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Abstract— In  Ecuador, intraoperative fabrication of
polymethylmethacrylate (PMMA) craniofacial-implants is the norm
when small sizes and simple geometry implants are required; this
method has high infection risk, is inaccurate and unaesthetic. In
this work we present a process for preoperative fabrication of cra-
niofacial-implants using PMMA. For this study, a tomographic
image of the head of a patient with a parietotemporal defect was
used, the defect was then reconstructed using Blender® and Auto-
desk-Inventor® to generate a model of the implant. A 3D-printed
model was used to fabricate a silicon-rubber mold; finally the im-
plant was produced by casting. PMMA was also altered with Hy-
droxyapatite/Carboxymethyl-cellulose (Hap/CMC) in order to im-
prove its bioactivity. VERO-cells were then used to test proliferation
and adhesion on different combinations of PMMA/Hap/CMC. Re-
sults showed that probes altered with 5%-Vol Hap and 10%-Vol
CMC had significantly better cell-growth when compared to unal-
tered-PMMA (Tukey HSD); in contrast, materials altered solely
with carboxymethylcellulose showed cell-growth inhibitions/death.
Overall, this manufacture approach showed highly aesthetic and
functional outcomes when the final implant was compared against
the 3D-printed skull defect, which renders this method as a viable
option for the fabrication of PMMA implants meant to replace
missing bone-flaps. Likewise, in vitro tests with Vero-cells suggest
an improvement of implant-bioactivity with the addition of 5%-Vol
hydroxyapatite and 10%-Vol CMC.

Keywords—Craniofacial, polymethylmethacrylate, 3D-printing,
VERO, bioactivity.

Digital Object Identifier (DOI):
http://dx.doi.org/10.18687/LACCEI2016.1.1.080
ISBN: 978-0-9822896-9-3

ISSN: 2414-6390

14™ LACCEI International Multi-Conference for Engineering, Education, and Technology: “Engineering Innovations for
Global Sustainability”, 20-22 July 2016, San Jos¢, Costa Rica.



In vitro bioactive response of VERO-cells on polymethyl-
methacrylate craniofacial implants altered with hydroxy-
apatite/carboxymethylcellulose

Colcha Danny, Mechanical Engineer', Caceres Jefferson, Mechanical Engineer®, and Loayza Francis, PhD*
YEscuela Superior Politécnica del Litoral, Ecuador, dpcolcha@espol.edu.ec, floayza@espol.edu.ec
*Escuela Superior Politécnica del Litoral, Ecuador, jefalcac@espol.edu.ec
*Escuela Superior Politécnica del Litoral, Ecuador, ofalcone@espol.edu.ec
*Escuela Superior Politécnica del Litoral, Ecuador, hbaykara@espol.edu.ec

Abstract— In  Ecuador, intraoperative fabrication of
polymethylmethacrylate (PMMA) craniofacial-implants is the
norm when small sizes and simple geometry implants are required;
this method has high infection risk, is inaccurate and unaesthetic.
In this work we present a process for preoperative fabrication of
craniofacial-implants using PMMA. For this study, a tomographic
image of the head of a patient with a parietotemporal defect was
used, the defect was then reconstructed using Blender® and Auto-
desk-Inventor® to generate a model of the implant. A 3D-printed
model was used to fabricate a silicon-rubber mold; finally the im-
plant was produced by casting. PMMA was also altered with Hy-
droxyapatite/Carboxymethyl-cellulose (Hap/CMC) in order to im-
prove its bioactivity. VERO-cells were then used to test prolifera-
tion and adhesion on different combinations of PMMA/Hap/CMC.
Results showed that probes altered with 5%-Vol Hap and 10%-Vol
CMC had significantly better cell-growth when compared to unal-
tered-PMMA (Tukey HSD); in contrast, materials altered solely
with carboxymethylcellulose showed cell-growth inhibitions/death.
Overall, this manufacture approach showed highly aesthetic and
functional outcomes when the final implant was compared against
the 3D-printed skull defect, which renders this method as a viable
option for the fabrication of PMMA implants meant to replace
missing bone-flaps. Likewise, in vitro tests with Vero-cells suggest
an improvement of implant-bioactivity with the addition of 5%-Vol
hydroxyapatite and 10%-Vol CMC.

Keywords—Craniofacial, polymethylmethacrylate, 3D-
printing, VERO, bioactivity.

I. INTRODUCTION

A craniofacial defect is a modification in the anatomy and
morphology of the bone in this region, which could be congen-
ital or acquired as a result of neurosurgical procedure. In
Ecuador, 8.726 cases of intracranial traumatisms were regis-
tered just in 2014, corresponding to the 8" cause of male mor-
bidity with 6.232 incidents and 2.494 belonging to female. Out
of these 8.726 cases, Pichincha and Guayas provinces had the
greatest numbers of incidents in 2014, with 1.632 and 1.355
cases respectively [1]. Every year, 55% of these incidents re-
quire surgical treatment in the craniofacial region [2].

Nowadays, procedures that repair these defects are com-
plicated due to the complex anatomy involved and the re-
quirement of highly aesthetic results. The main objectives of
craniofacial reconstruction are: Restoring the protective barri-
ers for intracranial structures in the skull, present pleasing aes-
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thetic results, retrieve a permanent and durable reconstruction
and in some cases bring back functionality of the damaged
area [3]. The consequences of poor-quality interventions often
results in unaesthetic outcomes which may disturb the psycho-
logical state and social interaction of the patient [4].

A great variety of methods have been studied in order to repair
craniofacial defects; autologous and/or allogenic bone grafts;
and alloplastic bone substitutes are among the most common
[5]. Although autologous grafts are always the first option,
their extraction often comes with complications associated
with the geometry of the extraction area which limits the shape
and the final aesthetic result; and medical difficulties that may
be presented at the donor site such as storage and age discrep-
ancy of the donor, which are also a downside in allogenic bone
grafts [6, 7].

On the other hand, numerous alloplastic materials have al-
so been proven to be highly biocompatible such as:
Polymethylmethacrylate  (PMMA),  Polyetheretherketone
(PEEK), titanium alloys, stainless steel, chrome-cobalt alloys
and ceramics such as Hydroxyapatite (HAp), to name a few [8].
While most of these materials are biocompatible, they are not
naturally bioactive (except for titanium and HAp); this limits
the implant materials surgeons can use in cases where the abil-
ity of implant-bone merging is necessary [9].

However, recent breakthroughs in biomedical technology
have been reported in the development of osteoconductive
alloplastic materials [6, 7, 10, 11]. These osteoconductive
counterparts differ in their ability to merge with the surround-
ing bone and improve anchorage of the implant at the bone-
implant interface [12]. This osteoconductivity is mainly
achieved by adding bioactive materials such as: Bioglass®,
bioglass-ceramics, calcium phosphate ceramics or hydroxyap-
atite [13]; or by increasing the porosity of the PMMA matrix
with the aid of CMC or alginate microparticles [14, 15], thus
improving implant bioactivity by allowing bone ingrowth to
the implant.

Regarding simple geometry/implantation craniofacial de-
fects, PMMA implants are the most widely used due to their
low-price, high malleability, radiopaque characteristics, re-
sistance, light weight and of course biocompatibility [9]. In
Ecuador; when the implantation and geometry of the defect is
simple, the usual approach is to replace the damaged bone flap
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with intraoperative PMMA implants [16, 17]. Intraoperative
PMMA implants can be harmful to the patient due to thermal
and chemical necrosis of the surrounding tissue when exo-
thermic heat of polymerization occurs, as well as infection,
decrease in blood pressure or allergic reactions caused by
leaking of unpolymerized monomer [11, 18].

The aim of this study is to develop an alternative protocol
for the design and manufacture of PMMA preoperative cranio-
facial-implants with the aid of 3D printing and silicon-rubber
mold technics (SRM) [19]. This protocol is considered alterna-
tive due to the fact that it uses free software for segmentation
of the skull and reconstruction of the implant thus offering an
indisputable monetary advantage compared to its paid-
software counterparts. On the other hand, the purpose of pre-
operative fabrication of PMMA implants is to avoid the disad-
vantages present in the intraoperative procedure; due that the
exothermic heat produced by the polymerization is happening
outside the body and being given enough time to finish. Addi-
tionally, the PMMA matrix was altered with Hap or CMC in
order to study their bioactive and porogenic properties in the
matrix [20]. Finally, bioactive tests were conducted in order to
compare proliferation/adhesion of VERO cells in different
compositions and partially demonstrate the bioactive im-
provement of PMMA [21, 22].

Il. MATERIALS AND METHODS

Acquisition of tomographic images
Axial tomographic images of the subject’s head were pro-
vided in ‘Digital Imaging and Communication in Medicine’

(DICOM) format, these belonged to a 33 year old male patient.

The patient suffered from an intracranial traumatism and was
submitted for a decompressive craniectomy short afterwards.
The resulting parietotemporal defect in his left side was meas-
ured in the axial, coronal and sagittal axes with 82.59 mm,
80.45 mm and 83.77 mm respectively. The axial cuts were 1
mm of thickness and give a total of 301 slices recollected by
the axial computerized tomograph (TOSHIBA aquilion).

Image segmentation

DICOM images were imported to 3DSLICER (Magn Re-
son Imagin. 2012 Nov). The segmentation was then conducted
using the threshold technique with values between 230 and
270 in the Hounsfield scale. Finally the segmented image of
the skull was exported in Stereo Lithography (STL) format.

Reconstruction of the craniofacial defect

The tridimensional-image in STL. format was recon-
structed using BLENDER (Amsterdam: Blender Foundation,
1998). The basic idea was to mirror the entire skull by a mid-
sagittal plane and then perform the Boolean operation of sub-
tracting this mirrored-skull from the original in order to obtain
a 3D-model of the missing bone flap. However, due to the
position of the CT-scanning a mid-sagittal plane of symmetry
was approximated by using well-defined features of the skull
(nose and eye cavities). The 3D-model of the implant was
manually fixed utilizing Blender software’s tools and then

exported in STL. to be 3D-printed (PROJECT 3510 SD, 3DS).
The defect of the skull was also 3D-printed in ceramic
(ZPRINTER 310 Plus, ZCorporation) in order to later test the
accuracy, proper fit of the implant and the final aesthetic result.

Manufacture of the probes

Zimmer Bone-Cement (Dough Type) was used to fabricate
probes 15 mm in diameter and 2 mm in thickness. Zimmer
Bone-Cement package contains: 40 grams of Polymethyl-
methacrylate containing barium sulfate and 20 ml of a liquid
component containing mainly methylmethacrylate (97.25%).
The manufacturer suggests the use of a 1:1 ratio (polymer
powder/liquid monomer) for Dough type bone cement, but
since a low viscosity bone cement was needed in order to be
able to inject it into a mold cavity; a 0.75:1 ratio was used.
Also, in order to stretch handling time, prechilling of the liquid
monomer in -4 °C was necessary. Additionally, a geometric
model of a cubic cell containing spheres was used to approxi-
mately correct the volume represented by the powder in order
to fill the empty spaces (air) between the PMMA/Hap spheres
and wet all the components completely.

Carboxymethylcellulose was used to manufacture porous
probes; this material was mixed with water (40 mg/mL) in
order to form a gel. The gel was then mixed with the powder
components of the bone cement and then the process contin-
ued according to the manufacturer’s manual. On the other
hand probes containing Hydroxyapatite were manufacture by
first mixing all the powder components (PMMA and Hap) in
the respective volume percentages and then adding the liquid
monomer. In both cases, the volume percentage of liquid
monomer was calculated in a manner so that it will only react
with the powder components in the mixture, i.e. Hap and
PMMA. In order to sterilize probes, they were washed 3 times
with hot water (approximately 88 °C), then rinsed one last time
with cold water, disinfected with 99% ethanol and placed in
UV camera for 15 minutes.

Table | and Table Il show 5 different compositions studied,
where every probe was replicated 12 times accounting for 3
days of experimentation.

Improvement of surface bioactivity

In order to prove bioactivity enhancement of the PMMA,
VERO-cells (African green monkey kidney cells) were culti-
vated for 24 hours in a CO, Incubator at 37 °C and 5% CO,
with Dulbecco’s Modified Eagle Medium (DMEM, Gibco),
supplemented with 10% fetal bovine serum and 1X Antibi-
otic-Antimycotic at an initial population of 6x10* cells.

After incubation, cells were distributed among 3 different 24-
well cell-culture plates containing the different probes and a
control so that they could be studied in intervals of 24, 48 and
72 hours. Cells cultivated directly on polystyrene at 37 °C and
5% CO, in a solution with DMEM, 10% fetal bovine serum,
1X Antibiotic-Antimycotic were used as a control, represent-
ing the best case-scenario for cell-growth and simultaneously
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acting as the maximum cell-growth limit. Every day, cells from
each composition were cleaved with Trypsin-EDTA 0.25%
and then dyed with Trypan Blue stain 0.4% in order to per-
form 4 random cell counts (per composition, including the
control) with a hemocytometer. An N-WAY ANOVA (p<
0.05) was performed to determine cell-growth differences be-

tween substrates. Later on, a ONE-WAY ANOVA (p<0.05)
analyzed daily differences among substrates and Tukey HSD
was used to compare them against probe D (unaltered bone
cement) and each other in order to determine if the differences
were significant.

Table |
Composition of substrates A-C with Carboxymethylcellulose and hydroxyapatite as porogenic and bioactive agents
Material Substrate A Substrate B Substrate C
% Volume. grams mL % Volume. grams mL % Volume. grams mL
Porosity [CMC + 40,0% 20,0% 10,0%
H20]
PMMA 600% 1560 50 800% 2080 o0 850 2210 p
MMA (1:0,75) 0,978 1’84 1,304 1'738 1,385 1';‘7
cMC tew o101 %% osw  oost %° oaw o0 O
Water BA% 1536 o0 192% 0768 Of°  96% 034 U2
Hap 50% 0,268 o,go
4,00 4,00 4,00
Total volume 0 0 0
Table Il

Nonporous composition of Substrate D and Substrate E (hydroxyapatite as bioactive agent)

Substrate D

Substrate E

Material
Volume. Grams mL Volume. Grams mL
PMMA 100% 2,600 4,000 70% 1,820 2,800
MMA (1:0,75) 2,569 2,733 2,081 2,213
Hap 30% 1,608 1,200
Total Volume 4,000 4,000

Optical Microscopy

Images of each well (A,B,C,D,E,Control) were taken in
the MOTIC AE30-21 inverted microscope every 24 hours with
the MOTICAM PRO 282B in order to observe changes in
cell-growth and register cell development at 10X magnifica-
tion. Finally, 2 wells per composition (except control) were
fixed with paraformaldehyde 4% diluted in phosphate buffered
saline (PBS) and incubated at room temperature for an hour;
eventually the medium (containing paraformaldehyde) was
removed and fresh PBS was added in order to take images of
the probe’s surface with the aid of the ZEISS upright micro-
scope (20X magnification) and an external CANON Pow-
ershot 14.7 pixels camera. Cell growth on top of the different
materials was expected and qualitative characterization of the
material’s bioactivity was performed.

Manufacture of the implant

A silicon rubber mold was fabricated using the 3D printed
model of the implant. Sprues for injection and escape of the
material were added on opposite limits of the implant’s mold.
The mold was left to dry for 3 hours until it set, then cut open
to remove the implant model and resealed in order to be used.
Polymethylmethacrylate-based Zimmer Bone Cement in
0.75:1 ratio was injected into the mold until the material came
out from the escape sprue. Finally the implant’s accuracy was
qualitatively tested against the 3D-printed defect of the skull.

I1l. RESULTS

Improvement of surface bioactivity

Cells cultivated in the control group proved to have the
largest cell count in each day, leading the group as a maximum
cell growth limit as expected. The analysis of N-WAY
ANOVA showed that there were no major differences between
daily replicas per composition (F=0.49, p>0.05). Results of the
N-Way Anova also exhibited dependence of replications on
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sample compositions (F=2.13, p<0.05), and dependence of
daily samples on replications (F=2.4, p<0.05), both which are
logical and will not be analyzed. The interaction to be ana-
lyzed is SUBSTRATE*DAY as shown on Fig.1, which repre-
sents the dependence of daily cell count on the different sub-
strates (F=59.41, p<0.05).

Day 1. - In the first 24 hours cells in substrate A, B and C
developed in a way that did not show significant differences
against probe D (Tukey HSD). In the first day, only substrate
E showed to have improved cell growth compared to D. In all
cases cell counts were below the upper limit constrained by the
Control substrate (Tukey HSD).

Day 2. - After 48 hours, only probe A had no significant
difference against probe D (Tukey HSD). The rest of the
probes showed significant differences, regarding positive and
negative behaviors. Positive results represent enhancement on
proliferation of cells in substrates C and E, with C having sub-
stantially higher cell count than E, but still below the upper
limit imposed by the Control substrate (Tukey HSD). Negative
results in substrate B, showed a significant decrease in cell
count compared to D (Tukey HSD).

Day 3. - After 72 hours of experimentation the same re-
sults were observed. Substrate B showed bioactive decrease
compared to D and substrate A proved being not significantly
different than D (Tukey HSD). Again substrate C and E
showed improvements on cell proliferation; with C being bet-
ter than D, not significantly different than E but still below the
Control substrate (Tukey HSD).

w10° CELL COUNT ON DIFFERENT SUBSTRATES

I

[ substrate A
[ Substrate B
[ Substrate C
[ substrate D
I substrate E
I Control

NUMBER OF CELLS, (Cells/ml)
~ o m B w

=)
o

24 Hours 48 Hours

TIME INHOURS

72 Hours

Fig. 1. Daily cell-growth variations of VERO cells on different substrates
(p<0.05). Multi-comparison analysis performed by Tukey HSD

Optical Microscopy, qualitative assessment

-Cell culture, Day 1

Fig 2. shows the development of cell culture on the medium
around the different probes. Substrate A and B showed signs
of a dirty mediums with good development of VERO cells. On
the other hand substrate C and E showed very good clear me-
diums as in substrate D and the Control. Cells on C, D and E
look well grown, elongated and with very few signs of dead
cells.

Fig. 3. shows the surface of the different substrates to partially
demonstrate the bioactivity of the material. In Probe A and B,
there’s no sign of cell attachment on the surface. In contrast,
substrate C, D and E show clear growth of healthy cells on
their surfaces; with Probe D and E being the ones with visually
higher proliferation of cells. Substrate E showed a much clear
difference between cells boundaries, as they are more spaced
and clearly defined compared to substrate D.

-Cell culture, Day 2
Fig. 4. Shows no major differences between Probe A and B
from previous days as their medium looks dirty and cloudy;
still cells appear to have developed correctly and are well
grown and elongated. On the other hand, cells on probe C and
E look very much as the Control, which shows they are
healthy; unlike cells on probe D, which look deteriorated as
they are more spaced and less confluent as they were on day 1.
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Control
Fig. 2. Cell growth on medium around different substrates (After 24 hours)
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A look at the material’s surface Fig. 3, shows us the same
results from previous days. Probe A has organic material that
is dead, no sign of alive cells anywhere on its surface. In con-
trast, Probe B seemed to have developed a bioactive surface,
since there are healthy cells attached to its surface. Probe C
and E have a greater confluency of healthy cells compared to
day 1. On the contrary, cells on probe D seem to have lost its
shape, they also look deteriorated as they no longer are elon-
gated and well grown.

-Cell culture, Day 3
Last day of testing Fig. 5, cells from surrounding substrate A
and B reached confluency but the medium is dirty and cloudy
due to small unidentifiable particles. Again cells on Probe C,
D and E look very healthy and the medium in all of them is
clear, but full-confluency has only been reached on probe C, as
probe D and E are spaced and not filling the spaces complete-

ly.

Ds

Es
Fig. 3. Cell proliferation and adhesion on the surface of different substrates. Subscripts stand for the day when the images were taken (24hours;; 48hoursy;
72hoursg)

Again, when the probe’s surfaces were observed Fig. 3;
substrate A showed no attachment of cell on its surface, just
organic dead material. Also, the surface of substrate B showed
no attachment of cells to the surface; except for a small portion
shown in Fig. which depicts a small group of bigger cells
compared to the other samples, suggesting deterioration or
death of the cells. An interesting observation is that probe D
showed organic stained material and a loss of shape of the
attached cells, no cells attached to its surface were found. In-
stead, probe C and E showed to have an even greater conflu-
ency of attached cells than previous days. Cells on probe E
look healthier, are more defined and conserve the shape of
healthy VERO cells when compared to probe C; as cells at-
tached to probe’s C surface are more clumped and not well
defined.
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Cnl
Fig. 4. Cell growth on medium around different substrates (After 48 hours)

E Control
Fig. 5. Cell growth on medium around different substrates (After 72 hours)

14™ LACCEI International Multi-Conference for Engineering, Education, and Technology: “Engineering Innovations for
Global Sustainability”, 20-22 July 2016, San José, Costa Rica. 8



Manufacture of the implant

In order to prove this process viability, SRM in conjunc-
tion with 3D-printing techniques were used to manufacture a
simple bone cement implant (substrate D). Qualitative assess-
ment of the implant’s fitting and accuracy indicated very good
adaptation of the implant to the defect and the contour of the
skull, thus producing a highly pleasing aesthetic and functional
result Fig. 6.

Fig. 6. a) Bone cement implant.

Fig. 6. b) Fitting of implant on the parietotemporal defect

IV. DISCUSSION
Improvement of surface bioactivity

Results suggest that by the first day, surface bioactivity was
significantly enhanced by the adding of hydroxyapatite alone,
as showed by the results provided in substrate E which exhib-
ited a higher cell count, improvement on cell adhesion and
proliferation on the substrate when compared to substrate D.
Probes containing hydroxyapatite exhibited an overall bioac-

tive behavior, thus increasing proliferation and adhesion of
VERO cells to the substrate [23], even on probes containing as
little as 5% Hap (Substrate C). On the contrary, the decrease
of living cells in probe A and B may be due to porous PMMA
formulations often releasing unconverted methylmethacrylate
(MMA) monomer [24]; this monomer is toxic for cells [25],
which translates to death, enlargement and alteration of the
shape of the cells as it was visually observed in microscopy.
Fragmentation of the cells in probes A and B was also ob-
served; these fragments were observed drifting in the medium
and gave it the dirty and cloudy look we observed in the mi-
croscopy. As a result we consider that CMC gel as a porous
agent in the percentages presented in probes A and B, cannot
be considered as enhancers of bioactivity due to the lack of
adhesion of cells to the respective substrates; since in the case
of probe B, the porosity causes death and lack of adhesion of
cells in the substrate; and in the case of probe A, no major
differences in cell count were spotted and there was almost no
adhesion or proliferation of VERO cells in the substrate, thus
not presenting real improvement on bioactivity.

Together with probe A and B, probe C also had a slow prolif-
eration of cells due to it contained 10% porosity which would
have also released toxic monomer. The fact that it recovered
by the second and third day and reached probe E’s cell count
(0% porosity), may suggest the amount of porosity did not
affect the overall development of cell growth (as it did with
substrates A and B), as the content of unconverted MMA may
have been negligible. On probe D we observed proliferation
and a decreasing cell attachment on the substrate which could
be attributed to the inherent surface roughness of the unaltered
bone cement (since no bioactive components were introduced
in the matrix); as surface roughness in biomaterials has been
proven to induce adhesion and proliferation of cells in the sub-
strate [26, 27]. Even though surface roughness may have
played an important role on cell adhesion, in this case in par-
ticular it may have not been sufficient to maintain adhesion
and support further proliferation, as deterioration of the shape
of the cells was observed in optical microscopy. To further
assess the degree in which cement surface roughness influ-
enced bioactivity in the substrate, a surface roughness test
must be conducted [28].

Manufacture of the implant

Regarding the quality and accuracy of fit of the implant, we
can conclude that 3D-printing in conjunction with silicon-
rubber mold (SRM) techniques can produce high quality bone
cement implants [29]; as the final result was tested visually on
the cranial defect to demonstrate its accuracy and pleasing
aesthetic result. All of this was possible due to the correct
choosing of segmentation values for skull bones and the ap-
propriate posterior reconstruction in Blender®; which suggest
that free software like 3D-Slicer and Blender could be used as
a cheaper alternative for craniofacial reconstruction of simple
geometry defects (mainly calvarial bone defects) as it offers
the same level of accuracy of other paid-software packages.
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The present study demonstrated that generic bone cement
compositions can be altered in order to produce compositions
with positive effects on VERO cell cultures; also 3D-printing
along with SRM techniques were presented as an obvious
cheap alternative in the manufacture of bioactive PMMA im-
plants if paired up with free-software as 3D-Slicer® and
Blender®. In the future if implantation were to happen, studies
including bone marrow derived mesenchymal stem cells need
to be performed in a similar way VERO cells were applied to
this study; with the addition of in vivo studies and a deeper
examination on morphology of the porosity, assessment of cell
adhesion at higher magnifications (SEM Imaging), surface
roughness and chemical composition of the altered material.
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Abstract— In  Ecuador, intraoperative fabrication of
polymethylmethacrylate (PMMA) craniofacial-implants is the
norm when small sizes and simple geometry implants are required;
this method has high infection risk, is inaccurate and unaesthetic.
In this work we present a process for preoperative fabrication of
craniofacial-implants using PMMA. For this study, a tomographic
image of the head of a subject with a parietotemporal defect was
used, the defect was then reconstructed using Blender® and Auto-
desk-Inventor® to generate a model of the implant. A 3D-printed
model was used to fabricate a silicon-rubber mold; finally the im-
plant was produced by casting. PMMA was also altered with Hy-
droxyapatite/Carboxymethyl-cellulose (Hap/CMC) in order to im-
prove its bioactivity. VERO-cells were then used to test prolifera-
tion and adhesion on different combinations of PMMA/Hap/CMC.
Results showed that probes altered with 5%-Vol Hap and 10%-Vol
CMC had significantly better cell-growth when compared to unal-
tered-PMMA (Tukey HSD); in contrast, materials altered solely
with carboxymethylcellulose showed cell-growth inhibitions/death.
Overall, this manufacture approach showed highly aesthetic and
functional outcomes when the final implant was compared against
the 3D-printed skull defect, which renders this method as a viable
option for the fabrication of PMMA implants meant to replace
missing bone-flaps. Likewise, in vitro tests with Vero-cells suggest
an improvement of implant-bioactivity with the addition of 5%-Vol
hydroxyapatite and 10%-Vol CMC.

Keywords—Craniofacial, polymethylmethacrylate,
printing, VERQO, bioactivity.

3D-

I. INTRODUCTION

A craniofacial defect is a modification in the anatomy and
morphology of the bone in this region, which could be congen-
ital or acquired as a result of neurosurgical procedure. In
Ecuador, 8.726 cases of intracranial traumatisms were regis-
tered just in 2014, corresponding to the 8" cause of male mor-
bidity with 6.232 incidents and 2.494 belonging to female. Out
of these 8.726 cases, Pichincha and Guayas provinces had the
greatest numbers of incidents in 2014, with 1.632 and 1.355
cases respectively [1]. Every year, 55% of these incidents re-
quire surgical treatment in the craniofacial region [2].

Nowadays, procedures that repair these defects are com-
plicated due to the complex anatomy involved and the re-
quirement of highly aesthetic results. The main objectives of
craniofacial reconstruction are: Restoring the protective barri-
ers for intracranial structures in the skull, present pleasing aes-
thetic results, retrieve a permanent and durable reconstruction
and in some cases bring back functionality of the damaged
area [3]. The consequences of poor-quality interventions often
Digital Object Identifier (DOI): http://dx.doi.org/10.18687/LACCEI2016.1.1.080

ISBN: 978-0-9822896-9-3
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results in unaesthetic outcomes which may disturb the psycho-
logical state and social interaction of the patient [4].

A great variety of methods have been studied in order to repair
craniofacial defects; autologous and/or allogenic bone grafts;
and alloplastic bone substitutes are among the most common
[5]. Although autologous grafts are always the first option,
their extraction often comes with complications associated
with the geometry of the extraction area which limits the shape
and the final aesthetic result; and medical difficulties that may
be presented at the donor site such as storage and age discrep-
ancy of the donor, which are also a downside in allogenic bone
grafts [6, 7].

On the other hand, numerous alloplastic materials have al-
so been proven to be highly biocompatible such as:
Polymethylmethacrylate  (PMMA),  Polyetheretherketone
(PEEK), titanium alloys, stainless steel, chrome-cobalt alloys
and ceramics such as Hydroxyapatite (HAp), to name a few [8].
While most of these materials are biocompatible, they are not
naturally bioactive (except for titanium and HAp); this limits
the implant materials surgeons can use in cases where the abil-
ity of implant-bone merging is necessary [9].

However, recent breakthroughs in biomedical technology
have been reported in the development of osteoconductive
alloplastic materials [6, 7, 10, 11]. These osteoconductive
counterparts differ in their ability to merge with the surround-
ing bone and improve anchorage of the implant at the bone-
implant interface [12]. This osteoconductivity is mainly
achieved by adding bioactive materials such as: Bioglass®,
bioglass-ceramics, calcium phosphate ceramics or hydroxyap-
atite [13]; or by increasing the porosity of the PMMA matrix
with the aid of carboxymethylcellulose or alginate microparti-
cles [14, 15], thus improving implant bioactivity by allowing
bone ingrowth to the implant.

Regarding simple geometry/implantation craniofacial de-
fects, PMMA implants are the most widely used due to their
low-price, high malleability, radiopaque characteristics, re-
sistance, light weight and of course biocompatibility [9]. In
Ecuador; when the implantation and geometry of the defect is
simple, the usual approach is to replace the damaged bone flap
with intraoperative PMMA implants [16, 17]. Intraoperative
PMMA implants can be harmful to the patient due to ther-
mal&chemical necrosis of the surrounding tissue when exo-
thermic heat of polymerization occurs, as well as infection,
decrease in blood pressure or allergic reactions caused by
leaking of unpolymerized monomer [11, 18].
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The aim of this study is to develop a protocol for the de-
sign and manufacture of PMMA preoperative craniofacial-
implants with the aid of 3D printing and silicon-rubber mold
technics (SRM) [19]. The purpose of preoperative fabrication
of PMMA implants is to avoid the disadvantages present in the
intraoperative procedure; due to these processes happening
outside the body and being given enough time to fully finish
and stabilize. Additionally, the PMMA matrix will be altered
with hydroxyapatite or carboxymethylcellulose as bioactive
and porous agents, respectively [20]. Finally, bioactive tests
will be conducted in order to compare proliferation/adhesion
of VERO cells in different compositions and partially demon-
strate the bioactive improvement of PMMA [21, 22].

Il. MATERIALS AND METHODS

Acquisition of tomographic images

Axial tomographic images of the subject’s head were col-
lected in DICOM format, these belonged to a 33 year old male
patient. The patient suffered from an intracranial traumatism
and was submitted for a decompressive craniectomy short af-
terwards. The resulting parietotemporal defect in his left side
was measured in the axial, coronal and sagittal axes with 82.59
mm, 80.45 mm and 83.77 mm respectively. The axial cuts
were 1 mm of thickness and give a total of 301 slices recol-
lected by the axial computerized tomograph (TOSHIBA ag-
uilion).

Image segmentation

DICOM images were imported to 3DSLICER (Magn Re-
son Imagin. 2012 Nov). The segmentation was then conducted
using the threshold technique with values between 230 and
270 in the Hounsfield scale. Finally the segmented image of
the skull was exported in STL. (Stereo Lithography) format.

Reconstruction of the craniofacial defect

The tridimensional-image in STL. format was recon-
structed using BLENDER (Amsterdam: Blender Foundation,
1998). The basic idea was to mirror the entire skull by a mid-
sagittal plane and then perform the Boolean operation of sub-
tracting this mirrored-skull from the original in order to obtain
a 3D-model of the missing bone flap. However, due to the
position of the CT-scanning a mid-sagittal plane of symmetry
was approximated by using well-defined features of the skull
(nose and eye cavities). The 3D-model of the implant was
manually fixed utilizing Blender software’s tools and then
exported in STL. to be 3D-printed (PROJECT 3510 SD, 3DS).
The defect of the skull was also 3D-printed in ceramic
(ZPRINTER 310 Plus, ZCorporation) in order to later test the

accuracy, proper fit of the implant and the final aesthetic result.

Manufacture of the probes

Zimmer Bone-Cement (Dough Type) was used to fabricate
probes 15 mm in diameter and 2 mm in thickness. Zimmer
Bone-Cement package contains: 40 grams of Polymethyl-
methacrylate containing barium sulfate and 20 ml of a liquid
component containing mainly methylmethacrylate (97.25%).

The manufacturer suggests the use of a 1:1 ratio (polymer
powder/liqguid monomer) for Dough type bone cement, but
since a low viscosity bone cement was needed in order to be
able to inject it into a mold cavity; a 0.75:1 ratio was used.
Also, in order to stretch handling time, prechilling of the liquid
monomer in -4 °C was necessary. Additionally, a geometric
model of a cubic cell containing spheres was used to approxi-
mately correct the volume represented by the powder in order
to fill the empty spaces (air) between the PMMA/Hap spheres
and wet all the components completely.

Carboxymethylcellulose was used to manufacture porous
probes; this material was mixed with water (40 mg/ml) in or-
der to form a gel. The gel was then mixed with the powder
components of the bone cement and then the process contin-
ued according to the manufacturer’s manual. On the other
hand probes containing Hydroxyapatite were manufacture by
first mixing all the powder components (PMMA and Hap) in
the respective volume percentages and then adding the liquid
monomer. In both cases, the volume percentage of liquid
monomer was calculated in a manner so that it will only react
with the powder components in the mixture, i.e. Hap and
PMMA. In order to sterilize probes, they were washed 3 times
with hot water (approximately 88 °C), then rinsed one last time
with cold water, disinfected with 99% ethanol and placed in
UV camera for 15 minutes.

Table | and Table Il show 5 different compositions studied,
where every probe was replicated 12 times accounting for 3
days of experimentation.

Improvement of surface bioactivity

In order to prove bioactivity enhancement of the PMMA,
VERO-cells (African green monkey kidney cells) were culti-
vated for 24 hours in a CO, Incubator at 37 °C and 5% CO,
with Dulbecco’s Modified Eagle Medium (DMEM, Gibco),
supplemented with 10% fetal bovine serum and 1X Antibi-
otic-Antimycotic at an initial population of 6x10* cells.

After incubation, cells were distributed among 3 different 24-
well cell-culture plates containing the different probes and a
Control so that they could be studied in intervals of 24, 48 and
72 hours. Cells cultivated directly on polystyrene at 37 °C and
5% CO, in a solution with DMEM, 10% fetal bovine serum,
1X Antibiotic-Antimycotic were used as a Control, represent-
ing the best case-scenario for cell-growth and simultaneously
acting as the maximum cell-growth limit. Every day, cells from
each composition were cleaved with Trypsin-EDTA 0.25%
and then dyed with Trypan Blue stain 0.4% in order to per-
form 4 random cell counts (per composition, including the
control) with a hemocytometer. An N-WAY ANOVA (p<
0.05) was performed to determine cell-growth differences be-
tween substrates. Later on, a ONE-WAY ANOVA (p<0.05)
analyzed daily differences among substrates and Tukey HSD
was used to compare them against probe D (unaltered bone
cement) and each other in order to determine if the differences
were significant.
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Table |
Composition of substrates A-C with Carboxymethylcellulose and hydroxyapatite as porogenic and bioactive agents

Material Substrate A Substrate B Substrate C

% Volume. grams mL % Volume. grams mL % Volume. grams mL
Porosity [CMC + 40,0% 20,0% 10,0%
H.0]
PMMA 600% 1482 50 00w 1977 2 50w 2100 O
MMA (1:0,75) 0,929 0’38 1,239 1'831 1,316 1'6‘0
cMC tew o101 %% osw o0 %P oaw o0 O
Water ‘A% 1536 o0 192% 0768 Op°  96%  03e4  Op0
Hap 50% 0,331 o,go
Total volume 4’80 4’80 4'80
Table I

Nonporous composition of Substrate D and Substrate E (hydroxyapatite as bioactive agent)

Substrate D

Substrate E

Material
Volume. Grams mL Volume. Grams mL
PMMA 100% 2,471 4,000 70% 1,730 2,800
MMA (1:0,75) 1,548 1,648 1,084 1,153
Hap 30% 1,983 1,200
Total Volume 4,000 4,000

Optical Microscopy

Images of each well (A,B,C,D,E,Control) were taken in
the MOTIC AE30-21 inverted microscope every 24 hours with
the MOTICAM PRO 282B in order to observe changes in
cell-growth and register cell development at 10X magnifica-
tion. Finally, 2 wells per composition (except Control) were
fixed with paraformaldehyde 4% diluted in Phosphate Buff-
ered Saline (PBS) and incubated at room temperature for an
hour; eventually the medium (containing paraformaldehyde)
was removed and fresh PBS was added in order to take images
of the probe’s surface with the aid of the ZEISS upright micro-
scope (20X magnification) and an external CANON Pow-
ershot 14.7 pixels camera. Cell growth on top of the different
materials was expected and qualitative characterization of the
material’s bioactivity was performed.

Manufacture of the implant

A silicon rubber mold was fabricated using the 3D printed
model of the implant. Sprues for injection and escape of the
material were added on opposite limits of the implant’s mold.
The mold was left to dry for 3 hours until it set, then cut open
to remove the implant model and resealed in order to be used.
Polymethylmethacrylate-based Zimmer Bone Cement in
0.75:1 ratio was injected into the mold until the material came

out from the escape sprue. Finally the implant’s accuracy was
qualitatively tested against the 3D-printed defect of the skull.

I1l. RESULTS

Improvement of surface bioactivity

Cells cultivated in the control group proved to have the
largest cell count in each day, leading the group as a maximum
cell growth limit as expected. The analysis of N-WAY
ANOVA showed that there are no major differences between
daily replicas per composition (F=0.49, p>0.05). Results of the
N-Way Anova also exhibited dependence of replications on
sample compositions (F=2.13, p<0.05), and dependence of
daily samples on replications (F=2.4, p<0.05), both which are
logical and will not be analyzed. The interaction to be ana-
lyzed is SUBSTRATE*DAY as shown on Fig.1, which repre-
sents the dependence of daily cell count on the different sub-
strates (F=59.41, p<0.05).

Day 1. - In the first 24 hours cells in substrate A, B and C
developed in a way that did not show significant differences
against probe D (Tukey HSD). In the first day, only substrate
E showed to have improved cell growth compared to D. In all
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cases cell counts were below the upper limit constrained by the
Control substrate (Tukey HSD).

Day 2. - After 48 hours, only probe A had no significant
difference against probe D (Tukey HSD). The rest of the
probes showed significant differences, regarding positive and
negative behaviors. Positive results represent enhancement on
proliferation of cells in substrates C and E, with C having sub-
stantially higher cell count than E, but still below the upper
limit imposed by the Control substrate (Tukey HSD). Negative
results in substrate B, showed a significant decrease in cell
count compared to D (Tukey HSD).

Day 3. - After 72 hours of experimentation the same re-
sults were observed. Substrate B showed bioactive decrease
compared to D and substrate A proved being not significantly
different than D (Tukey HSD). Again substrate C and E
showed improvements on cell proliferation; with C being bet-
ter than D, not significantly different than E but still below the
Control substrate (Tukey HSD).

w10 CELL COUNT ON DIFFERENT SUBSTRATES

4
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E 35 [ Substrate B
B [ Substrate C
8 3 [ substrate D
o] [ substrate £
Qo I Control
-
&
0oz
o]
Eois
m
=
2 1
=

05

24 Hours 48 Hours
TIME IN HOURS

T2 Hours

Fig. 1. Daily cell-growth variations of VERO cells on different substrates
(p<0.05). Multi-comparison analysis performed by Tukey HSD

Optical Microscopy, qualitative assessment

-Cell culture, Day 1

Fig 2. shows the development of cell culture on the medium
around the different probes. Substrate A and B showed signs
of a dirty mediums with good development of VERO cells. On
the other hand substrate C and E showed very good clean me-
diums as in substrate D and the Control. Cells on C, D and E
look well grown, elongated and with very few signs of dead
cells.

Fig. 3. shows the surface of the different substrates to partially
demonstrate the bioactivity of the material. In Probe A and B,
there’s no sign of cell attachment on the surface. In contrast,
substrate C, D and E show clear growth of healthy cells on
their surfaces; with Probe D and E being the ones with visually
higher proliferation of cells. Substrate E showed a much clear
difference between cells boundaries, as they are more spaced
and clearly defined compared to substrate D.

-Cell culture, Day 2
Fig. 4. Shows no major differences between Probe A and B
from previous days as their medium looks dirty and cloudy;
still cells appear to have developed correctly and are well
grown and elongated. On the other hand, cells on probe C and
E look very much as the Control, which shows they are
healthy; unlike cells on probe D, which look deteriorated as
they are more spaced and less confluent as they were on day 1.

Fig. 2. Cell growth on medium around different substrates (After 24 hours)
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Fig. 3. Cell proliferation and adhesion on the surface of different substrates. Subscripts stand for the day when the images were taken (24hourss; 48hoursy;
72hourss)

A look at the material’s surface Fig. 3, shows us the same
results from previous days. Probe A has organic material that
is dead, no sign of alive cells anywhere on its surface. In con-
trast, Probe B seemed to have developed a bioactive surface,
since there are healthy cells attached to its surface. Probe C
and E have a greater confluency of healthy cells compared to
day 1. On the contrary, cells on probe D seem to have lost its
shape, they also look deteriorated as they no longer are elon-
gated and well grown.

-Cell culture, Day 3
Last day of testing Fig. 5, cells from surrounding substrate A
and B reached confluency but the medium is dirty and cloudy
due to small unidentifiable particles. Again cells on Probe C,
D and E look very healthy and the medium in all of them is
clear, but full-confluency has only been reached on probe C, as
probe D and E are spaced and not filling the spaces complete-

ly.

Again, when the probe’s surfaces were observed Fig. 3;
substrate A showed no attachment of cell on its surface, just
organic dead material. Also, the surface of substrate B showed
no attachment of cells to the surface; except for a small portion
shown in Fig. which depicts a small group of bigger cells
compared to the other samples, suggesting deterioration or
death of the cells. An interesting observation is that probe D
showed organic stained material and a loss of shape of the
attached cells, no cells attached to its surface were found. In-
stead, probe C and E showed to have an even greater conflu-
ency of attached cells than previous days. Cells on probe C
look healthier, are more defined and conserve the shape of
healthy VERO cells when compared to probe E; as cells at-
tached to probe’s E surface are more clumped and not well
defined.

Fig. 4. Cell growth on medium around different substrates (After 48 hours)

14™ LACCEI International Multi-Conference for Engineering, Education, and Technology: “Engineering Innovations for

Global Sustainability”, 20-22 July 2016, San José, Costa Rica.

6



E

Cotrol

Fig. 5. Cell growth on medium around different substrates (After 72 hours)

Manufacture of the implant

In order to prove this process viability, SRM in conjunc-
tion with 3D-printing techniques were used to manufacture a
simple bone cement implant (substrate D). Qualitative assess-
ment of the implant’s fitting and accuracy indicated very good
adaptation of the implant to the defect and the contour of the
skull, thus producing a highly pleasing aesthetic and functional
result Fig. 6.

Fig. 6. a) Bone cement implant.

Fig. 6. b) Fitting of implant on the parietotemporal defect

IV. DISCUSSION
Improvement of surface bioactivity

Results suggest that by the first day, surface bioactivity was
significantly enhanced by the adding of hydroxyapatite alone,
as showed by the results provided in substrate E which exhib-
ited a higher cell count, improvement on cell adhesion and
proliferation on the substrate when compared to substrate D.
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Probes containing Hydroxyapatite exhibited an overall bioac-
tive behavior, thus increasing proliferation and adhesion of
VERO cells to the substrate [23], even on probes containing as
little as 5% Hap (Substrate C). On the contrary, the decrease
of living cells in probe A and B may be due to porous PMMA
formulations often releasing unconverted methylmethacrylate
(MMA) monomer [24]; this monomer is toxic for cells [25],
which translates to death, enlargement and alteration of the
shape of the cells as it was visually observed in microscopy.
Fragmentation of the cells in probes A and B was also ob-
served; these fragments were observed drifting in the medium
and gave it the dirty and cloudy look we observed in the mi-
croscopy. As a result we consider that CMC gel as a porous
agent in the percentages presented in probes A and B, cannot
be considered as enhancers of bioactivity due to the lack of
adhesion of cells to the respective substrates; since in the case
of probe B, the porosity causes death and lack of adhesion of
cells in the substrate; and in the case of probe A, no major
differences in cell count were spotted and there was almost no
adhesion or proliferation of VERO cells in the substrate, thus
not presenting real improvement on bioactivity.

Together with probe A and B, probe C also had a slow prolif-
eration of cells due that it contained 10% porosity which
would have also released toxic monomer. The fact that it re-
covered by the second and third day and reached probe E’s
cell count (0% porosity), may suggest the amount of porosity
did not affect the overall development of cell growth (as it did
with substrates A and B), as the content of unconverted MMA
may have been negligible. On probe D we observed prolifera-
tion and a decreasing cell attachment on the substrate which
could be attributed to the inherent surface roughness of the
unaltered bone cement (since no bioactive components were
introduced in the matrix); as surface roughness in biomaterials
has been proven to induce adhesion and proliferation of cells
in the substrate [26, 27]. Even though surface roughness may
have played an important role on cell adhesion, in this case in
particular it may have not been sufficient to maintain adhesion
and support further proliferation, as deterioration of the shape
of the cells was observed in optical microscopy. To further
assess the degree in which cement surface roughness influ-
enced bioactivity in the substrate, a surface roughness test
must be conducted [28].

Manufacture of the implant

Regarding the quality and accuracy of fit of the implant, we
can conclude that 3D-printing in conjunction with Silicon-
rubber mold (SRM) techniques can produce high quality bone
cement implants [29]; as the final result was tested visually on
the cranial defect to demonstrate its accuracy and pleasing
aesthetic result. All of this was possible due to the correct
choosing of segmentation values for skull bones and the ap-
propriate posterior reconstruction in Blender; which suggest
that free software like 3D-Slicer and Blender could be used as
a cheaper alternative for craniofacial reconstruction of simple
geometry defects (mainly calvarial bone defects) as it offers

the same level of accuracy of other paid-software packages.
The present study demonstrated that generic bone cement
compositions can be altered in order to produce compositions
with positive effects on VERO cell cultures; also 3D-printing
along with SRM techniques were presented as a cheap alterna-
tive in the manufacture of bioactive PMMA implants if paired
up with free-software as 3D-Slicer and Blender. In the future if
implantation were to happen, studies including Bone marrow
derived Mesenchymal Stem Cells need to be performed in a
similar way VERO cells were applied to this study; with the
addition of in vivo studies and a deeper examination on mor-
phology of the porosity, assessment of cell adhesion at higher
magnifications (SEM Imaging), surface roughness and chemi-
cal composition of the altered material.
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