Applied Polymer

SCIENCE

Assessment of cell proliferation in knitting scaffolds with respect to
pore-size heterogeneity, surface wettability, and surface roughness

A Ra Jo,* Myoung Wha Hong,? Yong Sang Cho,* Ki Myoung Song,* Jun Hee Lee, Dongwoo Sohn,*
Young-Yul Kim,? Young-Sam Cho*

Division of Mechanical and Automotive Engineering, College of Engineering, Wonkwang University, 460 lksandae-ro, Iksan,
Jeonbuk 570-749, Republic of Korea

2Department of Orthopedics, Deajeon St. Mary's Hospital, Catholic University of Korea, 64, Daeheung-ro, Jung-gu, Daejeon
301-723, Republic of Korea

SDepartment of Nature-Inspired Nano Convergence System, Nano Convergence and Manufacturing Systems Research Division,
Korea Institute of Machinery and Materials (KIMM), 156, Gajeongbuk-Ro, Yuseong-Gu, Daejeon 305-343, Republic of Korea
“Division of Mechanical Engineering, College of Engineering, Korea Maritime and Ocean University, 727 Taejong-ro, Yeongdo-gu
Busan 606-791, Republic of Korea

Correspondence to: Y.-Y. Kim (E-mail: kimtwins72@catholic.ac.kr) and Y.-S. Cho (E-mail: youngsamcho@wku.ac.kr)

ABSTRACT: In this study, various types of poly(e-caprolactone) (PCL) knitting scaffolds were fabricated and analyzed to assess the
cell-culturing characteristics of knitting scaffolds with respect to pore-size heterogeneity, surface wettability, and surface roughness.
First, control knitting scaffolds were fabricated using 150-pm-diameter PCL monofilaments. Using chloroform and NaOH, PCL knit-
ting scaffolds with varying roughness, pore-size heterogeneity, and surface wettability were fabricated. Cell-culture assessments were
performed on these six types of PCL knitting scaffolds. Saos-2 cells were used for cell assessments and cultured for 14 days on each
scaffold. Consequently, heterogeneous pore-size distribution and high surface wettability were found to enhance cell proliferation in
knitting scaffolds. In addition, for highly hydrophobic knitting scaffolds exhibiting water contact angles greater than 110 degrees,
smaller surface roughness was found to enhance cell proliferation. According to this study, in the case of knitting scaffold, NaOH-
treated knitting scaffold, without any control for the pore-size homogenization, could be a candidate as the optimal knitting scaffold.
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INTRODUCTION

Tissue engineering for the regeneration of damaged or malfunc-
tioning organs is unlike conventional medical treatments for
restoring damaged human organs and tissues." In tissue engi-
neering, to restore damaged tissues, a three-dimensional porous
structure called a scaffold is needed for cell proliferation.”™
Scaffolds should have structures that facilitate the supply of
nutrients and oxygen, as well as waste discharge.®” In general,
this requirement of scaffolds has been accomplished via porosity
and interconnected pores.*'° Moreover, the scaffold should be
biocompatible, biodegradable, and appropriate mechanical
property. To satisfy requirements of scaffold, several studies
used biocompatible and biodegradable synthetic polymer such
as poly(L)lactide (PLA),"" poly(i-lactic acid) (PLLA),'>"* poly
(lactic-co-glycolic  acid) (PLGA),'*1° poly(e-caprolactone)
(PCL).'"*'® PCL which is one of synthetic polymer has good
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processibility by low melting temperature, cost effectiveness,
and mechanical property.'®”'® Therefore, to fabricate knitting
scaffolds, PCL was used.

Scaffolds should have high surface areas for cell adhesion and
proliferation.'®* To address the surface area issue, we proposed
a knitting technique in a previous study using biocompatible
and biodegradable polymer monofilament.”> Knitting scaffolds
contain interconnected pores intrinsically. Furthermore, if small
diameter monofilaments are used, scaffold surface areas are
larger than solid freeform fabrication (SFF) scaffolds which are
widely used in scaffold fabrication generated using a deposition
system.”*™*” Knitting scaffolds have intrinsic characteristics such
as non-homogeneous pore-sizes and a smooth surface. Because
knitting scaffolds were first proposed by our group in our previ-
ous study, the characteristics of knitting scaffolds are not yet
clearly understood. Therefore, in this study, several parametric
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Figure 1. Schematics of (a) laboratory-made drawing machine and (b) knitting machine. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]

studies were performed to investigate the characteristics of knit-
ting scaffolds.

In this study, various PCL knitting scaffolds were fabricated and
analyzed to assess the cell-culturing characteristics of these scaf-
fold with respect to pore-size heterogeneity, surface wettability,
and surface roughness. First, six types of scaffolds were fabri-
cated using chloroform and NaOH. The surface wettability and
roughness of these scaffolds were measured to investigate the
effect of chloroform and NaOH. Subsequently, the pore-size dis-
tribution of the fabricated scaffold was measured via micro-
scopic investigation. Finally, the cell-culturing characteristics of
these scaffolds were assessed via cell counting kit-8 (CCK-8),
and Live/Dead assays on cells cultivated for 14 days.

EXPERIMENTAL

Materials

First, PCL (regent grade, M, = 70,000~90,000, Sigma-Aldrich,
St. Louis, MO) monofilaments having 150-pum-diameter were
fabricated using extrusion and elongation process as shown in
Figure 1(a). In extrusion process, heated (at 90°C) PCL was
extruded with 1.26 mm/s speed [V, in Figure 1(a)] using dis-
penser nozzle of diameter 1.25 mm. In elongation process, the
conveyor system moved at a speed of 88 mm/s [V, in Figure
1(a)] during extrusion process. Knitting was performed with a
commercially available machine (KH-111, Brother, Japan) gen-
erally used in the hand-made clothing industry as depicted in
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Figure 1(b). Saos-2 cells were obtained from Korean cell line
bank (KCLB).

Fabrication of Scaffold

A control knitting scaffold was prepared using untreated PCL
monofilaments 150-pum-diameter, as depicted in Figure 1(b)
and Figure 2. A more detailed explanation of knitting process
can be found in our previous study.”* This type of scaffold was
labeled “type C,” where C indicates the control scaffold.

To fabricate another type of scaffold, we used process as
depicted in Figure 2(b). Before the fabricated sheet was rolled
up, chloroform was sprayed as shown in Figure 3(a). In this
process, to fix the fabricated sheet and ensure all pores having
similar size, stainless steel pins were stuck at the edge of the
fabricated sheet on paper plate as depicted in Figure 3(a). After-
ward, the paper plate was glued on the conveyor belt.

Chloroform was sprayed using an air-spray system (Infinity,
Harder&Steenbeck, Germany) with a 0.2 mm nozzle, 0.2 MPa
working pressure, and a 25 mm spraying distance. The conveyor
system moved at a speed of 2.25 mm/s during spraying. After
drying, the sprayed sheet was rolled up and diced to generate
scaffolds. This type of scaffold was labeled “type RS,” where RS
means roughened sheet.

To fabricate a third type of scaffold, we used process as shown
in Figure 2(a). Before fabricating the sheet, chloroform was
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Figure 2. A schematic of the knitting scaffold fabrication process: (a)

monofilament level and (b) sheet level processes. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

sprayed as depicted in Figure 3(b). In this process, the prepared
monofilament was moved at a speed of 2.25 mm/s, and chloro-
form was sprayed using an air-spray system (Infinity, Harder&-
Steenbeck, Germany) with a 0.2 mm nozzle, 0.2 MPa working
pressure, and a 25 mm spraying distance. After drying, sprayed
monofilaments were used to fabricate the knitting scaffold. This
type of scaffold was labeled “type RE” where RF means rough-
ened filament.

To control the surface wettability of the scaffold or roughen the
chloroform-treated scaffold surface, NaOH treatments were per-
formed on the three types of scaffolds. The three types of scaf-
folds were soaked in 10M NaOH for 1 hour. After an hour,
each scaffold was cleansed using deionized water.”®?° These
types of scaffolds were labeled “type C -+ NaOH, “type
RS + NaOH,” and “type RF + NaOH.”

Table I provides descriptions of the abbreviations used for each
scaffold type. Each scaffold was 5 mm in diameter and 5 mm in
height. For each scaffold type, a total of 34 scaffolds were
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Figure 3. A schematic of (a) process used to fabricate RS type scaffolds
and (b) process used to fabricate RF type scaffolds. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

fabricated. For each type of scaffold, 20 scaffolds were used in
the CCK-8 assay, 12 scaffolds were used in the Live/Dead assay,
and 2 scaffolds were used for SEM images.

Fabrication of Flat Sheets to Investigate Wettability,
Roughness, and Chemical Changing

To investigate the influence of chloroform and NaOH on wett-
ability and roughness, a PCL flat sheet was prepared. Surface
wettability was measured using a contact anglemeter
(SDL110TEZ, Femtofab Co.Ltd, Korea), and roughness was
measured using a Scanning White Light Interferometer (NV
6300, Zygo).For this investigation, four different types of flat
sheets(untreated PCL sheet, chloroform-treated PCL sheet,
NaOH-treated PCL sheet, and chloroform/NaOH-treated PCL
sheet) were prepared. The process conditions described above
were used. A 5 pL water droplet was used for water contact

Table I. Explanation of Abbreviation of Scaffold Types

Type of scaffold Explanation of abbreviation

© Control scaffold

RS Chloroform-treated scaffold
at the level of sheet®

RF Chloroform-treated scaffold

at the level of monofilament®

C+NaOH NaOH-treated type C scaffold
RS+NaOH NaOH-treated type RS scaffold
RF+NaOH NaOH-treated type RF scaffold

2 Levels of sheet and monofilament were explanation detailed in Figure 1.
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angle measurements, and three specimens of each type of flat
sheet were used. Each specimen was measured three times.
Three specimens of each type of flat sheet were also used for
roughness measurements, and the average measured roughness
is reported.

X-ray photoelectron spectroscopy (XPS)  (Multilab2000,
Thermo, UK) was performed to confirm chemical changes of
surface on pure, NaOH-treated, and chloroform-treated PCL
sheet scaffolds. The data of XPS spectra was generated and ana-
lyzed using the Avantage software.

Characterization of Pore-Size Distribution, Porosity

Optical microscope (Mi-9100 Zoom, Magiceyes, Korea) was
used to approximately measure the pore-size distribution of fab-
ricated scaffolds. The longest and vertical shortest distance from
the longest one of 100 pores were measured for each type of
fabricated scaffold, and pore-sizes were calculated using equa-
tion (1).3031:33

Llongest + Lhortest
2

where Ligngeq is the longest length of randomly shaped pores
and Lgorees 18 shortest length of randomly shaped pores.

(1

Pore size =

The porosity of fabricated scaffolds was calculated using equa-
tion (2). Twenty scaffolds were used to calculate the porosity of
each scaffold type.

m

Vo—
£X100 (%) (2)
Vo

Porosity =

Where vy is the apparent volume of the scaffold, which is calcu-
lated using the outer dimension of the fabricated scaffolds; m is
the mass of the scaffold; and p is the density of PCL.

Cell Preparation and Live and Dead Assay

After a few passages, cultured Saos-2 cells were detached using
trypsin/ethylenediaminetetraacetic acid (EDTA) (0.05% w/v
trypsin and 0.02% w/v EDTA) (Gibco BRL, Grand Island, NY).
Scaffolds were sterilized with 70% ethyl alcohol overnight under
UV light and were washed three times with phosphate-buffered
saline (Hyclone). Saos-2 cells were seeded onto scaffolds at a
concentration of 1 X 10> cells/10 pL in Dulbecco’s Modified
Eagle’s Medium (DMEM; Hyclone, Utah) and incubated for 30
minutes to allow cells to attach to the scaffolds. After 30
minutes, medium was added, and cells were maintained in
DMEM supplemented with 10% fetal bovine serum (FBS; Gibco
BRL, Grand Island, NY), 100 U/mL penicillin (Gibco BRL,
Grand Island, NY), and 100 pg/mL streptomycin (Gibco BRL,
Grand Island, NY). The cell-culture was maintained at 37°C in
a humidified incubator supplemented with 2% CO,. To prevent
the separating of cells from scaffold by suction process, half of
the media was changed every 3 days.”>* Analytical assays were
performed at 1, 3, 7 and 14 days.

To determine the seeding efficiency and cell growth on the scaf-
folds, viable cells were measured using Cell Counting Kit-8
(CCK-8, Dojindo, Japan) according to the manufacturer’s
instructions. Absorbance was measured at 450 nm using a
micro plate reader every 30 minutes. Cell-proliferation data are
presented as the mean optical density value from three walls
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and cell viability was assessed using a Live and dead assay kit
(Molecular Probes) according to the manufacturer’s instruc-
tions. Analytical assays were performed at 1, 3, 7 and 14 days.
The scaffold was washed gently with PBS, and a solution of 2
UM calcein AM and 4 pM EthD1 was added. The scaffold was
incubated at room temperature for 20-40 minutes. Calcein
accumulates inside live cells with intact membranes, resulting in
green fluorescent cells. This stain showed live attached to the
scaffold.

Statistical Analysis

All data were presented as means * standard deviation. Statisti-
cal analysis was conducted using single factor analyses of var-
iance (ANOVA) through SPSS version 21.0 software program
(SPSS, Chicago, IL). A value of P < 0.05 was considered statisti-
cally significant.

RESULTS AND DISCUSSION

Scaffold Morphologies via SEM

Figure 4 shows SEM images of the six types of fabricated scaf-
folds at low magnification. Each SEM image was merged side to
side using several SEM images. In the type C and C+ NaOH
scaffolds depicted in Figure 4(a,b), the surface of the monofila-
ments was very smooth compared to the type RF and
RF + NaOH scaffolds, which are depicted in Figure 4(e,(f). In
the type RF and RF + NaOH scaffolds, which were treated with
chloroform at the monofilament level, some roughened surfaces
were detected. In addition, the type RS and RS + NaOH scaf-
folds depicted in Figure 4(c,d) exhibit molten shapes between
the monofilaments. This morphology may be generated by
spraying chloroform at the sheet level. In addition, to access
influence for macroscopic morphology of fabricated scaffolds
according to treatment of NaOH and chloroform, surface mor-
phology of fabricated scaffold was observed at high magnifica-
tion as shown in Figure 5. In all cases, there is no macroscale
change was not detected comparing with the type C scaffold
[Figure 5(a)].

Water Contact Angle, Roughness, Porosity, and Chemical
Changing with Respect to Treatment

As mentioned previously, untreated PCL sheets, chloroform-
treated PCL sheets, NaOH-treated PCL sheets, and chloroform/
NaOH-treated PCL sheets were fabricated for wettability and
roughness measurements. Although six types of scaffolds were
tested (type C, RS, REF C+NaOH, RS+ NaOH,
RF + NaOH), from a chloroform and NaOH influence perspec-
tive, these scaffolds could be categorized into four types
(untreated, chloroform-treated, NaOH-treated, and chloroform/
NaOH-treated). Therefore, type RF and RS scaffolds may have
similar characteristics to a chloroform-treated flat sheet. In
addition, the type C+ NaOH scaffold may have characteristics
similar to a NaOH-treated flat sheet. Type RF+ NaOH and
RS + NaOH scaffolds may also be similar to the chloroform/
NaOH-treated specimen.

and

As shown in Figure 6(a), the contact angle of water with the
untreated PCL specimen was 69.4 = 1.8°. After NaOH treat-
ment, the water contact angle was reduced to 45.2 *=4.7°.
NaOH treatment®™®* was commonly selected to fabricate

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.42566
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Figure 4. SEM images of fabricated scaffolds at low magnification(a) type C, (b) type C + NaOH, (c) type RS, (d) type RS + NaOH, (e) type RF, and

(f) type RF + NaOH (scale bar: 1 mm).

hydrophilic PCL scaffold to enhance cell adhesion. NaOH treat-
ment form —OH group on the PCL surface and the surface was
changed as hydrophilic surface, because —OH group is hydro-
philic. On the other hand, the water contact angle was increased
to 115.3 * 1.4° after chloroform treatment. After treatment with
both chloroform and NaOH, the water contact angle was
117.1 £ 1.3° similar to the contact angle for the chloroform
specimen. A hydrophilic characteristic was expected for the
chloroform/NaOH-treated specimen: because drying and clean-
ing were performed after treatment with chloroform, NaOH

MQL{T%“’B WWW.MATERIALSVIEWS.COM
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treatment of the chloroform-treated specimen was expected to
produce a specimen with properties similar to the NaOH-
treated bare PCL sheet. However, in our experiment, the water
contact angle did not change when the chloroform-treated spec-
imen was further treated with NaOH. Nevertheless, the rough-
ness of the surface was increased, as shown in Figure 6(b).

As shown in Figure 6(b), the roughness value (R,) of the

untreated PCL specimen was 0.04 = 0.01 pm. After NaOH treat-
ment, the roughness value decreased slightly to 0.03 = 0.01 pm.

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.42566
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Figure 5. SEM images of fabricated scaffolds at high magnification (a) type C, (b) type C + NaOH (treated NaOH), (c) type RS and RF (treated Chloro-
form), (d) type RS + NaOH and RF + NaOH (treated Chloroform and NaOH) (scale bar: 5um).

This change is not significant compared to the untreated speci-
men. However, after chloroform treatment, the roughness dra-
matically increased to 1.91+0.40 pm. The roughness was
further increased to 2.81 = 0.10 um after treatment with chloro-
form and NaOH. Commonly, in the viewpoint of surface engi-
neering, it is obvious phenomenon that surface roughness
increases the hydrophobicity of hydrophobic materials and the
hydrophilicity of hydrophilic materials. To increase the surface
roughness of PCL scaffold, chloroform was selected in this
study, because chloroform is one of adequate solvents for PCL.
Chloroform may dissolve PCL surface randomly and this pro-
cess generates roughened PCL surface. For this reason, the
roughness of chloroform-treated specimen was increased.

As depicted in Figure 6(C), the porosities of type C, RS, and RF
scaffolds were measured. As mentioned previously, only type C,
RS, and RF scaffolds were assessed, as it may be assumed that
NaOH treatment does not result in any macroscopic morphol-
ogy changes. Measured porosities were 49.4 = 0.5, 47.1 = 0.4,
and 51.1 = 0.6% for type C, RS, and RF scaffolds, respectively.
Because all scaffolds had similar porosities, this parameter was
assumed to not affect cell-culture characteristics of the scaffolds.

Figure 7(a,b) are XPS spectra of pure PCL, only chloroform-
treated PCL, only NaOH-treated PCL, NaOH/chloroform-
treated sheets. First of all, there is no detected peak related to
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Cl and Na. Therefore, residual chloroform and NaOH did not
exist on specimens surface. All detected peaks ((CH,),,
0=C—0, C—C, C—H, C—0, (CH;),—C=0, C—H, and C=0)
except C—OH and —OH in Cls and Ols spectra indicated the
components of pure PCL.**?® C—OH and —OH peaks were
generated by NaOH treatment and these group are hydro-
philic.>”*® For this reason, the wettability change of NaOH-
treated specimen could be understood. However, in the case of
chloroform/NaOH-treated specimen, (CH,), peak, which is
hydrophobic, is more dominant compared to C—OH peak.
Therefore, the hydrophobic characteristic of chloroform/NaOH-
treated specimen could be explained.

Pore-Size Distribution

In Figure 8, the pore-size distribution of each scaffold is
depicted. Because it can be assumed that NaOH treatment does
not result in any macroscopic morphology changes, only type
C, RS, and RF scaffolds were assessed. As shown in Figures
8(a,c), there is no distinctive change in pore-size distribution of
the type C and RF scaffolds. Furthermore, the pore-size distri-
bution of the type C and RF scaffolds was very wide, ranging
from 600 to 1100 pm. As shown in Figure 8(b), the pore-size
distribution of the type RS scaffold was narrower than the type
C and RF scaffolds. The pore-sizes of the type RS scaffolds were

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.42566
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Figure 6. (a) water contact angles, (b) surface roughnesses, and (c) porosities with respect to types of scaffolds. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

concentrated between 700 and 900 pm. Because RS scaffolds are
fabricated via a process that fixes pore-sizes at the sheet level,
final pore-sizes were concentrated within a narrower region
compared to type C and RF scaffolds. However, it is too diffi-
cult to define the homogeneity of pore size. Therefore, in our
study, the heterogeneity and homogeneity of pore size was
divide qualitatively comparing to each other. Consequently, as
depicted in Table II type RS and RS + NaOH were defined as
“homogeneity” according to the result of Figure 8.

Cell-Culturing Results

According to reported studies,
fold with uniform pore size (homogeneous pore-size distribu-
tion) was better than that of salt-leaching scaffold with random
pore size (heterogeneous pore-size distribution). However, plot-
ting scaffold have well-interconnected pores and there are no
interconnected pores in salt-leaching scaffold. Therefore, above-
mentioned studies could be interpreted as a result of intercon-
nectivity. However, in our study, we indicated that cell response
of knitting scaffolds with heterogeneous pore size was better

39741 cell response of plotting scaf-
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than that of knitting scaffolds with homogeneous pore size with
same interconnected-pore condition.

In Table II, the pore-size distribution, wettability, and roughness
for each scaffold type are outlined for easy understanding. Cell-
proliferation results which are determined using CCK-8 assay
are shown in Figures 9-11. To compare the effect of pore-size
heterogeneity, RF vs. RS and RF+ NaOH vs. RS+ NaOH
results are shown in Figures 9(a,b), respectively. To investigate
the effect of wettability, C vs. C + NaOH results are shown in
Figure 10. To investigate the effect of surface roughness, RF vs.
RF + NaOH and RS vs. RS + NaOH results are shown in Figure
11(a,b), respectively. Type RF and RS scaffolds have different
pore-size distributions but similar roughness and wettability as
depicted in Table II.

As shown in Figure 9(a), the RF scaffold facilitated cell prolifer-
ation better than the RS scaffold, suggesting that pore-size het-
erogeneity is an important parameter for enhancing cell
proliferation in knitting scaffolds. Figure 9(b), which compares
the RF+NaOH and RS+ NaOH scaffolds, provides further

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.42566
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Figure 8. Pore-size distributions; (a) type C, (b) type RS, and (c) type RF scaffolds.

Table II. Pore-Size Heterogeneity, Surface Wettability, and Surface Roughness with Respect to Types of Scaffolds

Wettabillity

Roughness

Pore-size
heterogeneity

O: CA is under 50°

[ Rais under 0.1 um

Type of (O: heterogenous, Water contact ®: CA is under 80° O: Rais under 2.0 um
scaffold A: homogenous) angle (CA, °) @®: CAis over 110° Ra (um) H: Ra is over 2.0 um
@ (@) 69.4+1.8 ® 0.04+0.01 ]
RS A 1153+1.4 @® 1.91+0.40 (u]
RF (@) 1153+1.4 @® 1.91+0.40 o
C + NaOH @) 452 4.7 @) 0.03+0.01 ]
RS + NaOH A 1171+1.3 ® 2.81+0.10 |
RF + NaOH @) 1171 +1.3 @® 2.81+0.10 |

evidence that pore-size heterogeneity enhances cell proliferation.
Also, in the several previous studie,*>*?>™ there are some results
to indicate that the pore-size distribution could affect the cell
proliferation. Therefore, heterogeneity of pore size could be an
important parameter for enhancing cell proliferation in the case
of knitting scaffold.

Actually, RF+ NaOH and RS+ NaOH scaffold were initially
expected that the water contact angle was low and the rough-
ness was large comparing to the control scaffold. However, as a
result, the water contact angle was not diminished after NaOH
treatment. This issue should be studied for the further study.
Anyway, as depicted in Figure 9(a,b), cell amount of RF and RS

1.2 12
RF . *x [ZZ] RF+NaOH
RS

1.0 4

0.8

i\ B

©
Q by w2
c
G 06 \ 7 .
B /
5 \
w
o
< 044

0.2

0.0

days

()
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(b)

Figure 9. Cell-proliferation results with respect to pore-size heterogeneity: CCK-8 assay results of (a) RF vs. RS scaffolds and (b) RF + NaOH vs.
RS + NaOH scaffolds.
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0.8

0.6 4

Absorbance

0.4

0.2 4

0.0

1 3 7 14

days
Figure 10. Cell-proliferation results with respect to wettability: CCK-8
assay results of C vs. C + NaOH scaffolds.

scaffold showed the inclination to decrease or maintain cell
amount for 3 day comparing to 1 day. According to reported
studies,**” cell amount of pure PCL scaffold with hydrophobic
characteristics for 3 days could be smaller than that of for 1
day. Moreover, in our previous study,” cell amount of pure
PCL scaffold was decreased for 3 days comparing to cell amount
for 1 day. This phenomenon could be understood as a result of
hydrophobic characteristics of scaffold.

Figure 10 depicts cell proliferation measured using a CCK-8
assay on type C and C+ NaOH scaffolds. Type C and
C+NaOH scaffolds have different wettabilities but similar
roughness and pore-size distribution. Figure 10 indicates that
low wettability is important for cell proliferation in knitting
scaffolds. Adequate wettability is known to be necessary for cell
adhesion to the scaffold. In our work, enhancement of cell

WILEYONLINELIBRARY.COM/APP
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proliferation was observed after 7 and 14 days, as expected.
According to the reported studies,”®" cell attachment/prolifera-
tion of the scaffold with hydrophilic characteristics was better
than those of the scaffold with hydrophobic characteristics.

In Figure 11(a,b), cell proliferation measured via a CCK-8 assay
of RF vs. RF+ NaOH and RS vs. RS + NaOH are depicted. As
mentioned previously, the chloroform/NaOH-treated scaffold
has a similar water contact angle but different surface roughness
compared to the chloroform-treated scaffold. Therefore, type
RF and RF + NaOH scaffolds have different roughnesses but
similar wettability and pore-size distribution. Type RS and
RS + NaOH scaffolds also have different roughness but similar
wettability and pore-size distribution. In our experiments,
smaller roughnesses were better than larger roughness for the
proliferation. However, this result is questionable, as the RE
RF + NaOH, RS, and RS + NaOH scaffolds were very hydro-
phobic. Hydrophobic scaffolds are not adequate cell scaffolds
because cell attachment/proliferation of hydrophobic scaffold is
unfavorable comparing to hydrophilic scaffold.**™>' Therefore,
these results must be carefully used to explain the effect of sur-
face roughness. In the case of highly hydrophobic knitting scaf-
folds, increased roughness decreases cell proliferation.

In Figure 12, Live/Dead stain results were depicted at 1, 3, 7,
and 14 days after cultivation of seeded cells for all types of scaf-
folds. It seemed that there is no bad influence of remained chlo-
roform and NaOH according to Live/Dead stain results. Also,
all types of scaffolds showed increasing cell-proliferation with
respect to cultivation time.

CONCLUSIONS

Knitting 3D scaffold was proposed and it was verified that the
knitting scaffold is better than solid-freeform-fabricated scaffold
in our previous study. As a follow-up study, the effects of pore-

ok

Absorbance

YRS

Absorbance

days

(b)

Figure 11. Cell-proliferation results with respect to surface roughness: CCK-8 assay results of (a) RF vs. RF + NaOH scaffolds and (b) RS vs. RS+NaOH

scaffold.
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(a

S’

(e)

()

WILEYONLINELIBRARY.COM/APP

3 days

Figure 12. Observation of Live/Dead stain at 1, 3, 7, and 14 days after cultivation of seeded cells:

CIENC

7 days 14 days

(a) images of type C scaffold; (b) images of type RS

scaffold; (c) images of type RF; (d) images of C + NaOH scaffold; (e) images of RS + NaOH scaffold; (f) images of RF + NaOH scaffold (scale bar = 500
pum). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

size distribution, surface wettability, and surface roughness of
knitting scaffolds were assessed in this study. Through NaOH
treatment, —OH group was formed at the surface of scaffold.
This surface modification made the scaffold hydrophilic. Also,
chloroform treatment generated roughened surface at scaffold.
It is confirmed that there is no residual NaOH and chloroform
via XPS result. After this treating process, using Saos-2 cell, cell-
culturing assessments were performed. Via cell-culturing assess-
ments, pore-size heterogeneity, surface wettability, and surface
roughness effects of 3D knitting scaffold was analyzed. Conse-
quently, heterogeneous pore-size distribution and high surface
wettability were found to enhance cell proliferation in knitting

M WWW MATERIALSVIEWS.COM
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scaffolds. In addition, for highly hydrophobic knitting scaffolds
exhibiting water contact angles greater than 110 degrees, smaller
surface roughness was found to enhance cell proliferation.
Because knitting scaffold have only been recently proposed, no
parametric studies have been performed to understand the char-
acteristics of knitting scaffolds. Therefore, although these results
are quite restrictive, this work serves as a preliminary study that
enhances our understanding of the characteristics of knitting
scaffolds. According to this study, in the case of knitting scaf-
fold, NaOH-treated knitting scaffold, without any control for
the pore-size homogenization, could be a candidate as the opti-
mal knitting scaffold. However, there still exist several issues to

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.42566
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be investigated to clarify the parameters for better cell prolifera-
tion in knitting scaffold.
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