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Abstract: The mass loss behavior of degradable tissue scaffolds is critical to their lifespan and other
degradation-related properties including mechanical strength and mass transport characteristics.
This paper presents a novel method based on synchrotron imaging to characterize the scaffold mass
loss from erosion degradation in situ, or without the need of extracting scaffolds once implanted.
Specifically, the surface-eroding degradation of scaffolds in a degrading medium was monitored
in situ by synchrotron-based imaging; and the time-dependent geometry of scaffolds captured
by images was then employed to estimate their mass loss with time, based on the mathematical
model that was adopted from the literature of surface erosion with the experimentally-identified
model parameters. Acceptable agreement between experimental results and model predictions
was observed for scaffolds in a cylindrical shape, made from poly(lactic-co-glycolic) acid (PLGA)
and polycaprolactone (PCL). This study illustrates that geometry evaluation by synchrotron-based
imaging is an effective means to in situ characterize the scaffold mass loss as well as possibly other
degradation-related properties.
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1. Introduction

Tissue engineering is an emerging field with one goal of developing methods to replace/repair
damaged and/or diseased tissue. One of the most promising state-of-the-art methods for creating
new tissue is scaffold-based tissue engineering. In this method, an artificial matrix—known as a tissue
scaffold—is seeded with patient derived cells, forming what is known as a tissue engineering construct.
This construct is then either directly implanted within the body, or incubated within an artificial
simulacrum of the living environment for a time period prior to its implantation. The cells seeded
within the scaffold self-organize into new tissue/organs, while the underlying scaffold degrades and
is usually absorbed and excreted by the body. A critical factor in the design of the tissue scaffold is
its degradation behavior, which controls the device’s lifespan in the body and other related features
such as its mechanical strength [1,2] and mass transport characteristics, which are both functions
of time. Synthetic and natural polymers display two general types of degradation behavior, i.e.,
(1) surface degradation, as illustrated in Figure 1a; and (2) bulk degradation. Within the category
of bulk degradation there are two additional degradation pathways; (1) uniform degradation and
(2) heterogeneous degradation [3], which are illustrated in Figure 1b,c, respectively. Examples in the
literature of scaffolds that display surface degradation are found in references [4–6], while examples of
bulk degrading scaffolds are in [7–9] and inhomogeneous bulk degradation is in [10].
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Figure 1. (a) Surface degradation; (b) homogeneous bulk degradation; and (c) inhomogeneous bulk 
degradation [3]. 

Part of the volume of the tissue engineering construct is occupied by the tissue scaffold material 
phase, and the remaining volume is filled by a fluid, seeded cells, and developing tissue. Figure 2a 
shows an example of a unit cell of a tissue engineering scaffold, while Figure 2b–d illustrate the 
scaffold material occupied volume in the unit cell, the tissue/cells/fluid occupied volume, and the 
interface surface between these two volumes, respectively. 
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Figure 2. (a) Tissue engineering construct unit cell; (b) scaffold material occupied volume; (c) 
tissue/cells/fluid occupied volume; and (d) interface surface between the two volumes. 

In surface degradation, the scaffold material resists the infiltration of the liquid degrading 
medium, resulting in a steep gradient of medium concentration within the scaffold material. The 
maximum concentrations occur near the interface between the scaffold-material volume and the 
tissue/cells/fluid volume and then decreases toward the inside of the scaffold material. As such, the 
degradation chemical reaction (hydrolysis) proceeds at a higher rate at the interface surface than in 
the interior of the scaffold-material volume, which further causes the molecular weight of the scaffold 
material to decline fastest near the interface surface. Once the molecular weight decreases to a critical 
level, the polymer chains diffuse from the scaffold into the fluid/cell/tissue volume. This erosion 
process changes the scaffold geometry, however it does not alter much of the molecular weight—and 
therefore the mechanical properties—of the scaffold-material volume. In essence, small sheet like 
layers of the scaffold material are dissolved and stripped away, revealing a fresh surface which then 
in turn is attacked by the degrading medium. Over time, the scaffold-material volume decreases in 
size as the scaffold material is gradually dissolved, and the in-solution scaffold materials are disposed 
by the body.  

 

Figure 1. (a) Surface degradation; (b) homogeneous bulk degradation; and (c) inhomogeneous bulk
degradation [3].

Part of the volume of the tissue engineering construct is occupied by the tissue scaffold material
phase, and the remaining volume is filled by a fluid, seeded cells, and developing tissue. Figure 2a
shows an example of a unit cell of a tissue engineering scaffold, while Figure 2b–d illustrate the scaffold
material occupied volume in the unit cell, the tissue/cells/fluid occupied volume, and the interface
surface between these two volumes, respectively.
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Figure 2. (a) Tissue engineering construct unit cell; (b) scaffold material occupied volume;
(c) tissue/cells/fluid occupied volume; and (d) interface surface between the two volumes.

In surface degradation, the scaffold material resists the infiltration of the liquid degrading medium,
resulting in a steep gradient of medium concentration within the scaffold material. The maximum
concentrations occur near the interface between the scaffold-material volume and the tissue/cells/fluid
volume and then decreases toward the inside of the scaffold material. As such, the degradation
chemical reaction (hydrolysis) proceeds at a higher rate at the interface surface than in the interior
of the scaffold-material volume, which further causes the molecular weight of the scaffold material
to decline fastest near the interface surface. Once the molecular weight decreases to a critical level,
the polymer chains diffuse from the scaffold into the fluid/cell/tissue volume. This erosion process
changes the scaffold geometry, however it does not alter much of the molecular weight—and therefore
the mechanical properties—of the scaffold-material volume. In essence, small sheet like layers of
the scaffold material are dissolved and stripped away, revealing a fresh surface which then in turn
is attacked by the degrading medium. Over time, the scaffold-material volume decreases in size as
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the scaffold material is gradually dissolved, and the in-solution scaffold materials are disposed by
the body.

The degradation behavior of tissue scaffolds is usually experimentally characterized by in vitro
tabletop degradation experiments, where a tissue scaffold sample is immersed in phosphate-buffered
saline (PBS) and incubated at body temperature [11]. While these experiments provide some useful
data about degradation, the PBS medium does not perfectly represent in vivo degradation. To achieve
closer agreement between in vivo and in vitro degradation experiments, media that includes enzymes
and cultured cells have also been employed in degradation testing [12,13]. It is not yet practical or cost
effective to perfectly replicate the living environment in vitro by representing every biological and
chemical effect found in the body artificially [14].

The differences between in vivo degradation and in vitro degradation in PBS can be eliminated
by animal testing [15–18]. This approach requires a large number of animals to evaluate even a small
sample size, and the analysis of explants can also only measure the average properties of the entire
extracted device; i.e., location specific properties are not measurable. This limitation can be overcome
by adopting image-based methods to evaluate scaffold degradation and mass loss [19]. However,
even if imaging-based methods are utilized to characterize surface degradation induced sample mass
loss, ex vivo imaging methods still require the removal of the implant from the animal [20–22], which
results in some variability from the act of removing the sample and the variation between animals.
In [23] the changing density and morphology of bone is evaluated in vivo by X-ray micro computed
tomography (µ-CT) scans, raising the possibility that a similar procedure may allow the same type of
experimental evaluation to be performed for tissue scaffolds. Unfortunately, this absorption-based
method has difficulty distinguishing soft tissue from the background, and is only viable for bone tissue
engineering since the X-ray absorption characteristics of bone provide sufficient contrast with the soft
tissue surroundings. This limitation may be overcome by in vivo/in situ image-based methods that
can provide sufficient contrast to visualize the low density polymeric scaffold or devices against a
tissue background with similar X-ray attenuation properties [24–29].

Diffraction-enhanced-imaging (DEI) is a well-developed imaging method that shows promise
as a way to monitor implants when they are surrounded by material with similar densities and
absorption properties in vivo. The beam-line configuration of the DEI method is illustrated in Figure 3,
as compared to that of conventional radiography synchrotron based absorption X-ray imaging. The
major difference between them is the use of analyzer, where only the part of the X-ray with a small
scattering angle is selected and diffracted into the detector in the DEI, with more details available
in [30–33].
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In this study, we hypothesize that synchrotron-based DEI can be used to characterize the geometry
of implants and then to infer their mass loss, as they erode with time. To test it, we proposed to
employ computed tomography to reconstruct the scaffold geometry with time, which allows for
the characterization of the volume of remaining scaffold material at multiple time points during its
degradation. On this basis, we should be able to determine the mass loss with the known density
of this scaffold material. It should be noted that while theoretically, it should be possible to detect
the porosity that develops in bulk degrading polymers [34], the resolution requirements for this task
are not currently available and thus this method is presently limited to the consideration of surface
degrading tissue scaffolds only.

The approach proposed above, while possible, possesses unresolved issues. In living biological
samples, the allowable radiation dose would restrict the number of time points for imaging, thus
limiting the information for inferring the mass loss over of scaffold the course of its degradation.
Computed tomography imaging also requires a significant amount of time, in an order of hours
(especially if high resolution is required [35]), which is problematic in situations where the degradation
rate of scaffolds is too fast to be captured by imaging. In this work, planar images of the outer surface
of the scaffold are employed to determine the average strand diameter of the scaffold with time, and
the degradation is then assumed to be uniform throughout the scaffold. The change in strand diameter
is employed to estimate the volume of the scaffold with time, and its mass at a specific time is then
inferred from this volume and the known density of the scaffold material.

2. Experiments and Methods

The polymer polycaprolactone (PCL) was chosen as the material employed for rapid prototyping
scaffolds, and the degradation medium was chosen to be a 5M base solution of sodium hydroxide
at a temperature of 55 ˝C. Sodium hydroxide is chosen as the degradation medium because sodium
hydroxide ions do not diffuse readily into a wide range of polymer materials, which results in surface
degradation behavior [36,37]. The degradation of devices is also significantly accelerated compared
to that experienced in phosphate-buffered saline. This particular selection of degradation medium
and material can act as a demonstrative system to represent a variety of biologically relevant and
general polymer analysis combinations of material and degradation media. To represent an implant
with different geometry manufactured out of a different material degraded by a less aggressive
degradation medium, poly(lactic-co-glycolic) acid (PLGA) cylinders were manufactured and degraded
as well in a 1 M solution of sodium hydroxide at 55 ˝C. In detail, PLGA 50:50 with a viscosity based
molecular weight of 100,000 Daltons was purchased from Lactel Corporation (Birmingham, AL, USA).
The polymer was raised to an appropriate temperature in a furnace and cast into cylindrical Teflon
molds 1 cm high and 0.8 cm in diameter. The samples were removed from their molds with a metal
punch and the surfaces of the plastic cylinders were machined via lathe to achieve consistent sample
geometry. Twenty-four samples of PLGA were produced.

Polycaprolactone with an initial number average molecular weight of 80,000 Daltons was
purchased from Sigma Aldrich (Munich, Germany) and dispensed into three dimensional tissue
scaffolds with an Envisontech bioplotter. The polymer was extruded as a melt at 200 ˝C into strands of
500 µm diameter spaced 800 µm apart. Each layer of strands was dispensed 700 µm above the previous
layer. These dimensions were verified by optical microscopy, where dimensions were measured
with a microscope camera and the software Paxit. The overall dimensions of each scaffold were
5 mm ˆ 5 mm ˆ 5 mm.

The sample initial weights were measured and the PLGA and PCL samples were immersed in
solutions of NaOH and incubated at 55 ˝C. The PLGA implants were immersed in a 1 Molar (M)
solution while the PCL samples were degraded in a 5 M solution. Preliminary experiments [38]
revealed that these highly basic mediums and elevated temperatures induced accelerated degradation
and induced surface degradation in the PLGA and PCL samples. The PLGA samples were degraded
for 54 h with samples removed at t = 0, 12, 24, 30, 36, 42, 48, and 54 h. For PCL, the scaffolds were
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removed and characterized at t = 0, 5, 20, 25, 30, 35, and 45 h. All samples were then reweighed
and placed in a 2 cm thick ethanol/water filled tank and imaged at the Canadian Light Source (CLS)
Biomedical Imaging and Therapy bend-magnet beam-line (BMIT) at an energy of 40 keV. Three images
of each sample were taken; one at the peak of the rocking curve and two at opposite sides of the rocking
curve at half intensity. This particular beamline is equipped with a (2,2,0) cut silicon monochromator
and analyzer crystal. A copper filter was applied to remove the (2,2,0) reflection leaving only the (4,4,0)
reflection at 40 keV to proceed through the sample. The diameter of the deposited strands that make
up the layers of the rapid prototyping manufactured scaffold were measured at 20 separate locations
on the scaffold, and these measurements were employed to estimate the remaining volume of the
scaffold at each time point.

The semicrystalline PCL samples were not expected to experience crystallization during their
degradation in NaOH, since degradation is confined to the interface surface of the scaffolds. But
differential scanning calorimetry (DSC) was still performed to ensure that the PCL crystallinity had not
changed with time during degradation. The DSC method melts samples of the scaffold and evaluates
the heat absorbed by the scaffold during its phase change, which is the conversion of its ordered
crystalline phase into a fully amorphous microstructure. By comparing the enthalpy required to
transform the samples to their fully amorphous state to that required for a fully crystalline sample, the
crystallinity of the scaffold may be obtained [39]. The treatment of the samples involved heating from
room temperature to 100 ˝C at a heating rate of 10 ˝C/min and a return to room temperature after
stabilization. The phase change initiated at a transition temperature of 60 ˝C which is typical for PCL.

3. Modelling

To represent the scaffold mass loss, the phenomenological model reported in the previous
study [40] was adopted with the parameters to be identified by means of experimental date captured
by the DEI images. In this model, a hydrolysis reaction reduces the molecular weight of a degrading
polymer scaffold, denoted by

.
R, which represents the number of polymer chains cut per interval

of time. .
R “ ´dCe{dt “ k1CeCw ` k2CeCwCm

0.5 ` k3CeCwCmCNaOH
0.63 (1)

Mw{Mw0 “ Ce{Ce0

This rate of chain destruction is dependent upon the concentration of ester bonds Ce, the
concentration of water Cw, and the concentration of any media that may change the local pH of
the surroundings. These may include the acidic byproducts of degradation Cm or some substance
present in the surrounding medium, such as basic sodium hydroxide CNaOH. It may also include the
byproducts of metabolism generated by the cells seeded in the scaffold. In the particular degradation
conditions selected for this study, the degradation rate from the presence of water and weak acidic
degradation byproducts is much less pronounced than that induced by the presence of the sodium
hydroxide. Therefore, the simplified model of degradation may only consider this chemical species
and its mass transport inside the implant. The hydrolysis rate parameters for water and monomers k1

and k2 may be ignored leaving only k3 as an unknown parameter in the degradation model that must
be estimated from the experimental data. The terms above the concentration of monomers and sodium
hydroxide are dissociation terms, relating concentration to the amount of the species that dissociates
in solution. The diffusion coefficient of the species within the implant increases with time due to the
increase in the porosity of the material. The porosity of the polymer is approximated by,

ρ “ 1´ Ce{Ce0 (2)
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and the effective diffusion coefficient of the degrading polymer is estimated by the Maxwell Garnett
expression for the effective properties of a mixture, when the inclusions of the second phase in the
mixture are spherical [41].

Dap “ Da

«

1`
3
`

Dp ´Da
˘

ρ

Dp ` 2Da ´ pDp ´Daqρ

ff

(3)

where Dp is the diffusion coefficient in the pores, Da the amorphous phase of the material, and ρ the
time dependent porosity of the amorphous polymer phase. At a critical molecular weight, the polymer
is assumed to become soluble in the degrading medium and diffuse out of the implant. For PLGA
this critical molecular weight has been experimentally determined to be 15,000 Daltons [42]. For PCL
this critical molecular weight is 5000 Daltons [43]. In each element of the model, the scission rate
is calculated, and a random parameter is assigned as the fraction of scissions that have produced
polymer chains less than the critical molecular weight in size. The mass loss in each element is then
calculated as,

Mt

M0
“

Nt

N0
(4)

where Mt is the mass at time t, M0 is the initial mass of the element, and Nt and N0 are the number
of polymer chains in each element with molecular weights greater than the critical molecular weight
respectively. For PLGA, the diffusion coefficient of NaOH was chosen to be similar to that of a carboxyl
monomer in an amorphous polymer; 3.6 ˆ 10´7 cm2/h. For PCL, the diffusion coefficient of NaOH
was chosen to be higher, since the PCL displayed bulk degradation. A value of 8.29 ˆ 10´4 cm2/h was
chosen, which is equal to the measured diffusion coefficient of water in PCL. In order to estimate the
unknown parameter in the model, an objective function was defined and minimized.

Objpk3q “

t“k
ÿ

t“0

abspMexpptq ´Mmodelptqq (5)

where t is degradation time, k is the time at the end of sample degradation, Mexp(t) is the experimentally
measured mass loss as a function of time, and Mmodel(t) is the time dependent model prediction for
mass loss.

4. Results and Discussion

The crystallinity of degrading semicrystalline polymeric samples has been observed to gradually
increase with time during degradation [44]. While degradation is confined to the interface surface of
the scaffold, there is a possibility that a thin layer of partially degraded material may exhibit changes in
crystallinity during degradation. Furthermore, the elevated temperature of the degradation medium
may also lead to an increase in sample crystallinity. Since density is related to the crystallinity of
the sample, a change in this quality may yield a change in geometry that is not related to mass loss,
which would lead to an overestimation of mass loss from the characterization of the scaffold geometry.
Also, it may be of interest to extend this work in the future to estimate mechanical properties from
geometry, and such estimations would be complicated by mechanical property changes that were
not a function of geometry. Monitoring of PCL scaffold crystallinity yielded the following results,
illustrated in Figure 4, which indicate that there is no appreciable crystallization of the sample during
surface degradation.
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Figure 6. Photographs of PLGA cylinders eroded in 1 M NaOH medium at 55 °C at (a) 0 h, (b) 12 h, 
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Monitoring of the geometry was employed successfully to measure changes in the diameter of the
PCL tissue scaffold layer-by-layer strands, and the diameters of the PLGA cylinders, and to correlate
these changes with mass loss in a challenging environment where the samples are surrounded by
a medium of similar density and X-ray absorption characteristics. A representative example of the
DEI images gained of the scaffolds and implants are shown in Figure 5. Photographs of the PLGA
cylinders and PCL scaffolds during degradation are presented in Figures 6 and 7.
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Figure 7. Photograph of PCL scaffolds eroded in 5 M NaOH medium at 55 ˝C at t = 0, 5, 20, 25, 30, 35,
and 40 h.

In order to estimate mass from the images, the average strand/cylinder diameter in the
scaffold/implant was measured. These average diameters were then utilized to estimate the remaining
volume of the scaffold/implant, with the known density of PCL or PLGA giving the remaining
mass from the image-based time-dependent volume estimate. The experimental data from both this
approach and traditional gravimetric analysis were in acceptable agreement, with a percent error of
less than 9% observed between the two methods, as illustrated in Figures 8 and 9. The good agreement
between estimations of mass loss from image based volume calculations and the physical weighing of
the samples indicates that the assumption that the most significant degradation mechanism is surface
erosion, and that there are no chemical changes to the bulk scaffold material during degradation is
supported. The mass of the scaffold is therefore only a function of the remaining scaffold material
volume. It is also implied that the assumption of relatively uniform degradation is reasonable in
this particular case where the degrading medium was static and fluid flow effects on degradation
were minimal.
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Once experimental data on the mass loss with time was available, the parameters of the finite
element (FE) model of mass loss were adjusted using the cyclic coordinate descent algorithm [45]
until the best agreement between model predictions and the actual observed behavior was obtained.
In brief, this method selects a single free parameter in the model for optimization and calculates
the derivative of the objective function with respect to that particular free parameter. The single
selected free parameter is then changed to bring the value of the objective function as close to zero
as possible, while all of the other free parameters are held at their current value. The algorithm
then repeats this process for all of the other identified free parameters. This process is repeated until
convergence is achieved. The objective function (5) reached a minimum value of 47.1 for the PLGA
implants and a minimum value of 33.3 for the PCL scaffolds. When these minimum values for (5)
were obtained, the free parameter k3 was set to 3.74 h´1 for the PLGA cylinders and 0.28 h´1 for the
PCL scaffolds. These model parameters are valid for devices manufactured out of PLGA and PCL
and degraded in 1 M and 5 M NaOH solutions, respectively, at a temperature of 55 ˝C. These models
with the identified parameters were able to return the observed mass loss in the experimental data.
The geometry of the devices as predicted by the mass loss model are presented in Figures 10 and 11,
where red regions indicate full absorption, green indicates partial degradation, and blue regions retain
their initial molecular weight. The maximum observed difference between model predictions and
experiment was 20%. It is apparent in Figures 10 and 11 that the predicted geometry of the devices
with time resembles their actual physical appearance, suggesting that the degradation mechanisms
present in the physical system are all being successfully represented in the mathematical models of
degradation and mass loss. The mathematical model predictions found in Figure 8 also display a
gradual decay in the rate of mass loss as degradation proceeds. This behavior is expected, since the
interface area of the implant that is in contact with the degradation medium decreases in size as the
diameter and height of the implant decreases. The rapid prototyping scaffolds, on the other hand,
display essentially linear degradation.



J. Funct. Biomater. 2016, 7, 17 10 of 15

J. Funct. Biomater. 2016, 7, 17 9 of 15 

Once experimental data on the mass loss with time was available, the parameters of the finite 
element (FE) model of mass loss were adjusted using the cyclic coordinate descent algorithm [45] 
until the best agreement between model predictions and the actual observed behavior was obtained. 
In brief, this method selects a single free parameter in the model for optimization and calculates the 
derivative of the objective function with respect to that particular free parameter. The single selected 
free parameter is then changed to bring the value of the objective function as close to zero as possible, 
while all of the other free parameters are held at their current value. The algorithm then repeats this 
process for all of the other identified free parameters. This process is repeated until convergence is 
achieved. The objective function (5) reached a minimum value of 47.1 for the PLGA implants and a 
minimum value of 33.3 for the PCL scaffolds. When these minimum values for (5) were obtained, the 
free parameter k3 was set to 3.74 h−1for the PLGA cylinders and 0.28 h−1 for the PCL scaffolds. These 
model parameters are valid for devices manufactured out of PLGA and PCL and degraded in 1 M 
and 5 M NaOH solutions, respectively, at a temperature of 55 °C. These models with the identified 
parameters were able to return the observed mass loss in the experimental data. The geometry of the 
devices as predicted by the mass loss model are presented in Figure 10 and Figure 11, where red 
regions indicate full absorption, green indicates partial degradation, and blue regions retain their 
initial molecular weight. The maximum observed difference between model predictions and 
experiment was 20%. It is apparent in Figures 10 and 11 that the predicted geometry of the devices 
with time resembles their actual physical appearance, suggesting that the degradation mechanisms 
present in the physical system are all being successfully represented in the mathematical models of 
degradation and mass loss. The mathematical model predictions found in Figure 8 also display a 
gradual decay in the rate of mass loss as degradation proceeds. This behavior is expected, since the 
interface area of the implant that is in contact with the degradation medium decreases in size as the 
diameter and height of the implant decreases. The rapid prototyping scaffolds, on the other hand, 
display essentially linear degradation. 

 
Figure 10. Geometry after (a) 1, (b) 8, (c) 16, (d) 24, (e) 32, (f) 40, (g) 48, and (h) 60 h of degradation for 
PLGA cylinders. 

 

Figure 10. Geometry after (a) 1; (b) 8; (c) 16; (d) 24; (e) 32; (f) 40; (g) 48; and (h) 60 h of degradation for
PLGA cylinders.J. Funct. Biomater. 2016, 7, 17 10 of 15 

 

Figure 11. Geometry after (a) 1, (b) 5, (c) 10, (d) 15, (e) 30, and (f) 45 h of degradation for PCL rapid 
prototyping scaffold samples. 

In the work of [46] a cylindrical surface eroding polymer implant 4 mm in length with a diameter 
of 3 mm composed of poly-trimethylene carbonate (PTMC) is degraded within a rabbit animal model. 
The observed experimental degradation of the PTMC implant by enzymatic surface degradation may 
be related to the degradation of PCL in a 5 M solution of NaOH at 55 °C, and the degradation of 
PLGA in a 1 M solution of NaOH at 55 °C. This allows for the creation of device designs 
experimentally by employing a representative material/degradation medium that experiences rapid 
degradation. The behavior of these analogous devices composed of PCL or PLGA can then be 
employed to estimate the behavior of devices composed of PTMC in vivo.  

The degradation of PCL and PLGA cylindrical implants in NaOH at 55 °C was simulated 
mathematically with the above estimated values for k3, and the implant geometry found in [46]. It 
was found that the 20% mass loss in vivo for PTMC implants after 8 weeks is expected to occur in the 
analogous accelerated degradation system of PCL/NaOH at 55 °C after 36 h, and after 9 h for 
PLGA/NaOH at 55 °C. These results suggest that a PLGA or PCL scaffold in NaOH can be employed 
as an analogous system to PTMC in vivo without the need for an approximately 56 day period to 
evaluate each potential scaffold design. This experimental approach to scaffold design may be of 
interest if the scaffold degradation is influenced by both the area of the interface surface and the 
movement of the degradation medium. If the degradation medium is not static but rather in motion, 
the current mathematical degradation model is unable to consider the resultant enhancement to the 
degradation of the scaffold or the possibility of heterogeneous rather than uniform degradation. In 
this case, an experimental study of the scaffold degradation with an analogous system may allow this 
effect to be explored for multiple scaffold geometries within a practical degradation time. 

Finally, the developed degradation model was fitted to the in vivo experimental data found in 
[46]. The degradation model was able to successfully represent the mass loss of a PTMC implant 
when k3 = 0.00144 h−1, as illustrated in Figure 12, with an R2 value of 0.957. This result demonstrates 
that the mass loss model developed in this study is able to successfully represent the degradation of 
a surface eroding polymer in the living environment. This in vivo data was originally obtained using 
current explanation methods to characterize the in vivo degradation of the implant, but it may also 
have been obtained remotely in situ using the imaging based approach developed in this study. The 
model with this value for the free parameter k3 was then employed to simulate the degradation of a 
PTMC rapid prototyping scaffold. The model’s estimate for the lifespan of such a scaffold in the living 

 

Figure 11. Geometry after (a) 1; (b) 5; (c) 10; (d) 15; (e) 30; and (f) 45 h of degradation for PCL rapid
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In the work of [46] a cylindrical surface eroding polymer implant 4 mm in length with a diameter
of 3 mm composed of poly-trimethylene carbonate (PTMC) is degraded within a rabbit animal model.
The observed experimental degradation of the PTMC implant by enzymatic surface degradation may
be related to the degradation of PCL in a 5 M solution of NaOH at 55 ˝C, and the degradation of PLGA
in a 1 M solution of NaOH at 55 ˝C. This allows for the creation of device designs experimentally by
employing a representative material/degradation medium that experiences rapid degradation. The
behavior of these analogous devices composed of PCL or PLGA can then be employed to estimate the
behavior of devices composed of PTMC in vivo.

The degradation of PCL and PLGA cylindrical implants in NaOH at 55 ˝C was simulated
mathematically with the above estimated values for k3, and the implant geometry found in [46].
It was found that the 20% mass loss in vivo for PTMC implants after 8 weeks is expected to occur in
the analogous accelerated degradation system of PCL/NaOH at 55 ˝C after 36 h, and after 9 h for
PLGA/NaOH at 55 ˝C. These results suggest that a PLGA or PCL scaffold in NaOH can be employed
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as an analogous system to PTMC in vivo without the need for an approximately 56 day period to
evaluate each potential scaffold design. This experimental approach to scaffold design may be of
interest if the scaffold degradation is influenced by both the area of the interface surface and the
movement of the degradation medium. If the degradation medium is not static but rather in motion,
the current mathematical degradation model is unable to consider the resultant enhancement to the
degradation of the scaffold or the possibility of heterogeneous rather than uniform degradation. In
this case, an experimental study of the scaffold degradation with an analogous system may allow this
effect to be explored for multiple scaffold geometries within a practical degradation time.

Finally, the developed degradation model was fitted to the in vivo experimental data found in [46].
The degradation model was able to successfully represent the mass loss of a PTMC implant when
k3 = 0.00144 h´1, as illustrated in Figure 12, with an R2 value of 0.957. This result demonstrates that
the mass loss model developed in this study is able to successfully represent the degradation of a
surface eroding polymer in the living environment. This in vivo data was originally obtained using
current explanation methods to characterize the in vivo degradation of the implant, but it may also
have been obtained remotely in situ using the imaging based approach developed in this study. The
model with this value for the free parameter k3 was then employed to simulate the degradation of
a PTMC rapid prototyping scaffold. The model’s estimate for the lifespan of such a scaffold in the
living environment is presented in Figure 13. The rapid prototyping scaffold is predicted to degrade
almost twice as quickly as the cylindrical implant, which is a reasonable prediction since the size of the
interface area of the rapid prototyping scaffold is larger than that of the cylindrical implant.
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It is clear from Figures 8 and 9 that the geometry signal of the scaffold is sufficient to remotely infer
the mass of the scaffold without having to explant the device, as is the traditional method for mass loss
monitoring. Furthermore, there is no need to add substances or tracers, radioactive or otherwise, to the
scaffold to track the movement of mass in the body, as is necessary for some of the other approaches
to monitoring mass loss in vivo [47,48]. However, since the volume of an object is proportional to
its dimensions to the third power, any error in the measurement of the geometric parameters of the
scaffold will be magnified in the prediction of mass from geometry measurements. The resolution of
the imaging system must therefore be sufficient to achieve an acceptable error in the estimation of
scaffold/implant mass. The existing imaging system was capable of estimating mass within 25% of
the actual mass as characterized by gravimetric methods. The way is now clear to begin applying this
approach to examining the in vivo surface erosion of devices and comparing these observed results to
those obtained in simple analogs to the living environment such as phosphate buffered saline or cell
culture medium immersions.
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5. Conclusions and Future Work

DEI was successfully employed to visualize PLGA and PCL scaffolds in an imaging environment
similar to that of a living body, where both the density of the surroundings and implant are similar.
Monitoring of the geometry with time allowed the volume and hence the mass of the scaffolds to
be estimated as a function of time. These estimates of mass agreed reasonably with the directly
measured mass loss. This data was then able to allow the estimation of the parameters in a mass loss
mathematical model. In addition, the degradation of PLGA and PCL at a specific medium temperature
and pH is similar to the degradation of PTMC in the living environment of a rabbit, with the exception
that the accelerated degradation of PLGA and PCL in 1 M and 5 M solutions of NaOH at 55 ˝C degrade
149 and 37 times faster, respectively. Future work will include the application of this image-based
monitoring method to implant structures that display bulk degradation, where the initial formation of
interior voids will be the critical state employed to estimate model parameters. In addition, the next
stage in the validation of this approach for mass loss characterization is the evaluation of a PTMC
rapid prototyping fabricated scaffold in vivo with the same imaging methodology outlined in this
study. Also, the use of leave-one-out-cross-validation for parameter estimation, with an averaging
of the estimations for the parameter k3, and the use of a smaller step-size may improve agreement
between the FE models and experiment.
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