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tissues (Fig. 6). In Safranin O staining, proteoglycans were

confirmed as uniformly colored red along the pores inside

the PCL mesh, and chondrocytes with a lacuna structure,

which are a distinct feature of cartilaginous tissue, were

observed at high magnification, indicating that the newly

formed tissue consists of neo-cartilaginous tissue (Fig. 7).

Specific patient history and serial progress of this patient

are demonstrated in Fig. 8.

Discussion

Most surgeons prefer autologous cartilage in donor sites

from the nasal septum or rib cartilage because this cartilage

is associated with a lower risk of graft-related complica-

tions than alloplastic materials. However, an increasing

rate of primary rhinoplasty in young patients coupled with

a higher expectation from surgery has increased the

demand for revision rhinoplasty in recent years [10]. As a

result, autologous cartilage is frequently absent. Further-

more, regarding septal extension grafts for the nasal tip in

Asian patients, autologous septal cartilage seems to be

weaker and smaller in Asian patients. Therefore, the

amount of autologous septal cartilage is sometimes insuf-

ficient to perform effective tip modification. Additionally,

donor-related complications have been reported. Specifi-

cally, harvesting of septal cartilage may weaken the sup-

porting structure of the nose, resulting in collapse due to

mechanical loading from the skin and soft tissue over time.

Autologous costal cartilage can also be used for grafting.

Typically, there is abundant rigid cartilage available for

use. However, two main concerns of using this type of

cartilage are warping, which can reach rates as high as

10%, and donor morbidities such as postoperative pain,

chest scarring, and risk of pneumothorax [11].

Considering these disadvantages, the use of alloplastic

materials for grafts is extremely attractive. Several

absorbable copolymers, namely PDO and PLLA, have been

used in rhinoplasty. PDO-absorbable sheets, which are

frequently used as supporting material (i.e., in columellar

struts and dorsal onlay grafts in simple rhinoplasty), are

rapidly resorbed and are generally eliminated from the

body in approximately 6 months. Therefore, it is difficult

Fig. 2 Gross appearance and microscopic morphology of the poly-

caprolactone (PCL) mesh confirmed by field emission scanning

electron microscope (S-4700; HITACHI Co., Tokyo, Japan). a Sheet-

type PCL scaffold mesh with a uniform line. b and c Fully

interconnected triangular pores in PCL mesh

Table 2 Summary of patients who had complications related to PCL graft

Case Kinds of case Kinds of PCL graft Onset (days) Smoking Presentation Treatment

2 Secondary Septal extension 47 [ 20 ea/days Infection IV antibiotics, removal of PCL graft

7 Secondary Septal extension ? columellar strut 56 [ 20 ea/days Infection IV antibiotics, removal of PCL graft

Table 3 Long-term surgical outcome of 3D-printed polycaprolac-

tone (PCL) mesh

Patient Score Number of patients (%)

Very much improved 4 91 (90.1%)

Much improved 3 0 (0%)

Improved 2 7 (6.9%)

No change 1 1 (1.0%)

Worse 0 2 (2.0%)
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slender spreader grafts and columellar struts, with scissors

alone. Furthermore, the advantage of easy manipulation

can lead to a decrease in overall operative time. Third,

bioabsorbable PCL mesh has controllable degradation and

resorption rates to match the surrounding living tissue

ingrowth. Although there are still fundamental concerns

related to the ultimate outcome when this biodegradable

material is completely resorbed, which could lead to a

drooping tip, we believe that retention of this biocompat-

ible material for a 24-month period is sufficient to allow for

fibrosis to stabilize the augmented nose in its corrected

position; this is because PCL degrades more slowly (up to

3–4 years) than other absorbable alloplastic materials

[11–14]. This degradation period is sufficient for the PCL

graft to integrate with and be replaced by viable host tissue.

Based on these properties, we attempted to apply 3D-

printed PCL mesh to augmentation rhinoplasty for sprea-

der, septal extension or pillars, and columellar struts. We

showed that the use of this novel biodegradable PCL

implant for rhinoplasty is safe and effective in terms of

maintaining its volume without postoperative foreign body

reaction or special abnormal reaction. Good aesthetic out-

comes, evaluated by two blinded plastic surgeons, were

acquired with demonstrable improvement in tip projection

and nasal extension.

Fig. 4 H&E and MT staining images are shown. No inflammation or

any immune response was observed. a, b Histological image of H&E

staining; c, d histological image of MT staining. P: cavity of grafted

PCL mesh, black arrow: fibrovascular tissue (original magnification:

40 9 (surrounding host tissue in a critical-sized rabbit, c), 100 9 (b,
d))

Fig. 5 Immunohistochemistry staining of collagen type I is shown in

brown. Each collagen is indicated with black arrow lines. P: cavity of

grafted PCL mesh (original magnification: 40 9 (a), 100 9 (b))
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Both cases of infection were revision cases; revision is

known to be strongly associated with hypovascularity. This

hypovascularity originates from disruption of the soft tissue

envelope and multiple operation times, which make the

nose more vulnerable to infection [11]. Furthermore, these

patients were active, heavy smokers. Smoking is predicted

to interrupt PCL graft integration into host tissue and

reduce graft vascularization, thereby increasing potential

risk of infection. Although PCL has a 3D and microporous

structure, the use of this alloplastic material should be

carefully considered in decreased perfusion regions,

including severe scarring, and in patients with a previous

history of allograft implantation and infection.

An advantage of the PCL mesh graft is that it is not just

an implant, but also a biocompatible scaffold that enhances

vascular and soft tissue ingrowth through its pores and

regeneration into host tissue. Recent work in tissue engi-

neering has aimed to develop a structurally and mechani-

cally sound scaffold that promotes tissue repair or acts as a

replacement. Using PCL mesh seeded with autologous

mesenchymal progenitor cells and osteoblasts, Schantz

et al. [16] reported histological evidence of neo-bone for-

mation with partial integration into the surrounding host

tissue in a critical-sized rabbit calvarial defect. Although a

previous animal study that reported the short-term histo-

logical results of the PCL scaffold in rabbit augmentation

rhinoplasty did not observe neo-chondrogenesis in a biopsy

of the construct [6], our histological examination, which

was of long term (more than one and half years), revealed

the presence of type II collagen and chondrocytes in high

density on the newly formed tissue within the pore struc-

ture around the PCL mesh. In other words, regeneration of

chondrocytes and neo-cartilaginous tissue requires a long

period of time with PCL mesh in and around the PCL

mesh. This result may be due to the biocompatibility of

PCL, which allows the grafts to infiltrate well into the host

tissue and to regenerate the soft tissue, including

chondrocytes.

Furthermore, other extracellular matrices (ECM) such as

proteoglycan were also established uniformly along the

pores inside the PCL mesh. This suggests that the PCL

mesh has potential as a biocompatible scaffold that opti-

mizes the formation of adjacent neo-tissues such as ECM.

It may provide a vascularized layer that acts as an addi-

tional barrier for thin nasal skin flaps, even in the event of

exposure, and provide tissue support, especially in the

Fig. 6 Immunohistochemistry staining of collagen type II is shown in

brown. Each collagen is indicated with black arrow lines. P: cavity of

grafted PCL mesh (original magnification: 40 9 (a), 100 9 (b))

Fig. 7 In Safranin O staining of chondrogenesis, positive staining of

proteoglycan (red) is markedly noted around outer margins of the

grafted PCL mesh; space of grafted PCL implant (P) was well

maintained. In a high-magnification field, the chondrocyte and

lacunae (black arrow) characterized by specific structure for the

chondrocyte were noted. P: cavity of grafted PCL mesh (original

magnification: 40 9 (a), 400 9 (b))
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along the surfaces of the scaffolds. Signs of bridging
extending from the periphery of the host bone into
the defect were noted. The deposition of bone pre-
sented as a slightly mature mineralized central por-
tion and an outer region of newly formed and
immature osteoid. In contrast to the 2 weeks’ find-
ings, a decrease in the amount of inflammatory cells
was observed beneath the non-resorbable membrane;
conversely, multinucleated osteoclast-like giant cells
were increasingly detected on the surfaces of the
scaffold rods and are closely associated with adipose
cells. In addition, numerous vascular vessels were
shown interspersed as well. Presence of an intense
inflammatory reaction or a fibrous encapsulation
related to the scaffolds was not detected.

12 to 24 weeks (Fig. 11)

The later phases of healing presented with
increased fill of trabecular bone and adipose cell-rich

bone marrow tissue surrounding the occasional scaf-
fold rods throughout the entire defect space. Major-
ity of the defect filled sites demonstrated a compact
bone arrangement immediately beneath the non-
resorbable membrane. The volume fraction of the
adipose cell-rich bone marrow tissue was noted to
have increased mainly at 24 weeks. Signs of an overt
inflammatory reaction were absent in all specimens
related to the scaffolds. In areas where multi-
nucleated osteoclast-like giant cells were identified,
they were often located on the surface of the scaffold
rods that were intimately associated with adipose
cell-rich bone marrow tissue.

DISCUSSION

Preliminary results from our earlier studies dem-
onstrated that alkaline modification of PCL-TCP
scaffolds improved surface properties and early
bone formation. In this current study, a comprehen-

Figure 10. Goldner’s trichrome staining (mineralized tissue = green; osteoid = red) reveals newly formed woven bone
trabeculae after 4 weeks along with the presence of numerous blood vessels distributed across the defect site (A) (103
magnification). Multi-nucleated giant cells are detected on the surfaces of the scaffold rods and are closely associated with
adipose cells as early as 4 weeks after implantation (B) (403 magnification).

Figure 11. Goldner’s trichrome staining (mineralized tissue = green; osteoid = red) reveals an increase in volume fraction
of the adipose cell-rich bone marrow tissue was noted primarily after 24 weeks following implantation (A) (103 magnifi-
cation) and (B) (53 magnification). Presence of blood vessels can be seen widely distributed across the defect specimens.
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properties, whereas short HA oligosaccharides act as ligands 
that produce a pro-inflammatory response through mediated 
receptor signaling pathways.6 The molecular weight distribu-
tion of HA products is important to consider, as there is 
potential for short oligosaccharides to potentially be included 
within an HA product if the molecular weight distribution is 
wide and around a low average molecular weight.

Intra-articular HA therapy provides therapeutic relief 
through a number of pathways, including the suppression of 
pro-inflammatory cytokines and chemokines via inhibitors 
of the signal transduction pathways from specific cell sur-
face receptors, as well as promotion of the synthesis of anti-
inflammatory mediators.7 Evidence has shown that HA 
oligosaccharides and HMWHA polymer chains bind to cell 
surface receptors such as cluster determinant 44 (CD44), 
toll-like receptor 2 (TLR-2) and 4 (TLR-4), layilin (LAYN), 
and intercellular adhesion molecule-1 (ICAM-1). Since HA 
has an established impact on inflammation in osteoarthritis, 
the purpose of this review was to summarize the evidence 

within published literature regarding the anti-inflammatory 
properties of HA in osteoarthritis. Additionally, the review 
describes the macromolecules and inflammatory-mediated 
responses associated with the cell transmembrane recep-
tors. Understanding the effects of HA on inflammation at 
the cellular level may provide further insight to into the 
clinical applications of HA treatment.

Methods

Literature Search and Article Screening

We conducted a comprehensive literature search using the 
MEDLINE (1946 to present), EMBASE (1974 to present), and 
PubMed databases on February 4, 2016. An updated literature 
search was performed on February 1, 2017. The literature 
search terms are listed in the appendix. The following inclu-
sion criteria were used to determine study eligibility: (1) arti-
cles describing the anti-inflammatory mechanism of HA 

Figure 1. Summary of the pro-inflammatory and anti-inflammatory responses of hyaluronic acid.
CD44 = cluster determinant 44; ECM = extracellular matrix; ERKs = extracellular signal-regulated kinases; FAK = focal adhesion kinase; HA = 
hyaluronic acid; HER2 = human epidermal growth factor receptor 2; HYAL = hyaluronidase; ICAM = intercellular adhesion molecule–1; ICM = 
intracellular matrix; IL = interleukin; IRAK = interleukin-1 receptor-associated kinase; MAPK = mitogen activated protein (MAP) kinase; MMP = matrix 
metalloproteinase; MyD88 = myeloid differentiation primary response 88, NF- B = nuclear factor kappa-light-chain-enhancer of activated B cells; 
NO = nitric oxide; PG = proteoglycan; PGE = prostaglandin E

2
; TAK1 = transforming growth factor-  (TGF- )-activated kinase; TAL1 = T-cell acute 

lymphocytic leukemia protein 1; TIMP = tissue inhibitor of metalloproteinases; TLR = toll like receptor; TNF = tumor necrosis factor; TRAF6 = TNF 
receptor associated factors.
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along the surfaces of the scaffolds. Signs of bridging
extending from the periphery of the host bone into
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