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Vertical and Horizontal Ridge Augmentation Using
Customized Three-Dimensionally Printed Polycaprolactone
Mesh in Atrophic Posterior Maxillae: A Case Report
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Polycaprolactone has exhibited expediency as a biomaterial for bone regenerative procedures preclinically. The present report of the 2 clinical
cases in the posterior maxilla is the first to describe clinical application of a customized 3D-printed polycaprolactone mesh for alveolar ridge
augmentation. Two patients needing extensive ridge augmentation procedures for dental implant therapy were selected. Polycaprolactone
meshes were virtually designed, 3D printed, and applied in combination with a xenogeneic bone substitute. Cone-beam computerized
tomography was taken preoperatively, immediately after the surgery, and 1.5-2 years after the delivery of implant prostheses. The serial
cone-beam computerized tomography images were superimposed to measure the augmented height and width at 1-mm increments from
the implant platform to 3 mm apically. After 2 years, the mean [maximum, minimum] bone gain was 6.05 [8.64, 2.85] mm vertically and 7.77
[10.03, 6.18] mm horizontally at T mm below the implant platform. From immediately postoperative to 2 years, there was 14% reduction of
augmented ridged height and 24% reduction of augmented width at T mm below the platform. All implants placed in augmented sites were
successfully maintained until 2 years. The customized polycaprolactone mesh might be a viable material for ridge augmentation in the
atrophic posterior maxilla. This needs to be confirmed through randomized controlled clinical trials in future studies.

Key Words: 3D printing, polycaprolactone, ridge augmentation

INTRODUCTION

uided bone regeneration (GBR) has been considered

as a reliable technique for horizontal and vertical

ridge augmentation in the damaged and atrophic

ridge."” Though various types of membranes have
been evaluated in previous studies, among them, the resorba-
ble collagen membrane has been regarded as the standard of
care in clinical situations.>* However, the resorbable collagen
membrane lacks mechanical stability for optimal space mainte-
nance, and this is a prerequisite for successful bone regenera-
tion.>”” Moreover, a ready-made collagen membrane needs to
be cut and shaped according to the defect morphology before
application, and this requires an operator’s skill and time. For
these reasons, there has been an emerging need for patient-
specific membranes that can overcome the shortcomings of
the conventional, ready-made resorbable membranes.
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Recently, with the development of computer-aided design
(CAD) and manufacturing technologies, it became possible to
fabricate a customized membrane based on cone-beam com-
puterized tomography (CBCT). Previous studies reported that
the customized 3-dimensional printed titanium mesh could be
used for GBR.2? It has been described that the individualized
3D-printed titanium mesh can be safely and successfully used
in ridge augmentation showing reliable clinical outcomes in
terms of hard tissue generation. Another randomized clinical
study compared the performance of customized titanium
mesh to the conventional titanium mesh in GBR and showed
that the customized mesh was more effective against postop-
erative infection and mucosal rupture.'® Because the virtual
design was carried out preoperatively for customized titanium
mesh, it could be possible to make the edges of the mesh
round and blunt, which leads to less soft tissue trauma and
wound dehiscence.’ However, despite the customization of
the titanium mesh, the rate of exposure remains high, ranging
from 21% to 31% according to recent clinical studies.'*""

Therefore, there has been much interest on other biomate-
rials with good biocompatibility and space maintenance prop-
erties. Polycaprolactone (PCL)-based synthetic mesh is a
biocompatible material with a slow degradation rate that has
sufficient strength to maintain space.'? Furthermore, because
PCL can be 3D printed, it can be customized to fit each defect.
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Ficure 1. Design process of patient-specific customized membrane showing (a) 3D segmentation, (b) virtual bone augmentation, (c)
membrane outline establishment and shape adjustment, (d) pore design, and (e and f) 3D printed rapid prototyping model and

polycaprolactone mesh.

It has been shown that a synthetic, 3D-printed membrane
could enhance bone augmentation compared with the tita-
nium mesh preclinically.'®> However, to the best of our knowl-
edge, there have been no clinical reports on the use of PCL
mesh for GBR. Therefore, the aim of the current study was to
evaluate the clinical feasibility and performance of customized,
3D-printed PCL mesh for GBR in the severely atrophic ridge.

MATERIALS AND METHODS

Study design

Two participants were included in this study who had combined
vertical and horizontal ridge deficiencies according to the Seibert
classification.'* They were treated by 2 different specialists in peri-
odontics and implant surgery at the department of periodontol-
ogy of Yonsei University Dental Hospital between 2019 and 2020.
This study was conducted in accordance with the Declaration of
Helsinki. The treatment procedure was approved by the institu-
tional review board of Yonsei University Dental Hospital (approval
no. 2021-0072), which abides by the good clinical practice guide-
lines and the regulatory requirements.

Design and fabrication of the PCL mesh

For the design of customized PCL mesh, the digital imaging and
communication in medicine data from the CBCT imaging was
converted into a stereolithographic file with a 3D segmentation
software module (DICOM Viewer, exocad GmbH, Darmstadt, Ger-
many) (Figure 1a). The position of the implants was virtually
planned using implant planning software (Implant studio, 3shape,
Copenhagen, Denmark). The 3D shape of the patient-specific
mesh was designed using dental CAD (Exocad GmbH, Darmstadt,

Germany) and a universal CAD software program (PowerShape,
Autodesk Inc, San Rafael, CA). The defects were virtually aug-
mented to form an ideal ridge shape on which the PCL mesh was
designed (Figure 1b and c). The final design, including small
pores, was completed using universal CAD (Figure 1d).

The completed design was transferred to the manufacturing
practice facility (T&R Biofab, Seoul, Korea) approved by the minis-
try of food and drug safety. The mesh design was converted into
printing path data for a preprocessing process through an algo-
rithm optimized for a microextrusion-based 3D printer (3D Bio-
printer; T&R Biofab, Siheung, South Korea). A medical-grade PCL
material (Evonik Industry, Pharma Polymers, Essen, Germany) was
used to create the PCL mesh. In brief, the operating mechanism
of the 3D bioprinter was based on discharging the PCL in its mol-
ten state by maintaining the PCL-mounted syringe at 110°C. The
thickness of printed PCL mesh was 0.5 mm. The completed mesh
was sterilized with gamma rays, sealed, and delivered back to the
hospital (Figure 1e and f).

Case |

A 60-year-old male patient was presented with advanced peri-
odontitis and peri-implantitis at the upper left posterior region.
The 2 upper left premolars along with 2 dental implants at the
molar sites were extracted. A baseline CBCT (T0) was taken
6 months after the extraction (Figure 2). A combined vertical
and horizontal alveolar bone deficiency could be seen on the
CBCT imaging. Because it was difficult to place the implants in
ideal positions, staged GBR was planned in which a customized
PCL mesh was to be applied for the GBR initially and then fol-
lowed by a healing period and placement of 2 implants at the
upper left first premolar and first molar sites.
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FiGure 2. Case I: Preoperative clinical photos and cone-beam computerized tomography. (a and b) Occlusal view and (c and d) lateral view.

Local anesthesia was performed using lidocaine hydrochlo-
ride 1:100 000 with 2% epinephrine (Huons, Seongnam, Korea).
After a midcrestal incision and a vertical incision on the mesial
line angle of the adjacent tooth, a full thickness flap was ele-
vated (Figure 3a). The PCL mesh was fixated using a bone tack
(Membrane Pin, Dentium, Suwon, Korea) after grafting 0.5 g of
demineralized bovine bone mineral with 10% collagen (Bio-
Oss collagen, Geistlich Pharma AG, Wolhusen, Switzerland) to
the defect site. Through the holes of the mesh, 0.5 g of xeno-
geneic bone substitute particles (Bio-Oss, Geistlich) were addi-
tionally applied (Figure 3b and c). After the flap advancement,
primary closure was achieved by a combination of the vertical
and horizontal mattress and interrupted sutures using 4-0
absorbable monofilament (Monosyn, B Braun, Melsungen,
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Germany) (Figure 3d). A second CBCT was taken immediately
after the surgery (T1). Oral antibiotics (amoxicillin and clavu-
lanic acid, 1.5 g per day) and a nonsteroidal anti-inflammatory
drug (ibuprofen, 0.8 g per day) were prescribed for 7 days. The
patient was instructed to rinse with 0.2% chlorhexidine twice a
day for 10 days and apply ice packs to the surgical site for
48 hours. The sutures were removed 10 days after the surgery.
No adverse reactions or complications were observed up to
6 months postoperatively (Figure 3e and f).

At reentry after 6 months, the PCL mesh was maintained
without resorption or deformation. The fixation pins were
removed along with the PCL mesh (Figure 4a and b). Two bone-
level implants (Superline I, Dentium, Seoul, South Korea) were
placed at the first premolar (@ = 4.5 mm, length = 8 mm) and
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Ficure 3. Case I: Guided bone regeneration procedure with customized polycaprolactone membrane, Mx. Lt. (a) Preop defect,
(b) polycaprolactone membrane application with particle xenograft, (c) membrane fixation, (d) primary closure, (e) 1.5 months after

GBR, and (f) 5 months after GBR.

molar (@ = 5.0 mm, length = 8 mm) areas. Primary stability
of 50 N was obtained for both implants; therefore, healing
abutments were connected (Figure 4c and d). At 6 months
after implant placement, an implant stability meter (Any-
check, Neobiotech, Seoul, Korea)'” revealed implant stability
test values of 78 and 82 for the 2 implants on upper left first
premolar and first molar areas, respectively, and these were
sufficient for loading of implants. Thence, the implant pros-
thesis was delivered. A third CBCT (T2) was taken at 2 years
after ridge augmentation.

Caselll

A 65-year-old female was presented with advanced peri-
odontitis in the upper right region. The first and second max-
illary molars were extracted, and baseline CBCT was taken

3.5 months after the extraction. A combined vertical and hor-
izontal alveolar bone deficiency was observed (Figure 5b and
d). Placement of 2 implants with simultaneous ridge aug-
mentation and maxillary sinus graft via lateral window was
planned.

The design and fabrication of customized PCL mesh was as
described above (Figure 5e and f). Under local anesthesia, mid-
crestal and vertical incisions were made, and full thickness
mucoperiosteal flaps were elevated. A lateral window to the
maxillary sinus was prepared using a piezoelectric device (Pie-
zosurgery, Mectron, Carasco, Italy), and after careful elevation
of the Schneiderian membrane, deproteinized porcine bone
mineral (The Graft, Purgo, Seoul, South Korea) was grafted.
Two bone-level implants (Superline Ill, Dentium; @ = 5.0,
length = 8 mm) were placed using a fully guided surgical tem-
plate, and 20 N of primary stability was achieved. Cover screws

Journal of Oral Implantology 329

*'§$900y UadQ BIA | Z-1 1-GZ0Z 1B wod uelplaw|by 1ol//:sdiy wouy papeojumoq



3D Printed Polycaprolactone Mesh for GBR

Ficure 4. Case I: Implant placement. (a) Incision and flap elevation, (b) polycaprolactone membrane removal, (c) fixture installation (i24: 4.5 X
8 mm/50N, i26: 5.0 X 8 mm/50N), (d) primary closure, (e and f) prosthodontics treatment, and (g) periapical radiographs after treatment.
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Ficure 5. Case lI: Preoperative clinical photos and cone beam computerized tomography. (a and b) Occlusal view; (c and d) lateral view,
design process of patient-specific customized mesh; (e) virtual bone augmentation; and (f) design of polycaprolactone mesh.
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Ficure 6. Case IIl: GBR and sinus graft with simultaneous implant placement. (a) Surgical guide placement, (b) incision and flap elevation, (c) sinus
graft with lateral approach, (d) fixture installation (i16, 17: 5.0 X 10 mm, 20N), (e) polycaprolactone mesh application with particle xenograft,

(f) collagen membrane application, (g) primary closure, and (h) stitch out.

were connected to the fixtures (Figure 6d). Then, 0.5 g of
deproteinized porcine bone mineral was applied to the defect
site, and the PCL mesh was placed and fixed with a fixation pin
(Membrane Pin, Dentium); 0.5 g of deproteinized porcine bone
mineral was applied additionally into the remaining space
through the mesh hole (Figure 6e), and a resorbable collagen
membrane (Bio-Gide, Geistlich) was additionally covered over
the PCL mesh (Figure 6f). The buccal flap was advanced to
achieve primary closure, and a combination of mattress and
interrupted sutures were utilized (Figure 6g). The same proto-
col for postoperative care was taken as for case I. A second
CBCT (T1) was taken immediately after the surgery. A wound
dehiscence was observed at 2 weeks after the surgery
(Figure 6h). The exposure site remained clear of infection
under daily dressing and strict oral hygiene. Over the 4-month
follow-up, the exposed site became re-epithelialized by sec-
ondary healing (Figure 7a).

The reentry was performed at 4 months postoperatively.
Once the fixation pin was removed, the PCL mesh could be
easily separated from the augmented tissue. Formation of new
bone could be observed around the fixtures and covering the
fixture threads. Augmented contour of the alveolar ridge
appeared to be well-maintained (Figure 7b). Healing abut-
ments were connected and flaps sutured. A third CBCT was
taken 1.5 years postoperatively (T2).

Radiographic analysis

The augmented sites from the 2 cases were evaluated by
superimposing the consecutive CBCTs taken preoperatively
(TO), immediately after surgery (T1), and 1.5-2 years after
surgery (T2). Superimposition and linear analyses were car-
ried out using a 3D analytic software (OnDemand3D,
Cybermed, Seoul, South Korea), and CBCT data from each
period was loaded onto the software and superimposed
using teeth as reference points. The height of augmented
bone was measured along the long axis of each implant
(Figure 8a), and the measurement was performed from the
original bone bed at TO to the augmented bone crest at T1
and T2. The augmented bone width was measured at levels
1,2,and 3 mm (H1, H2, and H3, respectively) apical from the
implant platform (Figure 8b), and the measurements were
made from the buccal surface of the implant fixture to the
augmented buccal bone crest at T1 and T2.

REsuLTs
Clinical evaluation

In both cases, the patient visited the clinic every 3-6 months for
supportive periodontal therapy after completion of implant-fixed
prosthetic treatment. During the 2-year follow-up period, no
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Ficure 7. Case Il: Implant second surgery and prosthodontic treatment. (a) Preop, (b) flap elevation, (c and d) prosthodontic treatment,

and (e) periapical radiographs after treatment.

adverse events or abnormal findings were detected at the aug-
mented sites (Figures 4 and 7).

Radiographic evaluation

Overall, the mean augmented height of the measured sites
was 7.26 mm at T1, and this was reduced to 6.05 mm at T2.
The mean augmented widths at T1 were 10.64, 10.28, and
10.85 mm at H1, H2, and H3, respectively; these were reduced
to 7.77, 8.38, and 9.24 mm, respectively. The vertical shrinkage
during the healing period up to 2 years was less than the hori-
zontal shrinkage at H1 (14% and 24%, respectively).

In case |, the mean augmented height at T1 was 10.62 mm,
and this became reduced to 8.58 mm at T2. The mean aug-
mented widths at T1 were 13.68, 12.62, and 11.82 mm at H1,
H2, and H3, respectively; these were reduced to 9.01, 9.84, and
9.94 mm, respectively (Figure 9 and Table 1).

In case Il, the mean augmented height of the measured
sites was 3.91 mm at T1, and this was reduced to 3.52 mm at
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T2. The mean augmented widths at T1 were 7.6, 7.95, and
8.91 mm at H1, H2, and H3, respectively; these were reduced
to 6.54, 6.93, and 7.84 mm, respectively (Figure 10 and
Table 2).

Discussion

To the authors’ knowledge, the present study is the first clinical
report on the use of PCL mesh for ridge augmentation. The
PCL mesh demonstrated some beneficial characteristics as a
barrier membrane for GBR. In the challenging situation of the
posterior maxilla, the vertically and horizontally augmented
ridges using the 3D-printed PCL mesh were well maintained
for 2 years along with the successfully placed implants.

There have been numerous preclinical studies demonstrat-
ing the potential expediency of PCL as a biomaterial for
GBR."®"? Although various synthetic polymer materials have
been investigated in different preclinical models, biocompati-
bility of those materials has been the major hurdle prior to clin-
ical application. However, recent in vivo studies using PCL have
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Ficure 8. Radiographic measurement. Preoperative crestal margin (white dotted) and postoperative crestal margin (yellow dotted) in
middle of cross-sectional view of implant fixture. (a) Vertical measurement (black line) and (b) horizontal measurement at the level of 1,
2, and 3 mm (black line) from the reference line, which was the shoulder of the implant fixture.

demonstrated not only minimal to no foreign body reaction
when applied as a barrier membrane or scaffold but also de novo
deposition of newly formed bone onto the biomaterial.'”*° Other
in vitro studies have also investigated surface characteristics and
porosity of PCL for osteogenic cellular activity and expression
growth factors in which successful outcomes have been demon-
strated.?' Therefore, combined with the controllable characteris-
tics of the material, including the shape, porosity, and chemical

composition during fabrication, PCL has great potential to be uti-
lized for bone tissue engineering.

In this study, PCL mesh was applied as a barrier mem-
brane for GBR in the atrophied maxilla. The posterior maxilla
can be a challenging situation for ridge augmentation due to
the poor bone quality, presence of the maxillary sinus, and
the unfavorable defect configuration that can occur from the
loss of maxillary tuberosity. Although the maxillary tuberosity
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T0

126
(mesial)

126
(distal)

T1 T2

T0—>T1 -T2

Ficure 9. Cross-sectional images of case I; TO: preoperative; T1: immediately after surgery; T2: 2 years after surgery; preoperative crestal
bone margin (black dotted line); augmented bone margin immediately after surgery (yellow dotted line); augmented bone margin

2 years after surgery (green line).

was preserved in both cases, providing a posterior support of
the graft materials, the 2 cases exhibited sizeable defects,
including vertical deficiency. The major issue in this circum-
stance was the provision of space and maintenance of

TaBLE 1
Radiographic measurements of case |
Amount of
Location TO* > T1t§ TO* — T2#| Reduction, %
126 (mesial)
Vertical 10.31 8.64 16.2
Horizontal
1T mm 14.21 10.03 29.42
2mm 11.98 11.56 3.50
3mm 11.14 10.31 7.45
126 (distal)
Vertical 10.92 8.52 21.98
Horizontal
1 mm 13.14 7.98 39.27
2mm 13.25 8.11 38.79
3 mm 12.50 9.56 23.52

*TO: preoperation.

1T1: immediately after surgery.

$T2: 2 years after surgery.

§TO — T1: change of augmented bone height and width from preopera-
tion to immediately after surgery.

|TO — T2: change of augmented bone height and width from preopera-
tion to 2 years after surgery.
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stability over the prolonged healing period required for bone
formation. Traditionally, more invasive treatment approaches
had been advocated, such as block bone graft and distraction
osteogenesis. However, a recent meta-analysis has demon-
strated that comparable vertical bone gain can be achieved
using the GBR technique with a considerably lower complication
rate. In that study, the weighted mean vertical gain for GBR was
4.18 mm. Considering the mean vertical gain of 6.05 mm in this
study, the amount of vertical augmentation in this study was not
inferior to that of the literature. In this respect, PCL mesh might be
a viable solution for the augmentation of the severely atrophied
ridge.

In this study, the PCL mesh was unresorbed up to 6 months.
Although PCL has been regarded as a bioresorbable material in
previous studies, little is known about the degradation kinet-
ics within the vital surroundings due to the extremely slow
degradation rate. Preclinical studies also have shown that PCL
membranes and scaffolds were unresorbed in animal models
such as rabbit calvarial defects and dog alveolar defects up to
8 weeks.'”?% In a study in rats, subdermal capsules of radioac-
tively labeled “PCL” were maintained up to 30 months. Once
resorbed, however, no traces of the labeled PCL accumulated
in the body, confirming the safety of the material.”® It has
been shown that the resorption rate may vary according to
the pore size of the biomaterial as well as the proportion of
B-TCP content when used as a mixture.'>'® The effect of the
longevity of barrier function on the outcome of GBR can be
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TABLE 2
Radiographic measurements of case I
Amount of
Location TO* — T11§ TO* — T24| Reduction, %
16
Vertical 2.90 2.85 1.72
Horizontal
T mm 7.46 6.89 7.64
2 mm 7.1 6.41 2.95
3 mm none none
17
Vertical 4.92 4.19 14.84
Horizontal
T mm 773 6.18 20.05
2 mm 8.79 745 15.24
3 mm 8.91 7.84 12.01

*TO: preoperation.

1T1: immediately after surgery.

$T2: 1.5 years after surgery.

§TO — T1: change of augmented bone height and width from preopera-
tion to immediately after surgery.

[TO — T2: change of augmented bone height and width from preopera-
tion to 1.5 years after surgery.

debatable because of the transition of the conventional GBR
concept using nonresorbable membranes to the more frequently
used collagen membranes today.?? It might be possible that we
can take advantage of the controllable resorption characteristics of
PCL to optimize bone regeneration in future studies.

Because the PCL membrane was applied in the form of a
mesh, it might be compared with the titanium mesh. Previous
studies have shown that, on a healed ridge augmented using
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titanium mesh, thickened layers of connective tissue sur-
rounded the mesh structures, and these may appear as a dense
fibrous layer covering the augmented bone.?*™?* Similar histo-
logical appearances have been reported with the PCL mem-
brane in which the materials were surrounded by dense
connective tissue after 8 weeks of healing in the rabbit calvarial
defect model.'® These histological descriptions may suggest
that PCL exhibits good tissue integration and biocompatibility.
Because the collagenous matrix provides the foundation for
the deposition of bone, it is conceivable that integration of
mineralized tissues might occur in these areas after longer
healing periods.

Because the PCL membrane can be 3D printed, there is a great
advantage that numerous conditions can be controlled, including
pore size, chemical composition, and loading of signaling mole-
cules. Furthermore, it is possible to construct creative customized
shapes to optimize the augmentation procedure. For example, PCL
could be 3D printed as customized plates with structural rigidity to
be used as supporting blocks for reconstruction. In this respect,
PCL as a biomaterial appears to have a promising potential for
bone regeneration.

There were some limitations to this study. Because this is a
presentation of 2 cases, it is difficult to draw a conclusion
about the efficacy of the PCL mesh from the results of this
study alone. Nevertheless, the detailed descriptions of the
preparation of the PCL mesh and the surgical procedures can
be taken into consideration. Moreover, it is important to
acknowledge that the successful outcome of the bone aug-
mentation procedures does not depend exclusively on the
material selection but also on appropriate case selection and
meticulous management of the mucoperiosteal flaps during
surgery.

T2 T0—T1—>T2

Ficure 10. Cross-sectional images of case II; TO: preoperative; T1: immediately after surgery; T2: 1.5 years after surgery; preoperative crestal
bone margin (black dotted line); augmented bone margin immediately after surgery (yellow dotted line); augmented bone margin 1.5 years

after surgery (green line).
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CONCLUSION

In conclusion, within the limitations of this work, vertical and
horizontal augmentation in atrophic posterior maxilla can be
performed successfully using the PCL mesh. The PCL mesh in
this study seemed to be a safe biomaterial for clinical use. A
further long-term randomized clinical trial is needed to validate
its efficacy.

ABBREVIATIONS

3D: three-dimensional

CAD: computer-aided design

CAM: computer-aided manufacture

CBCT: cone-beam computerized tomography
GBR: guided bone regeneration

H1: the level at 1 mm below the implant platform
H2: the level at 2 mm below the implant platform
H3: the level at 3 mm below the implant platform
PCL: polycaprolactone

TO: baseline

T1: immediately postoperative

T2: the most recent follow up at 1.5-2 years
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