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Validation of the optimal scaffold pore size of nasal
implants using the 3-dimensional culture technique
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To produce patient-specific nasal implants, it is necessary to harvest and grow
autologous cartilage. It is crucial to the proliferation and growth of these cells for scaffolds
similar to the extracellular matrix to be prepared. The pore size of the scaffold is critical to
cell growth and interaction. Thus, the goal of this study was to determine the optimal pore
size for the growth of chondrocytes and fibroblasts.

Porous disc-shaped scaffolds with 100-, 200-, 300-, and 400-pm pores were pro-
duced using polycaprolactone (PCL). Chondrocytes and fibroblasts were cultured after seed-
ing the scaffolds with these cells, and morphologic evaluation was performed on days 2, 14,
28, and 56 after cell seeding. On each of those days, the number of viable cells was evaluated
quantitatively using an MTT assay.

The number of cells had moderately increased by day 28. This increase was notewor-
thy for the 300- and 400-pm pore sizes for fibroblasts; otherwise, no remarkable difference
was observed at any size except the 100-um pore size for chondrocytes. By day 56, the num-
ber of cells was observed to increase with pore size, and the number of chondrocytes had
markedly increased at the 400-um pore size. The findings of the morphologic evaluation were
consistent with those of the quantitative evaluation.

Experiments using disc-type PCL scaffolds showed (via both morphologic and
quantitative analysis) that chondrocytes and fibroblasts proliferated most extensively at the
400-pm pore size in 56 days of culture.
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Cell morphology was visualized using
a Hitachi SU8220 field-emission
scanning electron microscope at the
Western Seoul Center of the Korea
Basic Science Institute.

In Asians, the nose is generally marked by features including a
low wide dorsum, a retracted columella, poor projection of the
nasal tip, and weak cartilaginous support [1]. Thus, most rhino-
plasty procedures for Asian patients involve augmentation. The
implants used in dorsal augmentation can be broadly divided

into autologous and alloplastic implants. Among the latter, ex-

panded polytetrafluoroethylene and silicone are commonly uti-
lized as primary options, especially for Asian patients [2]. How-
ever, silicone is associated with complications, such as foreign
body reactions, infection, and protrusions. Thus, surgery using
autologous tissue, which has minimal side effects, is recom-
mended; however, this technique also has disadvantages, in-
cluding the finite amount of source tissue available, the need for

additional surgery to obtain autologous cartilage, the long oper-
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ation time, and donor site morbidity [3].

To overcome these drawbacks, studies have reported the pro-
duction of autologous tissue using bioengineering technology.
A study was conducted on the production of poly-L-lactic acid
scaffolds using a mold method, along with the production of
alar cartilage via the implantation of chondrocytes [4]. The use
of patient-specific nasal implants has also been reported in a
study in which a cartilage-derived hydrogel was injected into a
polycaprolactone (PCL) scaffold [S].

One of a number of scaffold materials, PCL is a synthetic poly-
mer that is widely used in tissue engineering and that has been
demonstrated to be safe in vivo [6]. It has excellent mechanical
properties, such as lower biodegradability than other polyesters,
and it supports extracellular matrix production and cell attach-
ment, growth, and proliferation [7]. Its properties can also be
modified for use in specific applications [8].

Potential cell sources for cartilage production using bioengi-
neering techniques include chondrocytes, fibroblasts, and stem
cells. It is necessary to increase the number of cells through sub-
culture before implantation into the scaffold [9].

Scaffolds must support cell attachment, proliferation, and divi-
sion, so it is crucial to fabricate a scaffold that has a physical
structure and composition resembling an extracellular matrix
[10]. Among other conditions, the pore size and pore intercon-
nectivity of the scaffold are crucial to new tissue cell penetra-
tion, cell migration, nutrient diffusion, and the removal of meta-
bolic substances. Ultimately, the scaffold provides a 3-dimen-
sional (3D) microenvironment that induces cell assembly and
differentiation [ 11]. However, the pore size and interconnectiv-
ity necessary to induce optimal cell growth differ across cell

types, and research in this area is ongoing.

(A, B) Pore sizes of 100, 200, 300, and 400 um for disc-shaped implants.
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In this study, we conducted a morphologic evaluation of chon-
drocytes and fibroblasts and observed cellular interactions to
determine the most suitable scaffold pore size for the produc-
tion of 3D patient-specific implants.

Fabrication of 3D PCL scaffold

The 3D printing was used to fabricate PCL-based scaffolds with
pore sizes of 100, 200, 300, and 400 pm for disc-shaped im-
plants (diameter, 15 mm; height, 10 mm) (Fig. 1). The diameter
of the nozzle and the height of the stack were both 250 ym. The
scaffolds were manufactured in a clean-room environment that
was compliant with International Organization for Standardiza-
tion (ISO) 14644 standards. Per ISO 11137 guidelines, each
scaffold was sterilized with gamma radiation. Scaffolds were
considered acceptable for use after being subjected to strict
quality control (under Osteopore’s ISO 13485-compliant quali-
ty management system), the standards for which included
maintenance of a porosity of 70% * 5%. To maintain this poros-
ity, scaffolds were stacked at alternating angles in a layer-by-layer
laydown pattern (Fig. 2). The pore sizes of the PCL scaffolds
were 100, 200, 300, and 400 pm, and two sets of each scaffold

were created.

Morphologic evaluation of PCL scaffolds

Morphologic evaluations of pore size were performed with an
S-4800 scanning electron microscope (SEM; Hitachi, Tokyo,
Japan) after cutting each specimen into a S X 3 x 1 mm cube, be-
fore seeding the scaffold with chondrocytes and fibroblasts. Af-

ter fixing, the specimen was coated with platinum using an SC
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A binder material was deposited onto beds with an inkjet printer
head, layer by layer.

S00K plasma sputter coater (Emscope, West Sussex, UK) and
observed at 15 kV.

Animal model

All animal experiments were carried out in alignment with the
Guidelines for the Care and Use of Laboratory Animals. Male
Institute of Cancer Research mice aged 4 to S days (Orient Bio
Inc., Seongnam, Korea) were used.

Chondrocyte isolation

A total of 12 animals were anesthetized with peritoneal anesthe-
sia using 0.008 mL per 10 g of Zoletil (Virbac, Carros, France)
and 0.002 mL per 10 g of Rompun (Bayer, Leverkusen, Germa-
ny). The costal and femoral articular cartilage was harvested
through meticulous dissection and minced finely (Fig. 3). The
cartilage was then washed with phosphate-buffered saline
(PBS), after which it was digested with 0.2% (w/v) collagenase
(Worthington Biochemical, Lakewood, NJ, USA) in PBS for 5
hours at 37°C. The cells were filtered using a 100-ym Nylon cell
strainer (Falcon; BD Biosciences, Franklin Lake, NJ, USA) and
were then pooled and centrifuged at 1,700 rpm for 10 minutes.
After two rounds of washing with PBS, the cell pellet was sus-
pended in Dulbecco modified Eagle medium (DMEM; Gibco,
Grand Island, NY, USA) supplemented with 10% fetal bovine
serum (Gibco), 1% penicillin G (Sigma-Aldrich, St. Louis, MO,
USA), and 1% gentamicin sulfate (Sigma-Aldrich). The pres-

ence of chondrocytes was confirmed via Safranin O staining.

Fibroblast isolation

A total of four animals were sacrificed, and the anesthetic proce-
dure was the same as above. Skin from the animals was harvest-
ed, and the muscle and adipose tissue were removed via scrap-
ing of the dermal side with a sterile scalpel. The tissue was
rinsed with a 0.25% trypsin-EDTA (ethylenediaminetetraacetic
acid) solution (Gibco), and an initial digestion buffer was pre-
pared by mixing trypsin and Dispase (BD Biosciences) at a 1:1
ratio. The dermis was minced into small pieces, and a second di-
gestion buffer consisting of 0.25% collagenase/FAD (flavin ade-

312

Archives of Plastic Surgery AP S

The costal and femoral cartilage were harvested through meticu-
lous dissection from 4- to 5-day-old mice and minced finely.

nine dinucleotide) and Ca was prepared by mixing 0.125 g of
collagenase type I with SO mL of DMEM/F12 medium (Gib-
co). The suspension of dermal cells was passed through a 70-um
filter using complete DMEM (Gibco), 20% fetal bovine serum
(Gibco), and 1% penicillin-streptomycin (Sigma-Aldrich). The
dish was then incubated at 37°C in an atmosphere of 5% CO,
for 3 days without disturbance.

Cell seeding and method of storage

Ethylene oxide-sterilized PCL scaffolds with 100-, 200-, 300-,
and 400-um pores were prepared in 48-well polystyrene dishes
(Corning Inc., Corning, NY, USA). Then, the isolated chondro-
cytes and fibroblasts (cell density, 1 x 10° cells/scaffold) were
seeded using pipettes in each scaffold section. To promote cell
adhesion, cell-seeded scaffold sections were incubated at 37°C
in a humidified, 5% CO, atmosphere. The scaffold section was
transferred to a new 48-well polystyrene dish, 3.0 mL of culture
medium was added to each well, and the plate was incubated for

8 weeks interspersed with mild shaking at approximately 50
rpm.

Method of observation: MTT assay

The viable cell counts in the scaffolds after culture for 2, 7, 14,
28, and 56 days were estimated using an MTT assay. To perform
this assay, each scaffold was rinsed three times with PBS and
then transferred to a 48-well culture dish. Then, 500 mL of
MTT stock solution (Sigma-Aldrich) was placed in each well
along with S mL of culture medium and incubated at 37°C for 3
hours. After removing the culture medium, the formazan pre-
cipitates of the viable cells were solubilized via addition of 2 mL
of 0.1% HCl with 45% dimethyl formamide and 10% sodium
dodecyl sulfate for 12 hours. A precision microplate reader
(Molecular Devices, San Jose, CA, USA) was then used to de-
termine the optical density of formazan at 450 nm. The viable
cell count was calculated using a linear calibration curve of the
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optical density plotted against preset cell concentrations. Data
were collected and averaged from the scaffolds for each pore
size. The cells in the scaffolds were additionally observed under
SEM,; to accomplish this, the attached cells were fixed with 2.5%
glutaraldehyde (Sigma-Aldrich) for 30 minutes at room temper-
ature. After careful rinsing with PBS, each of the scaffolds with
its attached cells was dehydrated in a graded series of ethanol
(50%, 60%, 70%, 80%, 90%, and 100%) for 10 minutes and left
to dry on a clean surface at room temperature. The surfaces and
cross-sections of the scaffolds were examined with a model
S$-4800 SEM (Hitachi) after osmium coating [12].

Morphologic evaluation

On day 2, the cells were evenly seeded on the surfaces of all scaf-
folds, and no cell growth or differences among the scaffolds
were observed. The cells became attached to the surface of the
scaffold and gradually proliferated and colonized the surface by
day 14. Cell-to-cell interaction was not clearly observed among
the chondrocytes, but it was actively observed among the fibro-
blasts starting on day 14. However, there were no meaningful
differences observed at the 14-day mark regardless of pore size
or cell type. On day 28, cell-to-cell interaction was observed in
the chondrocytes, and a greater degree of cell proliferation and
interaction was observed on the scaffolds with larger pore sizes
for both chondrocytes and fibroblasts. On day 56, the scaffolds
(with the exception of the scaffold with the 100-ym pore size)
were observed to be covered with proliferated chondrocytes to
the extent that their surfaces were not visible. Fibroblasts were
also observed to completely cover the scaffold surface at 300
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and 400 pm, whereas slow cell growth was observed at 100 and
200 pm (Fig. 4).

Quantitative evaluation: MTT assay

The cells (1x 10° cells/scaffold) were seeded in each scaffold,
and the scaffolds were checked on day 2 to ensure that the cells
had been injected evenly. At that point, the number of cells was
found to be relatively even, indicating a similar degree of loss
across scaffolds. As time passed, it was evident that cells did not
die and continued to proliferate. No noteworthy difference was
observed in the number of cells for both fibroblasts and chon-
drocytes until day 14. On day 28, the chondrocyte counts
showed moderate differences; however, except for the 100-um
scaffold, no remarkable differences were observed. With regard
to fibroblasts, the cell counts increased in a similar fashion, but
the increase was greater at 300 and 400 pm than at the lower
pore sizes. On day 56, it was evident that the larger the pore size,
the greater the cell count. The SEM results confirmed that the
morphologic evaluation aligned with these observations (Fig. ).

As rhinoplasty has progressed and improved, various techniques
and implants have been developed. Alloplastic implants are as-
sociated with problems such as foreign body reactions, and au-
tologous implants in turn have issues of donor site morbidity
and lack of source tissue. The potential of 3D implants using au-
tologous tissue has been realized due to the development of tis-
sue engineering technology and medical technology. These im-
plants are of major interest in augmentation rhinoplasty.
Broadly, 3D culture methods can be categorized into scaffold

(A) Fibroblasts and (B) chondrocytes attached to the surface of a polycaprolactone (PCL) scaffold at different time points.
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Cell counts of chondrocytes (A) and fibroblasts (B).
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and scaffold-free techniques. The former involves the utilization
of solid scaffolds, hydrogels, and other materials, while the latter
makes use of methods other than the use of a scaffold, including
micropatterned surfaces, low-adhesion plates, rotating bioreac-
tors, and magnetic 3D bioprinting. Porous scaffolds form a 3D
microenvironment in which cells can retain their natural struc-
tures as opposed to becoming flattened, as in conventional two-
dimensional cell culture. More crucially, the cells can contact
and interact with adjacent cells within the scaffold to create a tis-
sue-like structure [13].

In 3D implant production, the scaffold plays a key role in the
tissue culture, and the pore size of the scaffold is crucial to cell
binding, migration, growth, and regeneration and is directly re-
lated to overall function. In general, large pore sizes are effective
in nourishing, diffusing and eliminating metabolites, but they
are not ideal for cell binding or intracellular signaling [ 12,14]. In
addition to the pore size, the materials applied to make the scaf-
fold are important. Thus, it is important to determine the pore
size at which cells can exhibit optimal growth, and developing
biomedical products accordingly will improve the results in the
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experiments and procedures in which these scaffolds are used.

Biomaterial currently used for 3D tissue engineering can be
classified into natural polymers (e.g, silk fibroin, keratin, gelatin,
collagen, elastin, fibrinogen, chitosan, and alginate), synthetic
polymers (e.g., polyglycolic acid, polylactic acid, and PCL), in-
organic biomaterials (e.g., titanium, alumina, and zirconia), and
hybrid combinations of the above (e.g,, PCL with silk fibroin).
These compounds must be mechanically stable with proper
biodegradability and porosity, facilitating the transport of nutri-
ents, gases, and byproducts. Natural and synthetic polymers are
used for tissue engineering and regeneration due to their wide
array of characteristics, such as biodegradability, high porosity,
high surface-to-volume ratio, and small pore size.

Certain inorganic biomaterials have been used to replace peri-
odontal abnormalities and musculoskeletal system damage
[15]. Biomaterials composed of a hybrid of organic and inor-
ganic components can be multifunctional and customizable
with regard to their structural, thermal, and mechanical stability
[16].

Previous studies have demonstrated the safety of the 3D-fabri-
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cated nasal implant (40 x 10 mm; thickness, 0.8 mm or 1.0 mm;
porosity, 50%, with S00-um pores) using PCL [17], so the au-
thors of the present study chose to fabricate scaffolds using
PCL.

Factors that can affect tissue engineering within a scaffold in-
clude the size of the pores, the porosity, the interconnectivity
between pores, the shape, the material surface chemistry, the ef-
fective scaffold degradability, and the scaffold stiffness [18].

If the pores are too small, cell interaction, migration, and me-
tabolism will be limited, promoting the death of the cells at-
tached to the scaffolds. In contrast, if the pores are too large, the
surface area available for cell attachment is reduced such that the
mechanical strength of the scaffold is destroyed due to increased
void volume [19]. According to Perez and Mestres [20], the
ideal scaffold pore size falls between 100 and 400 pum. Pores
larger than 500 pm are too large to facilitate cell interaction with
the scaffold under static seeding conditions; thus, cells penetrate
the scaffolds without attaching to them. Several studies have
been published regarding optimal pore size ranges for various
cell and tissue types, such as 70-120 um for chondrocyte in-
growth [12], 40-150 pm for fibroblast binding [21], and 200~
350 um for osteoconduction [22]. Therefore, the authors of the
present study chose to test scaffolds with 100-, 200-, 300-, and
400-pm pore sizes.

The biomaterial used can also influence cell growth and at-
tachment. Griffon et al. [23] reported that in a chitosan scaffold,
chondrocytes grew best at the 70- to 120-um pore size. In a sep-
arate study, a poly (urethane urea) scaffold with pores of 150~
300 pm exhibited more chondrocyte proliferation after 28 days
of in vitro culture than scaffolds with either < 150-ym or 300- to
500-um pores [24]. Given these findings, it can be concluded
that the scaffold material plays a crucial role in the effects of pore
size. Thus, when manufacturing 3D implants, it is necessary to
fabricate the scaffold pore size with consideration of the materi-
al-to-cell interactions.

Oh et al. [9] published an article in 2006 discussing a cylinder-
type PCL scaffold with a pore size gradient. These authors set
the pore size to increase from the bottom (88 pm) to the top
(405 pm) of the scaffold. The scaffold section with a pore size of
380 to 405 pum displayed superior cell growth of chondrocytes,
while the section with a pore size of 186 to 200 ym better facili-
tated fibroblast growth. The results regarding fibroblasts dif-
tered from the findings of our experiments, which can be attrib-
uted to the use of a cylinder-shaped scatfold by Oh et al. com-
pared to the disc-shaped scaffold utilized in the present study. In
other words, it seems that differences were present with regard
to cell penetration into the 3D scaffold, and it follows that the
shape of the scaffold may influence cell attachment and growth.
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In addition to the research on scaffold pore size and morphol-
ogy, efforts are ongoing to improve the attachment of cells to
the scaffolds. Indeed, fibrin gel and collagen promote cell at-
tachment and exhibit excellent biocompatibility [25]. Advances
have also been made in tissue engineering to induce ingrowth
into the scaffold in addition to surface growth.

In summary, disc-shaped scaffolds with 100-, 200-, 300-, and
400-um pores were fabricated using PCL, and chondrocytes
and fibroblasts were seeded and cultured with mild shaking un-
til 56 days had elapsed. When analyzed by an MTT assay and
SEM, it was confirmed that the cells displayed the greatest
amount of proliferation in the 400-ym scaffold.

Through this study, we have contributed to research on the
use of a 3D culture technique for implant production. We ex-
pect that through in vivo studies, the practical use of customized
patient-specific implants will be achieved and will serve as a new

development in plastic surgery.
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