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Abstract

Background: Alternative techniques for nasal dorsum augmentation are of paramount importance in reconstruc-
tive and plastic surgery. In contrast to autologous cartilage grafts, tissue-engineered grafts can be created de novo
and yield low—none donor site morbidity as compared to autologous grafts like rib or ear cartilage. To address this

demand, this study investigated the in vivo regenerative potential of polycaprolactone-based implants as an alterna-
tive to autologous cartilage grafting during rhinoplasty.

Methods: Implants were placed at the nasal dorsum in two groups of minipigs and kept in situ for 2 and 6 months,
respectively. Subsequently, the implants were harvested and examined by histology (hematoxylin—eosin, alcian blue,
and safranin O) and immunostaining (collagen | and collagen Il). Further analysis was performed to measure diameter
and distance of polycaprolactone struts.

Results: Histological examination revealed a persistent formation of connective tissue with some spots resembling a
cartilaginous-like matrix after 6 months. In such areas, cells of chondrocyte appearance could be identified. There was
a significant decrease in strut diameter but a non-significant difference in strut distance.

Conclusion: Our results indicated that the investigated polycaprolactone-based implants have shown a regenerative
and stable nasal dorsum augmentation after 6 months in vivo. Thus, we believe that customized polycaprolactone-
based implants could become an alternative technique for nasal dorsum augmentation without the need for autolo-

gous cartilage grafts.
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Introduction

The dorsum of the nose is a major esthetic key factor in
rhinoplasty [1]. The size and shape of the nasal dorsum
define the lateral and frontal profiles of the nose. Moreo-
ver, the nasion, i.e., the junction of the nasal bones and
the forehead, influences the esthetic perception of the
entire nose [2]. Therefore, rhinoplasty focuses not only
on straightening the eyebrow tip line but also on remod-
eling the lateral profile, starting at the forehead down to
the tip of the nose [1]. Therefore, osteotomy of the nasal
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bones and augmentative procedures, such as radix grafts,
are routinely performed [3]. The gold standard for aug-
mentation is the use of whole-cartilage grafts or carti-
lage-based grafts via the Turkish delight technique [3, 4].
Surgeons rely in some cases on artificial materials, such
as Gore-Tex, with the risk of a foreign-body reaction or,
more dramatically, extrusion through the skin [5]. Table 1
shows a comprehensive overview of various approaches
in performing nasal dorsum augmentation.

In our opinion, there is an alternative to the common
techniques used for nasal dorsum augmentation. In an
earlier study, we showed a safe and easy use of tissue
engineering-derived surgical implants in maxillofacial
surgery [6, 7]. This technology is based on computer-
assisted design/computer-assisted manufacturing (CAD/
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Table 1 Approaches to nasal dorsum augmentation
Approach Details Advantages Disadvantages Refs.
Cartilage graft Usage of different cartilage sources Autologous material Possible long-term deformation, partial  [1, 36]
(septal, auricular, costal), handcrafted resorption
Turkish delight Use of autologous cartilage and fascia  Partially autologous material, easily to  Partial resorption and deformation, [37,38]
produce and to form allograft (fascia)
Bone graft Mostly taken from rib (also as costal Stability, less warping, resembling Donor site morbidity, partially unnatu-  [39, 40]
cartilage with adjacent rib) or calva- bone-cartilage parts of the nose ral biomechanics
rial bone
Gore-Tex Synthetic, sponge like materials Easy to use, soft, shapeable, tissue Extrusion, foreign body reaction [41,42]
ingrowth possible
Polyethylene Biomaterial with porous structure, e.g,  Low inflammatory reaction, ingrowth  Extrusion, infection, stiffness [43]
Medpor of surrounding tissue
Silicone implant Preformed implant Easy to use, cheap Extrusion, dislocation, unnatural feel- [44]
ing, capsular formation, deformation
of the nose
Fillers Hyaluronic acid derivatives, calcium Easy to use, resorbable (hyaluronic), Infection, necrosis, thinning of skin [45, 46]
hydroxylapatite gel long-term stable (hydroxylapatite),
easy dosing
Fat transplantation  Autologous alternative to the use of Autologous material, easy to dose, soft, Large volumes need multiple proce- [47]

dermal fillers, exploiting lipofilling
technologies

repeatable procedure

dures, larger volumes lacking stability
and persistence of shape

CAM) and polycaprolactone (PCL) implants for the
regeneration of bone [8—12] and other tissues [13, 14].
PCL is a biocompatible material and PCL-based implants
biodegrade within 2 years and promote autologous bone
formation [15]. This is a stable and sustainable tech-
nique to augment the bony parts of the nasal dorsum
and forehead. On the contrary, cartilage grafts are often
completely or partially resorbed, sometimes with unpre-
dictable, uneven outcomes and the need for another sur-
gery [16].

Based on the previously acquired in vitro and in vivo
data, this study was designed to evaluate the potential use
of PCL-based implants for nasal dorsum augmentation in
clinical routine because of their ability to induce connec-
tive tissue regeneration.

Materials and methods

First, this study evaluated the potential of PCL-based
implants with regard to cartilage regeneration. Therefore,
nasal dorsum augmentation was performed using newly
designed implants in six animals. The implants were
explanted after 2 months (group 1; »=3) and 6 months
(group 2; n=3) and examined histologically, with at least
three representative images taken for each. The final
examination focused on the proof of cartilage regenera-
tion and the stability of the implants over time.

Second, the study aimed at a potential preclinical
evaluation of PCL-based implants. Therefore, implant
manufacturing, surgical procedures, and animal keeping
were conducted in conformance with good manufactur-
ing practices (GMPs) and with the approval of the local

ethics committee (PN13004). An Association for Assess-
ment and Accreditation of Laboratory Animal Care
International (AAALAC)-accredited GMP facility (PWG
Laboratories, Singapore) was used, which had a specific
pathogen-reduced large-animal area, state-of-the-art
operation theaters, and an in-house diagnostic center.
Nasal implants were manufactured and supplied by
Osteopore International Pte. Ltd. (Singapore) using
3D printing technology. Medical grade PCL (mPCL,
molecular mass (Mn) of 80 kD, Osteopore) was used.
The implant shape was defined with the desired geom-
etry using CAD. PCL was melted and then extruded in
a predetermined lay-down pattern, also known as fused
deposition modeling. Exemplary parts of the implant
are demonstrated in Fig. 1 to illustrate the internal 3D
structure of the implant and to visualize the smooth sur-
face of the material. Biomechanical properties of com-
parable PCL-based implants fabricated by 3D printing
for cartilage regeneration have been reported elsewhere
[17, 18]. The manufacturing process was conducted in
a clean-room environment (ISO 14644 compliant). All
implants were sterilized with gamma irradiation accord-
ing to ISO 11137 guidelines. The implants were released
for use after undergoing strict quality control (under the
ISO 13485-compliant quality management system of
Osteopore), which included maintaining a porosity of
70% £ 5%. The implants were pyramid like with the per-
pendicular height taller than the length of the triangular
base, as seen in Fig. 2 (preparation of pocket). The height
was 10 cm and the length of each base edge was 1.5 cm.
During surgery, the implant was shortened manually
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SEM

exemplary part of implant

Fig. 1 Exemplary parts of scaffolds are demonstrated by light microscopy (LM) and scanning electron microscopy (SEM)

Preparation of pocket Implantation

Suture 3 weeks postop

Fig. 2 Nose scaffold was manually trimmed and then implanted just above the snout where there is a concave deepening. An incision was made
deep into the thick fibrous tissue above the periosteum, fibrous tissue was cut to loosen the skin around the implant, and the skin was then sealed
using sutures
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by cutting the top and base edges of the pyramid to fit
the implant snugly into the defect space that was cre-
ated, allowing intimate contact with the host tissue, as
depicted in Fig. 2 (implantation).

To underline the preclinical aspect of this study, mature
female miniature pigs (minipigs) (PWG Laboratories,
Singapore) were used for in vivo investigation. They were
sedated with ketamine 10 mg/kg and xylazine 2-5 mg/kg,
which was administered intramuscularly approximately
10-20 min before induction. Each animal was masked
with isoflurane at 5% before intubation, and anesthesia
was maintained at 2-5% isoflurane. After meticulous
irrigation and shaving of the dorsum, a 5-cm longitudi-
nal incision was made and a subcutaneous pocket was
prepared over the nasal periosteum. Subsequently, the
implant was inserted into the pocket after careful hemo-
stasis. The implant was consecutively positioned over
the bony aspects of the nose avoiding the cartilagine-
ous parts of the nose. The wound was closed with 2.0
Ethilon sutures. The animals were postoperatively admin-
istered 1 mL/10 kg Betamox twice every 48 h, extended
to four times, if necessary. Pain relief was achieved
with 1 mL/25-50 kg meloxicam once daily for 2 days,
extended to 4 days, if necessary. In addition, 2—4 mg/kg
tramadol was added once up to twice daily, if required.

There were no significant adverse side effects of treat-
ment, no dislocation, and no significant infection in any
animal. Specimens were harvested under general anes-
thesia (described before) 2 and 6 months (groups 1 and
2, respectively) after initial surgery. The former incision
was reopened with a scalpel, and the subcutaneous tissue
was dissected. The implant was sharply dissected out of
the surrounding tissue and instantly fixed in 3.7% neutral
buffered formalin solution for at least 24 h.

The specimens were dehydrated using gradually
increasing concentrations of ethanol and embedded in
paraffin. Using a rotary microtome (HM 340 E, Zeiss),
5-pm thick sections were made. Hematoxylin—eosin
(HE), alcian blue (AB), and safranin O staining were per-
formed following standard protocols. The slides were
observed and photographed with an inverted microscope
(Biorevo BZ9000, Keyence, Osaka, Japan) at various mag-
nifications. A general picture of the entire histological
section was obtained using the software BZ-II Viewer
and BZ-II Analyzer (Keyence).

Immunohistochemical detection of collagen I and II
was achieved using a peroxidase-based labeling system
(SABO+ System-HRP, DAKO, Glostrup, Denmark) as
described elsewhere [19]. In brief, the specimens were
deparaffinized, and the rehydrated sections were each
treated with 1% hyaluronidase (Sigma-Aldrich, St. Louis,
MO, USA) in phosphate-buffered saline (PBS) and 0.2%
pronase (Merck, Darmstadt, Germany) in PBS for 15 min
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at 37 °C. For collagen II staining, the Elsaesser procedure
was followed using collagen II antibody (II-1I6B3, Devel-
opmental Studies, Hybridoma Bank, USA) diluted at a
ratio of 1:1000 and incubated for 1 h at room tempera-
ture [20]. For collagen I staining, rehydrated specimens
were treated with 1 mg/mL pepsin in 0.5 M acetic acid
solution for 2 h at 37 °C. The endogenous peroxidase was
blocked twice with a serum-free protein block (DAKO)
for 30 min. The primary antibody (ab34710, Abcam,
United Kingdom) was diluted at a ratio of 1:4000, incu-
bated on the sections at 4 °C overnight, and visualized
analogously to the collagen II specimens with SAB+ Sys-
tem-HRP. All sections were counterstained with hema-
toxylin and mounted with RotiHistokit II (Carl Roth,
Germany) before image acquisition. Positive and nega-
tive controls were made with porcine septal cartilage and
adjacent connective tissue samples.

Advanced image analysis was conducted with three
measurements of each specimen, and values were aver-
aged for each animal (n=3). First, cross sections of PCL
scaffold struts were identified in HE-stained specimens
as round or oval voids within the histological sections.
These voids formed due to the melting of the struts
during paraffin embedding of the samples, leading to a
footprint-like negative image of the scaffolds. Next, the
maximal diameter of each identified strut was measured,
and the distance between the centers of two parallel but
not directly adjacent struts (strut k and strut k+2) was
calculated to evaluate the persistence of space between
the different layers of the fused deposition modeling.

Unpaired, two-tailed Student’s ¢ tests were used for
statistical analysis in IBM SPSS Statistics 21 (IBM Corp,
USA), and graphs were created using Microsoft Excel
2013 (Microsoft, USA).

Results

CAD/CAM technology allowed flexible modeling of
the implant shape and manufacturing process, and the
implants were successfully manufactured using 3D print-
ing in the previously defined lay-down pattern. Because
of their predefined geometrics, less effort was needed to
adopt the implants to the surgical implant location.

The animals tolerated the procedure well. There were
no signs of a clinically detectable foreign-body reaction
or infection. Immediately after the procedure, a sig-
nificant augmentation effect was observed, which was
present throughout the entire study. No implant dislo-
cation or fracture was observed. On manual palpation,
the implants were firm and covered by a thick soft-tis-
sue layer. All implants showed sufficient integration in
the surrounding tissue, without any signs of capsular
formation.
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HE staining (Figs. 3, 4) revealed an ingrowth of cells
within the entire implants, with preferential distribu-
tion around the scaffold fibers at the interface between
tissue and scaffold. There was no unexpected allocation
of inflammatory cells (as defined by HE morphology) in
any of the samples. Furthermore, capillary, arterial, and
venous structures were observed within the scaffolds
indicating the presence of vascularization. AB stain-
ing (Fig. 5a) was performed to identify acidic polysac-
charides, such as glycosaminoglycans, in the collected
implants. Scaffolds harvested after 2 months showed
clear formation of connective tissue that was well pop-
ulated by cells. Furthermore, scaffolds harvested after
6 months showed persistent cartilaginous-like matrix
around the PCL scaffold struts. Here as well, abundant
connective tissue was observed being replaced by the
cartilaginous matrix in closer proximity to the scaffold
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implant. The areas of connective tissue and cartilag-
inous-like matrix formation, as identified in AB stain-
ing, were clearly localized in the vicinity of the struts.
These results were confirmed by safranin O staining.
All samples showed positive red matrix staining, indi-
cating cartilaginous-like tissue in areas previously
described and identified with AB staining.

To investigate the tissue type and differentiation
potential, collagen I and II immunostaining was per-
formed. The results are shown in Fig. 6. Collagen I
staining was positive in all samples. There was a visible
increase of collagen I over time, particularly significant
in the inner parts of the scaffolds and the tissue directly
adherent to the PCL fibrils. However, collagen II was
hardly detected in any sample; few samples showed a
faint reaction after 6 months in vivo.

2 months in vivo

6 months in vivo

I

Fig. 3 Cross sections of entire implants stained with hematoxylin—eosin. Polycaprolactone melts during paraffin embedding. The resulting artifacts,
i.e, empty voids, are marked with asterisks (*). Spontaneous fat tissue formation is indicated with an X (scale bar=1 mm)
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2 months in vivo

6 months in vivo

tissue (scale bar=100 um)
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Animal #2
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Fig. 4 Cross sections of implants and exemplary findings of all specimens stained with hematoxylin—eosin. Few spots show a foreign-body reaction
to polycaprolactone. Most parts of the implant are covered with a thin cell lining, demonstrating good integration and high tolerability by the host

Image analysis revealed that the average diameter of
the struts was 350+ 3 um after 2 months and 335 +4 um
after 6 months; there was a statistically significant dif-
ference in these values. The distance between the cen-
tral axes of the struts was 682+£69 pum after 2 months
and 821+63 pum after 6 months; the difference was not
statistically significant, and values were approximately
within the desired range, as calculated (expected dis-
tance =2 x diameter of strut) (Fig. 7).

Discussion

This study investigated the suitability of PCL-based
implants for nasal dorsum augmentation. Compared to
other tissue engineering-based studies, our study used
neither scaffolds with bioactivation nor precultivation
of stem cells in vitro. Instead, scaffolds were implanted
analogously to conventional surgical implants at the nasal
dorsum to demonstrate the regenerative potential of the
implants themselves without the compromising side
effects of additional factors added to the implants.

The literature describes two main regenerative
approaches: (i) to recreate the underlying structural tis-
sues with cartilage grafts and (ii) to expand the sub-
cutaneous soft tissue. The latter is based on clinically
available matrices (i.e., Integra and Alloderm) for der-
mal regeneration [21, 22]. These matrices are mainly
collagen based and have shown regenerative potential
for connective tissue. Their advantages are their soft-
ness, which allows smooth texturing of the nasal dorsum,

and their applicability in clinical routine as both materi-
als have regulatory approval [21]. However, the nature
of the materials is such that they cannot act as func-
tional and stabilizing substitutes for the nasal dorsum
itself [22]. Therefore, their application is reduced to only
smoothing and augmentation of the nasal dorsum. On
the contrary, tissue engineering-based approaches with
autologous chondrocytes cultivated on a cell carrier to
shape the desired implant allow the generation of a func-
tional substitute of the nasal dorsum [23]. Yanaga et al.
used chondrocyte injections to generate vivid cartilage
in vivo and to augment the nasal dorsum and tip in more
than 75 patients [24]. In vitro expansion of the chondro-
cytes obtained from the auricular cartilage was neces-
sary to offer a suitable cell number for the desired volume
effect [24, 25]. Kim et al. used 3D-printed PCL scaffolds
to generate a long-lasting volume effect of the desired
geometry in nasal dorsum augmentation in a preclinical
animal model. However, there was no tissue regenera-
tion observed, particularly no cartilage formation, after
3 months in vivo [26]. The time of observation selected
by the authors, i.e., 3 months, might have been insuffi-
cient for complete cartilage regeneration to be observed.

In contrast, several in vitro and in vivo studies have
demonstrated the osteogenic induction of PCL-based
implants [7, 15, 27]. However, less information is avail-
able about the fate of such implants in the case of sub-
cutaneous implantation without the addition of further
bioactive factors. Chanchareonsook et al. investigated
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a Animal #1 Animal #2

2 Months

Alcian Blue

Safranin O 6 Months

Safranin O

d Porcine septal cartilage

Safranin O

100um

Fig. 5 Representative histology images for alcian blue (AB) and safranin O staining for all three animals (n = 3) after 6 months in vivo. a AB staining

Animal #3

for the scaffolds harvested 2- and 6-months post-implantation. The images clearly show intense blue staining around the polycaprolactone fibrils. b
Staining with safranin O confirms the presence of a cartilaginous-like matrix (bright-red color). ¢ Higher magnification images show morphological
characteristics of the cells populating the new tissue formed within the implants. d Histological images of porcine septal cartilage as comparison to

experimental groups

the tissue reaction of New Zealand rabbits to PCL-based
implants in comparison to titanium implants [28]. They
found similar tissue adhesion, a thinner fibrous capsule,
and a higher number of inflammatory cells in the PCL
group [28].

Our study demonstrated the potential of PCL-based
implants in reference to cartilage tissue regeneration.
Histology and immunohistology examinations showed
the presence of cartilaginous-like tissue rich in carti-
lage-defining proteins after 6 months of implantation.
Unfortunately, the low ratio of collagen II may indicate
that there was more fibrous cartilaginous-like tissue

than mature hyaline cartilage. Compared to Kim et al’s
study [26], our study showed the formation of a tissue
with cartilage-like characteristics that may progress to
mature cartilage tissue over time. Why the combination
of PCL, fibrin glue, and chondrocytes, as previously
used by Kim et al., did not show sufficient chondro-
genesis remains unclear, considering that several stud-
ies have demonstrated the efficacy of the method [29].
This may be because of the longer observation time in
our study or the exploitation of in situ regeneration by
strict perichondral/periosteal implantation of unseeded
scaffolds.
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contrary, collagen Il shows only a faint staining (as indicated by arrows). Representative images of the harvested samples are depicted. An image of
porcine septal cartilage is depicted as comparison to experimental groups
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Compared to nasal dorsum augmentation with auto-
grafts, PCL-based implants yield a stable augmenta-
tion effect with almost none of the unwanted changes
of contour. In contrast, allografts with solid or minced
cartilage can be resorbed partially or totally within
months after surgery. This effect may be due to carti-
lage atrophy after transplantation [30]. In our study, all
group 2 animals showed constant augmentation of the

nasal dorsum after 6 months in vivo. Further research
will be necessary to determine long-term stability after
1 and 2 years in vivo.

Theoretically, the long-term stability of PCL-based
implants is based on the controllable degradation time
of PCL. The hydrolytic bioresorption of PCL occurs by
cleavage of the ester linkages within the polymer in two
phases [8, 31-33].
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Fig. 7 Results of the image analysis regarding implant geometry depicted as bar plots with standard deviation. The polycaprolactone scaffold strut
diameter and the distance between the central axes of the struts are shown

Phase 1 involves the nonenzymatic hydrolytic cleavage
of the ester linkages, leading to bulk degradation of PCL.
The mass and volume, and therefore the shape, of the
implant remain unchanged [31-33].

This phase shows a controlled, predictable, first-order,
linear bioresorption pattern; therefore, an increase in the
initial molecular weight results in a longer resorption
time. Pitt et al. found a degradation time of 112 weeks
for PCL with a molecular weight of 51,000 Da. By this
means, the degradation time of PCL-based implants can
be controlled by the initial molecular weight of the PCL
used for implant production [31-33].

Phase 2 starts at a specific chain length that has been
determined to correspond to a chain molecular weight
of approximately 3000-5000 Da, allowing the small frag-
ments to diffuse through the polymeric matrix. This
phase is characterized by (i) the onset of controlled
and predictable total mass loss via bioresorption of the
microspheres and excretion through the normal meta-
bolic pathways and (ii) a decrease in the rate of chain
scission [32, 34].

These observations in the literature correspond well
with our findings of a significantly reduced diameter of
the PCL scaffold struts but not of the significantly altered
distance between them, indicating a still stable scaffold
architecture and volume. Taking these arguments into
consideration, we hypothesize that stability of PCL-based
implants is given and that controlled augmentation of the
nasal dorsum could be achieved using such implants. But
further studies with longer in vivo periods will be neces-
sary for preclinical evaluation.

Current surgical techniques are based on autologous
materials like cartilage or allografts like silicone-based
implants. However, both kinds of implants yield different
aspects of clinical risks: foreign-body reaction, extrusion,
and total/partial resorption [4]. PCL, on the other hand,
has multiple advantages with regard to the presented
application:

+ PCL has been shown to have low foreign-body reac-
tion [28] and long-term stability in vivo with degra-
dation times over 2 years [8]. With regard to further
clinical studies, we found excellent tolerance of pro-
cedures with none—few unwanted side effects. No
implant showed signs of extrusion or dislocation.

+ PCL-based implants have been used for over 10 years
in clinical regenerative applications. There are sev-
eral case reports found in the literature. For exam-
ple, Schuckert et al. showed the possibility of recon-
structing a critical bone defect of the mandible using
a PCL-based implant in a 71-year-old female patient
(6, 35].

+ PCL-based implants are approved by the US Food
and Drug Administration (FDA) for craniofacial
applications. Therefore, the implants can be used in
clinical practice directly because they are derivatives
of existing craniofacial implants. This makes PCL-
based implants a sustainable alternative for nasal
dorsum augmentation.

The underlying CAD/CAM technology allows further
improvement of the implants in many ways. First, the
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geometry and overall design of the implant can be eas-
ily adjusted in size according to the patient’s requirement
before production. Second, a fully customized implant
can be produced and fitted to the patient’s face using
cone beam computed tomography scans and specialized
algorithms for automatized CAD modeling. Moreover,
further modifications may address the porosity of the
implant or the geometry of the lay-down pattern. Fur-
ther research could also address bioactivation to improve
cartilage regeneration and to generate hyaline cartilage
instead of fibrous cartilage or cartilaginous-like matrix.

In summary, PCL-based implants have shown a tol-
erable implant design and high regenerative poten-
tial in vivo. Moreover, existing long-term results from
other studies, including first-in-human trials, have sup-
ported the findings of our study. Therefore, nasal dor-
sum augmentation with regenerative implants might be
considered a new alternative to conventional surgical
techniques. This technology could offer surgeons a new
way to address their patients’ expectations in plastic sur-
gery procedures. But further research will be necessary
to prepare clinical studies.

Conclusion

This study is pioneer in reporting a preclinical evalu-
ation of PCL-based implants for nasal dorsum aug-
mentation. We used minipigs and a clinically relevant
model to assess the potentialities of PCL implants. FDA
approval for specific PCL-based maxillofacial implants
exists. Therefore, PCL-based implants could become
an interesting alternative for patients seeking a regen-
erative approach to surgery. However, further research is
required to evaluate long-term stability and effectiveness
in humans.

Authors’ contributions

PSW aided in study design, provided immunohistology, analyzed the samples,
calculated statistics and prepared the manuscript; ERB performed the histol-
ogy and was involved in image processing and analyzed the histological data;
NR involved in data analysis, provided immunohistology, provided scientific
feedback; JTS planned the study design and performed experiments. All
authors reviewed the manuscript. All authors read and approved the final
manuscript.

Author details

! Department of Hand, Plastic and Aesthetic Surgery, Ludwig Maximilian
University of Munich, Munich, Germany. 2 Department of Oto-Rhino-Lar-
yngology, Head and Neck Surgery, Ulm University Medical Center, Ulm,
Germany. ® Experimental Trauma Surgery, Department of Trauma Surgery,
Klinikum rechts der Isar, Technical University of Munich, Ismaninger Str. 22,
81675 Munich, Germany. 4 Department of Plastic Surgery and Hand Surgery,
Klinikum rechts der Isar, Technical University of Munich, Munich, Germany.

® School of Chemical and Biomedical Engineering, Nanyang Technological
University, Singapore, Singapore.

Acknowledgements

We thank Mr. Lim Jing for providing all scaffolds used in this study. Mr. Lim
Jing is product development engineer at Osteopore International. This work
was supported by the German Research Foundation (DFG) and the Technical

Page 10 of 11

University of Munich (TUM) in the framework of the Open Access Publishing
Program.

Competing interests
JanT. Schantz is cofounder and share-holder of Osteopore International (Sin-
gapore). The technology described in this study, and the used implants have
been patented with the Patent Number: 10201702601P (Singapore).

None of the remaining authors has a financial interest in any of the prod-
ucts, devices or drugs mentioned in this manuscript. Osteopore International
provided the implants used for this study.

Availability of data and materials

Data generated during this study are included in this published article. Addi-
tional histological images generated during the study are available from the
corresponding author on reasonable request.

Consent for publication
Not applicable. The manuscript does not contain any individual person’s data.

Ethics approval and consent to participate

The study was conducted in conformance with good manufacturing practices
(GMPs) and with the approval of the local ethics committee in Singapore.
Ethic Approval Number: PN13004. No human participants were involved in
this study.

Funding
Not applicable.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Received: 16 November 2018 Accepted: 17 January 2019
Published online: 28 January 2019

References

1. Toriumi DM, Pero CD. Asian rhinoplasty. Clin Plast Surg. 2010;37(2):335-52.

2. Rohrich RJ, Ahmad J. A practical approach to rhinoplasty. Plast Reconstr
Surg. 2016;137(4):725e-46e.

3. Guerrerosantos J. Nose and paranasal augmentation: autogenous, fascia,
and cartilage. Clin Plast Surg. 1991;18(1):65-86.

4. Gurley JM, Pilgram T, Perlyn CA, Marsh JL. Long-term outcome of
autogenous rib graft nasal reconstruction. Plast Reconstr Surg.
2001;108(7):1895-905 (discussion 906-7).

5. Waldman SR. Gore-Tex for augmentation of the nasal dorsum: a prelimi-
nary report. Ann Plast Surg. 1991;26(6):520-5.

6. Probst FA, Hutmacher DW, Muller DF, Machens HG, Schantz JT. Calvarial
reconstruction by customized bioactive implant. Handchir Mikrochir Plast
Chir. 2010;42(6):369-73.

7. Schantz JT, Hutmacher DW, Lam CX, Brinkmann M, Wong KM, Lim TC,
et al. Repair of calvarial defects with customised tissue-engineered bone
grafts II. Evaluation of cellular efficiency and efficacy in vivo. Tissue Eng.
2003;9(Suppl 1):5127-39.

8. Lam CX, Hutmacher DW, Schantz JT, Woodruff MA, Teoh SH. Evaluation of
polycaprolactone scaffold degradation for 6 months in vitro and in vivo. J
Biomed Mater Res Part A. 2009;90(3):906-19.

9. Muller D, Chim H, Bader A, Whiteman M, Schantz JT. Vascular guidance:
microstructural scaffold patterning for inductive neovascularization. Stem
Cells Int. 2010,2011:547247.

10. Schantz JT, Brandwood A, Hutmacher DW, Khor HL, Bittner K. Osteogenic
differentiation of mesenchymal progenitor cells in computer designed
fibrin-polymer-ceramic scaffolds manufactured by fused deposition
modeling. J Mater Sci Mater Med. 2005;16(9):807-19.

11. Schantz JT, Hutmacher DW, Ng KW, Khor HL, Lim MT, Teoh SH. Evaluation
of a tissue-engineered membrane-cell construct for guided bone regen-
eration. Int J Oral Maxillofac Implants. 2002;17(2):161-74.



Wiggenhauser et al. Eur J Med Res

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

(2019) 24:6

Wiggenhauser PS, Miller DF, Melchels FPW, Egafia JT, Storck K, Mayer

H, et al. Engineering of vascularized adipose constructs. Cell Tissue Res.
2012,347(3):747-57.

Chhaya MP, Poh PS, Balmayor ER, van Griensven M, Schantz JT, Hutmacher
DW. Additive manufacturing in biomedical sciences and the need for
definitions and norms. Expert Rev Med Devices. 2015;12(5):537-43.
Chhaya MP, Balmayor ER, Hutmacher DW, Schantz JT. Transforma-

tion of breast reconstruction via additive biomanufacturing. Sci Rep.
2016;6:28030.

Balmayor ER, Feichtinger GA, Azevedo HS, van Griensven M, Reis RL.
Starch-poly-epsilon-caprolactone microparticles reduce the needed
amount of BMP-2. Clin Orthop Relat Res. 2009;467(12):3138-48.

Wee JH, Park MH, Oh S, Jin HR. Complications associated with autologous
rib cartilage use in rhinoplasty: a meta-analysis. JAMA Facial Plast Surg.
2015;17(1):49-55.

Olubamiji AD, Izadifar Z, Si JL, Cooper DM, Eames BF, Chen DX. Modulat-
ing mechanical behaviour of 3D-printed cartilage-mimetic PCL scaffolds:
influence of molecular weight and pore geometry. Biofabrication.
2016;8(2):025020.

Zhang ZZ, Jiang D, Ding JX, Wang SJ, Zhang L, Zhang JY, et al. Role

of scaffold mean pore size in meniscus regeneration. Acta Biomater.
2016;43:314-26.

Amann E, Wolff P, Breel E, van Griensven M, Balmayor ER. Hyaluronic acid
facilitates chondrogenesis and matrix deposition of human adipose
derived mesenchymal stem cells and human chondrocytes co-cultures.
Acta Biomater. 2017;52:130-44.

Elsaesser AF, Bermueller C, Schwarz S, Koerber L, Breiter R, Rotter

N. In vitro cytotoxicity and in vivo effects of a decellularized xeno-
geneic collagen scaffold in nasal cartilage repair. Tissue Eng Part A.
2014;20(11-12):1668-78.

Gryskiewicz JM. Dorsal augmentation with alloderm. Semin Plast Surg.
2008;22(2):90-103.

Planas J. The use of Integra in rhinoplasty. Aesthetic Plast Surg.
2011;35(1):5-12.

Kim YS, Park DY, Cho YH, Chang JW, Choi JW, Park JK, et al. Cultured
chondrocyte and porcine cartilage-derived substance (PCS) construct

as a possible dorsal augmentation material in rhinoplasty: a preliminary
animal study. J Plast Reconstr Aesthet Surg. 2015;68(5):659-66.

Yanaga H, Imai K, Yanaga K. Generative surgery of cultured autologous
auricular chondrocytes for nasal augmentation. Aesthetic Plast Surg.
2009;33(6):795-802.

Yanaga H, Koga M, Imai K, Yanaga K. Clinical application of biotechni-
cally cultured autologous chondrocytes as novel graft material for nasal
augmentation. Aesthetic Plast Surg. 2004;28(4):212-21.

Kim YS, Shin YS, Choi JW, Park JK, Kim DH, et al. The application of three-
dimensional printing in animal model of augmentation rhinoplasty. Ann
Biomed Eng. 2015;43(9):2153-62.

Schantz JT, Teoh SH, Lim TC, Endres M, Lam CX, Hutmacher DW. Repair of
calvarial defects with customized tissue-engineered bone grafts I. Evalu-
ation of osteogenesis in a three-dimensional culture system. Tissue Eng.
2003;9(Suppl 1):5113-26.

Chanchareonsook N, Tideman H, Feinberg SE, Hollister SJ, Jongpaiboonkit
L, Kin L, et al. Subcutaneous tissue response to titanium, poly(epsilon-
caprolactone), and carbonate-substituted hydroxyapatite-coated
poly(epsilon-caprolactone) plates: a rabbit study. J Biomed Mater Res Part
A.2013;101(8):2258-66.

Haisch A, Duda GN, Schroeder D, Groger A, Gebert C, Leder K, et al.

The morphology and biomechanical characteristics of subcutaneously

30.

31

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Page 11 of 11

implanted tissue-engineered human septal cartilage. Eur Arch Otorhi-
nolaryngol. 2005;262(12):993-7.

Gubisch W, Greulich M, Donath K. Experimental and clinical study on

the vitality of orthotopic cartilage transplants. Plast Reconstr Surg.
1995;95(4):663-71.

Pitt CG, Gratzl MM, Kimmel GL, Surles J, Schindler A. Aliphatic polyesters II.
The degradation of poly(pt-lactide), poly(epsilon-caprolactone), and their
copolymers in vivo. Biomaterials. 1981;2(4):215-20.

Woodward SC, Brewer PS, Moatamed F, Schindler A, Pitt CG. The intracel-
lular degradation of poly(epsilon-caprolactone). J Biomed Mater Res.
1985;19(4):437-44.

Chen DR, Bei JZ, Wang SG. Polycaprolactone microparticles and their
biodegradation. Polym Degrad Stab. 2000;67(3):455-9.

Sun H, Mei L, Song C, Cui X, Wang P. The in vivo degradation, absorption
and excretion of PCL-based implant. Biomaterials. 2006;27(9):1735-40.
Schuckert KH, Jopp S, Teoh SH. Mandibular defect reconstruction using
three-dimensional polycaprolactone scaffold in combination with
platelet-rich plasma and recombinant human bone morphogenetic
protein-2: de novo synthesis of bone in a single case. Tissue Eng Part A.
2009;15(3):493-9.

Varedi P, Bohluli B. Dorsal nasal augmentation: is the composite graft con-
sisting of conchal cartilage and retroauricular fascia an effective option? J
Oral Maxillofac Surg. 2015;73(9):1842.e1-13.

Castro-Govea Y, Ayuzo del Valle S, Cervantes Kardasch V, Phillips Eparza

E, Vazquez Costilla O. Diced and crushed cartilage plus autologous fibrin
matrix obtained by a simple process for dorsal augmentation of the
Mestizo nose. Facial Plast Surg. 2015;31(2):164-71.

Guerrerosantos J, Trabanino C, Guerrerosantos F. Multifragmented
cartilage wrapped with fascia in augmentation rhinoplasty. Plast Reconstr
Surg. 2006;117(3):804-12 (discussion 13-6).

Shipchandler TZ, Chung BJ, Alam DS. Saddle nose deformity reconstruc-
tion with a split calvarial bone L-shaped strut. Arch Facial Plast Surg.
2008;10(5):305-11.

Neu BR. Segmental bone and cartilage reconstruction of major nasal
dorsal defects. Plast Reconstr Surg. 2000;106(1):160-70.

Serin GM, Polat S, Aksoy E, Baylancicek S, Inanli S. Importance of placing
Gore-Tex in the subperiosteal plane for augmentation rhinoplasty. J
Craniofac Surg. 2012;23(4):359-61.

Godin MS, Waldman SR, Johnson CM Jr. Nasal augmentation using
Gore-Tex. A 10-year experience. Arch Facial Plast Surg. 1999;1(2):118-21
(discussion 22).

Razmpa E, Saedi B, Mahbobi F. Augmentation rhinoplasty with combined
use of Medpor graft and irradiated homograft rib cartilage in saddle nose
deformity. Arch Iran Med. 2012;15(4):235-8.

Sertel S, Venara V II, Pasche P. Correction of severe columella and tip
retraction in silicone implanted Asian short noses. J Otolaryngol Head
Neck Surg. 2016;45:19.

Humphrey CD, Arkins JP, Dayan SH. Soft tissue fillers in the nose. Aesthetic
Surg J. 2009;29(6):477-84.

Stupak HD, Moulthrop TH, Wheatley P, Tauman AV, Johnson CM Jr.
Calcium hydroxylapatite gel (Radiesse) injection for the correction of
postrhinoplasty contour deficiencies and asymmetries. Arch Facial Plast
Surg. 2007;9(2):130-6.

Kao WP, Lin YN, Lin TY, Huang YH, Chou CK, Takahashi H, et al. Micro-
autologous fat transplantation for primary augmentation rhino-

plasty: long-term monitoring of 198 Asian patients. Aesthetic Surg J.
2016;36(6):648-56.



	In vivo evaluation of a regenerative approach to nasal dorsum augmentation with a polycaprolactone-based implant
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Introduction
	Materials and methods
	Results
	Discussion
	Conclusion
	Authors’ contributions
	References




