposition. Computational G&R tools have

proven to be sources of predictive capabilities that guide

rational design of TEVGs. However, this predictive capability

depends on the knowledge of certain properties that can

be prescribed through experimental data or mechanistic

models. Two such material properties that are the focus of

this study are degradation and erosion rates of grafts. It has

been postulated that the main mechanism of ECM deposition

is through the stress-driven mechanobiological response of

ECM-producing cells which requires accurate modelling

of load transfer from the graft. Since graft mechanics

cannot directly be studied in vivo due to the growth

of neotissue upon graft degradation, we conducted an

in vitro analysis of the effect of enzymatic degradation on

graft properties.

We took two approaches to modelling the mass loss due

to erosion of these TEVGs based on experimental data.

Firstly, we obtained functional forms and rate constants of

the survival function by providing a best-fit to mass loss
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Table 3. Functional forms for time-evolving neo-Hookean parameter with
best fit values and goodness of fit.

functional
form equation parameter values R2

exponential z(s) ¼ z1 e2z2s z1 ¼ 1, z2 ¼ 0.164 0.96

linear z(s) ¼ _zsþ z0
_z ¼ �0:086, z0 ¼ 1 0.89
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over time. While most previous models assume a sigmoidal

mass loss [20], we observe that an exponential model

provides a better fit in this context. Another significant find-

ing was that despite the porous nature of these grafts, most

mass loss occurs at the surface of these TEVGs. This was evi-

denced by the small change in density, pore size and inner

diameter of the grafts over degradation time. Based on

these results, we formulated a mathematical model of graft

erosion and validated the proposed theoretical model with

experimental data. The boundary value problem formulated

herein enables the prediction of mass loss through two degra-

dation constants h and D. Furthermore, differences between

the in vivo and in vitro setting can be included in this frame-

work by changing the rate constants and boundary

conditions while using the same functional forms of the

equations. For example, the inner boundary condition can

be changed to a convection boundary condition to account
for blood flow in the lumen in vivo. Cell infiltration in vivo
is expected to alter the rate constants for degradation and

erosion and not the functional forms themselves. These rate

constants can be tuned for in vivo applications based on

measurements of neoartery formation. For example, the par-

ameters h and D can be tuned for in vivo mass loss through a

parametric evaluation guided by observations from exper-

iments. The rate of degradation could additionally be

affected in vivo by strains experienced by the graft. However,

due to the nature of graft implantation, there is no axial strain

at implantation and the presence of the PCL sheath restricts

circumferential strain to be less than 4%. The influence of

larger strains on degradation rates can be evaluated, if

needed, in future studies.

Another important aspect of the in-host remodelling

process is the changing load bearing contribution of the

degrading TEVG which guides cellular response over time.

We observed that while mass loss is largely surface-driven,

mechanical properties are not. Herein, we provided a consti-

tutive relationship for the ‘weakening’ of material properties

due to degradation over time by introducing a damage func-

tion. This key finding ensures that mechanical properties are

extracted from the dependence on mass loss alone and are

explicitly modelled as functions of degradation time; an

improvement to existing G&R models.

It must be noted that while erosion was primarily observed

on the outer surface of the grafts, we did observe some minor

volume degradation at the pores. Figure 12 shows that there

was an 8% increase in porosity at day 10 which corresponds

to only a 3% mass loss. We also modelled mechanical proper-

ties of the graft using an assumption of isochoric deformation

for an incompressible material. This assumption is often

made in models of the artery wall and vascular grafts [13,20],

and future studies can explore the importance of model-

ling the graft using a two-parameter coupled compressible

neo-Hooken model [49].
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These findings not only provide an understanding of the

fundamental process of PGS degradation and erosion, but

also provide broader insights into the in vivo remodelling pro-

cess. The finding that graft surface erosion is dominated by an

evolving concentration gradient implies that the pores in

these grafts saturate which is consistent with data found

here on mass loss. This has implications in the inflammatory

response of cells; a crucial first response that guides further

remodelling [50]. Furthermore, since pore size is one of the

major determinants of macrophage polarization [51] it can

be conjectured that these cells sense the fabricated pore size

and that their behavior can be modulated as desired through

this particular graft parameter. It must also be mentioned that

while this study enabled us to understand the underlying

mechanism of graft degradation, the effect of volume

degradation can be enhanced in vivo by the presence of

cells, especially macrophages. This phenomenon is currently

under investigation in our group and is being included in the

G&R framework to improve its predictive capability for use

in rational design of TEVGs.
2

5. Conclusion
In summary, this work provides much-needed experimental

data required to guide computational G&R modelling in

the field. It is the first study that takes a physics-based

approach to informing G&R computational tools with
physical mechanisms of degradation and erosion of these

grafts using a controlled environment. It also serves as an

essential complement to our ongoing in vivo study of

neoartery formation using the PGS core studied here as repla-

cement vessels in the carotid artery of rats [52]. These results

are of value not only for the use of G&R frameworks as pre-

dictive tools but also for understanding the fundamental

mechanisms responsible for successful in-host remodelling

of TEVGs as translational medical devices.
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