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Abstract : Until now, many researchers have explained the degradation rate of biodegradable scaffold with respect
to several parameters such as porosity, pore size, and strand diameter. In this study, to analyze the degradation rate
of Polycaprolactone (PCL) scaffold, accelerated degradation experiment using sodium hydroxide (NaOH) was used.
For the experiment, PCL scaffolds were fabricated by bioplotter with respect to porosity, pore size, and strand diam-
eter, respectively. Each fabricated scaffold was put into a vial filled with 5 mol-NaOH 5 mL and trapped-air was
removed using vacuum desiccator. After that, all vials were placed in the waterbath which was maintained with 37°C
For 24 days, seven vials were taken out from the waterbath for every 2 days and each scaffold was dried after rinsing
with D.I. water. Afterwards, the degradation rate was analyzed for each type of PCL scaffolds using the measured
mass. Among them, one type of scaffolds, which has the strand diameter of 300 pm and the pitch between strands
of 800 um, was used for the measurement of molecular weight change via gel permission chromatography (GPC).
To show the each conventional parameter could not explain alone the degradation rate, the calculated degradation
rates were analyzed with respect to porosity, pore size, and strand diameter, respectively. Afterwards, every degra-
dation rate of all types of scaffolds was recorded with respect to the dimensionless surface area which is surface area/
So. So is the surface area of sphere which has same volume of respective scaffold. Consequently, the dimensionless
surface area was found to be a single parameter irrelevant to the type of PCL scaffold to explain the in-vitro degra-
dation rate of accelerated NaOH experiment.
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1. Introduction

As mentioned in previous studies of tissue engineering,
scaffold is one of key items in tissue engineering and can
provide a certain 3D topological guide during tissue
regeneration.' Method for 3D scaffold manufacturing has been
developed and could divide conventional method and solid
freeform fabrication (SFF) technique. The representative
conventional methods, such as solvent casting/particulate
leaching’, phase separation’, gas-foaming®, and freeze-drying’,
can simply fabricate 3D porous scaffold. However, the
conventional methods are difficult to control pore geometry and
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interconnectivity. In contrast, SFF technique, such as 3D
printing®®, selective laser sintering’, stereo lithography'’, can
fabricate 3D scaffold with well-defined pore geometry and
certain interconnectivity.

Until now, several synthetic polymers, which are
Polyglycolic acid (PGA), Polylactic acid (PLA), Poly(lactic-
co-glycolic acid) (PLGA), and Polycaprolactone (PCL), have
been widely used for the scaffold fabrication.'"™"* Generally,
implanted scaffold which is fabricated using synthetic
polymers is degraded during from several months to several
years with respect to material types or fabricated structures.
Especially, according to Lam’s study in 2008 ', PCL scaffold
which is fabricated by FDM (Fused Deposition Modeling)
needs several years to degrade completely in simulated
physiological conditions.
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Degradation rate (speed) of scaffold is important because of
several reasons as follows. The newly generated space and
surface by degradation are essential for the proliferation and
differentiation of cells. Newly generated interconnected space
by degradation could act like a channel for the exchange of
nutrients and wastes. The stiffness of scaffold could be
generally weakened as the scaffold is degraded. For this reason,
many researches about degradation of scaffold have been
conducted using in-vitro physiological simulated phosphate
buffered saline (PBS) solution.'>"” However, synthetic
polymers having slow degradation characteristic, which are
represented by PCL, are too hard to assess in a limited period.
Therefore, several researches about accelerated degradation
have been proposed using fluid flow?, using amine®', using
poly (aspartic acid-co-lactide) (PAL)?, and using NaOH."
Among them, Lam ez al.'* compared the accelerated
experiment using NaOH with the non-accelerated experiment
under the physiological simulated condition. Also, according to
several researches™’, accelerated experiments using NaOH is
more suitable than those using enzyme in the case of large
molecular weight (Mn > 5000).”

C. M. Agrawal et al.” assessed the degradation experiments
using salt-leaching poly(lactide-co-glycolide) (PLG) scaffold
and 37°C PBS solution and showed the result that lower
porosity and permeability contribute the faster degradation rate.
L. Wu et al."” used PLGA particulate leaching scaffold and
37°C PBS solution for the degradation experiments. In the
result of Wu’s study, the higher porosity gives the lower
degradation rate. Moreover, the lower pore size gives the lower
degradation rate.

As mentioned above, several researches have been
conducted for the degradation characteristics with respect to
several parameters such as porosity, pore size, and etc.
However, there is no research to explain the degradation with
respect to a single parameter. Because the porosity, the pore
size, and the strand diameter are coupled to each other, it is
obvious that they could not be a single parameter to explain the
degradation characteristics. Therefore, in this study, using well-
interconnected and well-defined PCL scaffolds fabricated by
SFF technique, accelerated degradation experiments were
conducted to reveal the single parameter to explain the
degradation rate. Used SFF equipment was bioplotter which
was developed by Korea Institute of Machinery and Materials
(KIMM). Bioplotter can change the size of extrude nozzle and
three different nozzles having 300, 350, and 400-um inner
diameter were used and heating temperature was controlled as
100°C and working pressure was 450 MPa.
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Figure 1. Tllustration to explain geometrical parameters for the
3D scaffold fabrication.

Table 1. Porosities of fabricated scaffolds with respect to the
strand size and pitch between strands

Strand Pitch between Porosity
size (um) strands (um) (%)
300 1200 80.4
300 800 70.5
300 600 60.7
300 475 50.4
400 630 50.1
350 550 50.0

2. Materials & Methods

2.1 Materials

In this study, PCL (Polycaprolactone, Mn = 70,000~80,000,
Sigma-Aldrich) was used for the scaffold fabrication. For the
in-vitro environment, digital waterbath (JSWB-22T, JSR)
having an accuracy of =0.2 x C at 37°C. For the accelerated
experiment, 5 mol/L NaOH solution (Sodium hydroxide
solution, Samchun chemicals) was used. To measure the weight
of scaffolds, digital scale (HS204, Hansung) having 0.1 mg
resolution was used. For the measurement of molecular weight
change, Gel Permeation Chromatography (PL-GPC110,
Polymer Laboratories) was used.

2.2 Fabrication of Scaffolds using Bioplotter

Using bioplotter which is one of dispensing type SFF
equipment, PCL scaffolds with well-defined topology and
well-interconnected pores were fabricated with geometric
parameters as depicted in Table. 1. Bioplotter is our lab-made
SFF. The bioplotter can fabricate the 3D scaffold by dispensing
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(g)

Figure 2. Schematics of accelerated degradation experiments
using NaOH solution; (a) washing the scaffold by de-ionized
water, (b) drying the scaffold in vacuum desiccator, (c) measure-
ment of scaffold weight, (d) in-vitro accelerated degradation
using waterbath and Smol NaOH, (e) washing the degraded scaf-
fold by de-ionized water, (f) drying the scaffold in vacuum desic-
cator, and (g) measurement of weight of degraded scaffold.

polymers layer-by-layer. It can control the shape, size, pore size
and porosity of the 3D scaffold. To explain parameters for
scaffold fabrication, the strand diameter and pitch between
strands shown in Fig. 1. In detail, first of all, with 300 um-
diameter PCL strands, the pitches between strands were varied
as 475, 600, and 800 um to make the porosities as 50, 60, and

70%. Moreover, strand diameters/pitches were varied as 350/
550 and 400/630 pm, respectively to have the same porosity as
50 %. All scaffolds have dimensions with 5 x 5 x 5 mm’.

2.3 in-vitro Accelerated Degradation Experiment
using NaOH Solution

For the accelerated degradation experiment, every 7
scaffolds were prepared with respect to scaffold types depicted
in Table. 1. Prepared scaffolds were cleansed with D.I. water
and dried as shown in Fig. 2(a) and (b). The weights of
scaffolds were measured by digital scale for the evaluating
initial weight of scaffolds as Fig. 2(c). After that, every scaffold
was put into glass vials having 5 mol-NaOH solution and vials
were laid in the 37°C-controlled waterbath as depicted in Fig.
2(d). Every 7 scaffolds were took out from the waterbath per
every 2 days and cleansed with D.I. water and dried as depicted
in Fig. 2(e) and (f). The weights of every dried 7 scaffolds were
measured by digital scale as depicted in Fig. 2(g). Moreover,
one scaffold type of which strand diameter/pitch is 300/800 pm
was used for the measurement of molecular weight change
using GPC. Moreover, this type of scaffolds was used to
analyze the topological change by optical microscope as shown
in Fig. 3.

3. Results and Discussions

3.1 Analysis of Topological Change during Degradation

After accelerated degradation experiments, one type of
scaffolds, which has the strand diameter/pitch as 300/800 pm,
was selected as a representative sample for the topological
analysis and the molecular weight change measurement. As
shown in Fig. 3, because the used scaffolds have well-
interconnected pores and well-defined structures, degradation
has been occurred uniformly regardless of position. Inner and
outer strands have almost same diameters after degradation.
However, at the each junction which is a cross point of strands,
the degradation rate seems to be slower than other point of

Figure 3. Optical images for degraded scaffolds having strand diameter/pitch of 300/800 pum: (a) not degraded, (b) 11-day degraded, (c)

16-day degraded, and (d) 22-day degraded.

448



Analysis of Degradation Rate for Dimensionless Surface Area of Well-Interconnected PCL

Figure 4. FE-SEM images for degraded scaffold: (a) not degraded, (b) 7-day degraded, (c) 14-day degraded, and (d) 18-day degraded.
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Figure 5. Poly distributions of PCL scaffolds by GPC (n = 5).
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strands. This phenomenon could be explained as the result of
which the surface area to volume at the junction is relatively
small compared with regular point of strands. This hypothesis
is going to be a clue to find the single parameter to explain the
degradation rate of scaffolds in Ch. 3.5.

The degraded scaffold having strand diameter/pitch of 400/
630 pwm was observed using FE-SEM (S-4800 + EDS, Hitachi)
to check the morphological change in detail. As shown in Fig.
4, wrinkles were formed on the surface of degraded scaffold. It
could be explained as the fragmentation of crystalline regions
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during surface erosion degradation.””

3.2 GPC Results

As mentioned in Ch. 3.1, one type of scaffolds, which has the
strand diameter/pitch as 300/800 pm, was selected as a
representative sample for the molecular weight change
measurement. Each 5 scaffolds per 2 days after cleansing and
drying were used for GPC experiments. For the GPC solvent,
HPLC-level chloroform was used. As a result, poly distribution
(Mw/Mn) was analyzed as shown in Fig. 5. As depicted in Fig.
5, the value of poly distribution was not changed with respect
to the degradation time. This result could be understood as a
typical output of NaOH accelerated experiment.'* In the
accelerated experiment using NaOH, it is assumed that the
broken chain of polymer at the surface was dissolved into the
medium relevant rapidly before swelling.

3.3 Calculation of Degradation Rates

For the calculation of degradation rate, initial weight and the
remained weight after degradation were used with respect to
scaffold types. First of all, for each type of scaffold, every five
scaffolds were took out, cleansed, and dried per every 2 days.
The weights of every seven scaffolds were measured using
digital scale with 0.1 mg resolution. After that, the relative
remained weights which defined as Eq. (1) were calculated
using the initial weight of each scaffold. After 24 days
experiment, the relative remained weights are plotted with
respect to the degradation times as Fig. 6. Using simple linear
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Figure 6. Relative remained weight of PCL scaffold with strand
diameter/pitch = 300/475 um (n = 7).
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Figure 7. Comparison of degradation rate with respect to porosity.

fitting algorithm, the degradation rate which is defined as “the
relative remained weight/time” was calculated as depicted in
Fig. 6. For example, as shown Fig. 6, the absolute value of
gradient value, 0.05233 is the degradation rate of the case of
300/475 pum (strand diameter/pitch).
M
ﬁ = M,

1

)

Where, M, is the weight of degraded scaffold, M; is the initial
weight of scaffold, and M, is the relative remained weight.

3.4 Degradation Rates with Respect to Porosity, Pore
Size, and Strand Diameter

In this section, above mentioned degradation rates were
analyzed with respect to porosity, pore size, and strand
diameter. First of all, as shown in Fig. 7, degradation rates were
plotted with respect to the porosity. The line-plotted data are
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Figure 8. Comparison of degradation rate with respect to pore size.
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Figure 9. Comparison of degradation rate with respect to strand
diameter.

related with the scaffolds having same strand diameters and
different porosities because of different pitches between
strands. In that case, the degradation rate became smaller as the
porosity became larger. However, in Fig. 7, cross-patterned and
open-circle-patterned data have different degradation rates
compared with the line-patterned datum having the same
porosity. Cross-patterned and open-circle-patterned data
represent 350/550 pm (strand diameter/pitch) and 400/630 um
(strand diameter/pitch), respectively. Therefore, considering
only Fig. 7, the degradation rates are not governed by only the
porosity.

Moreover, as shown in Fig. 8, degradation rates were plotted
with respect to the pore size. In this study, actually, scaffolds
were designed as varying the pitch between strands. Therefore,
the pore size could be assumed as the value which the pitch
minus the strand diameter. The solid-line-plotted data are
related with the scaffolds having same strand diameters and
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Figure 10. Comparison of degradation rate with respect to the
dimensionless surface area (S/S,).

different pore size because of different pitches between strands.
The dashed-line-plotted data are related with the scaffolds
having same porosities and different pore size because of
different pitches between strands. As depicted in Fig. 8, the
degradation rates are not governed by only the pore size.

Furthermore, as shown in Fig. 9, degradation rates were
plotted with respect to the strand diameter. The solid-line-
plotted data are related with the scaffolds having same porosity
and different strand diameters. Also, open-square-patterned and
open-circle-patterned data have different degradation rates
compared with the line-patterned datum having the same strand
diameter. Open-square-patterned and open-circle-patterned
data represent 300/600 um (strand diameter/pitch) and 300/
800 um (strand diameter/pitch), respectively. Therefore,
considering only Fig. 9, the degradation rates are not governed
by only the strand diameter.

3.5 Degradation Rates with Respect to Dimensionless
Surface Area

As mentioned in Ch. 3.1, the degradation rate at the junction
which is the cross point of two strands is slower than the other
region. The surface area at the junction is relatively small
compared with that at the other point of strands. Therefore, in
this study, “the dimensionless surface area,” which is the
surface area to Sy, is proposed as a single parameter to govern
the degradation rate regardless of scaffold types. Sy, means that
the surface area of sphere which has same volume of respective
scaffold. The surface area of each scaffold is calculated using
simple arithmetic assuming the scaffold is stacked by cylinder-
shape rods, because the used scaffolds were fabricated by
bioplotter which is a dispensing type SFF apparatus using
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circle-shape nozzle. Moreover, S is calculated easily from the
initial weight of scaffolds and the density of PCL. Following
this concept, all degradation rate data were plotted with respect
to “the dimensionless surface area” in Fig. 10. As shown in Fig.
10, the degradation rate is linearly increased with respect to
“the dimensionless surface area” regardless of the types of
scaffolds.

4. Conclusions

In this study, using NaOH, accelerated degradation
experiments of PCL scaffolds were conducted to find a single
parameter to explain the degradation rate regardless of scaffold
types. For the exact parametric studies, scaffolds were
fabricated by SFF apparatus to have well-interconnected pores
and well-defined structures. First of all, from the observation of
topological change during degradation, a clue for the single
parameter was found. In detail, the degradation rate at the
junction which is the cross point of two strands is slower than
the other region. Moreover, the surface area at the junction is
relatively small compared with the other point of strands.
Subsequently, the degradation rates were analyzed with respect
to several conventional parameters such as porosity, pore size,
and strand diameter. As a result, these conventional parameters
could not explain the degradation rate alone because they are
coupled to each other. Finally, “the dimensionless surface area”
was proposed and every degradation rates were plotted with
respect to the dimensionless surface area. Consequently, the
degradation rate is linearly increased with respect to the
dimensionless surface area regardless of the types of scaffolds.

Although this result was obtained from PCL well-defined
scaffolds using accelerated experiment, it could be extrapolated
to the other well-defined scaffolds fabricated by synthetic
polymers having similar degradation mechanism because of the
validity of NaOH accelerated experiment. To confirm the
proposed hypothesis, additional experiments using another
synthetic polymer well-defined scaffold should be conducted.
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