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BMP Gene-Immobilization to Dental Implants Enhances

Bone Regeneration
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Xiaoyang Zhong, Caroline Schmiedeler, Nitin Kinra, Alyssa Moy, Lena Larsson,

Joerg Lahann, and William V. Giannobile*

For individuals who have experienced tooth loss, dental implants are an
important treatment option for oral reconstruction. For these patients,
alveolar bone augmentation and acceleration of osseointegration optimize
implant stability. Traditional oral surgery often requires invasive procedures,
which can result in prolonged treatment time and associated morbidity. It has
been previously shown that chemical vapor deposition (CVD) polymerization
of functionalized [2.2]paracyclophanes can be used to anchor gene encoding
vectors onto biomaterial surfaces and local delivery of a bone morphogenetic
protein (BMP)-encoding vector can increase alveolar bone volume and den-
sity in vivo. This study is the first to combine the use of CVD technology and
BMP gene delivery on titanium for the promotion of bone regeneration and
bone to implant contact in vivo. BMP-7 tethered to titanium surface enhances
osteoblast cell differentiation and alkaline phosphatase activity in vitro and

patients experiencing tooth loss.l At
present, implant placement is one of the
most common treatments in dentistry
for restoring occlusal function, esthetics,
and phonetics in response to tooth loss
due to disease, injury, or congenital mal-
formations.”?) One of the most common
causes of tooth loss is periodontitis, a
chronic inflammatory disease leading to
the subsequent loss of tissue attachment
and alveolar bone supporting teeth. In
recent decades, the global life expectancy
has increased, and with it, the prevalence
and the incidence of periodontal dis-
ease.l’l Thus, the placement of implants
in these patients presents a challenge

increases alveolar bone regeneration and % bone to implant contact similar
to using high doses of exogenously applied BMP-7 in vivo. The use of this
innovative gene delivery strategy on implant surfaces offers an alternative

treatment option for targeted alveolar bone reconstruction.

1. Introduction

The discovery and development of titanium dental implants
have led to major improvements in the rehabilitation of

for clinicians, highlighting the necessity
to continue the discovery of innovative
treatment options in order to provide
sufficient bone volume and bone quality
for more successful clinical outcomes.
At present, a variety of bioengineering
approaches are clinically available, which
have demonstrated promising results to locally stimulate bone
regeneration and bone augmentation at the site of bone loss.
The use of growth factors such as bone morphogenetic proteins
(BMPs) has been at the forefront of regenerative treatments.
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The use of targeted and site-specific approaches to stimulate
local bone formation offers significant potential to target growth
factors to the dental implant site. Local delivery of BMPs pro-
motes osteogenesis and accelerates implant osseointegration.l!
Yet, there remains a need for improving local growth factor
target delivery to maintain and release growth factors in a more
controlled and temporal manner.

We have previously utilized a unique method, known as
chemical vapor deposition (CVD) polymerization, to bind
gene therapy vectors directly onto the surfaces of biomaterials,
such as polylactic-co-glycolic acid (PLGA), polycaprolactone
(PCL), and titanium (Ti). Gene delivery using CVD on these
biomaterials has been shown to establish a more prolonged
and sustained factor delivery than traditional, recombinant
protein delivery.[! While systemically delivered adenoviral vec-
tors have been shown to be captured by the liver and lung,”!
the use of CVD may overcome the safety concern associated
with the systemic distribution of unbound gene therapy vec-
tors due to specific targeting and release onto biomaterial
surfaces.[®

BMP-encoding gene therapy vectors extend the delivery
period of growth factors and reduce the functional dose
required for local defects® while other studies have demon-
strated the safety and efficacy of using gene therapy vectors
for oral tissue regeneration in vivo.’l We propose using this
novel method of CVD as a biomaterial surface modification
technology to tether BMP-7 vectors onto titanium surfaces
to increase local bone regeneration and osseointegration at
implant defect sites.

2. Results

2.1. Immobilization of Ad-BMP7 on Titanium Using CVD
Produces Bioactive BMP-7 Protein and Promotes Favorable
Cellular Activitiesincluding Cell Adhesion and Proliferation

We have previously developed and applied CVD technology to
tether adenoviral vectors onto the surface of different bioma-
terials.[*% In this study, we applied CVD polymerization of
functionalized [2.2]paracyclophanes to immobilize adenovirus
encoding BMP-7 (Ad-BMP7) onto Ti discs (Figure 1A). Briefly,
Ad-BMP7 was tethered onto Ti discs following the binding of
an anti-adenovirus antibody to the pentafluorophenyl (PFP)-
ester groups on the polymer coating. The active, functional
group of the polymer, PFP ester, binds to the amino groups of
the antibody via forming amide bonds with the amino groups
of the antibody. Based on our preliminary work, the polymer
adheres strongly to the surface.'!! The PFP group is removed
upon incubation and binding of the antibody. After immobili-
zation, the polymer is not biodegradable meaning it is stable,
has been tested and is not bioreactive or cytotoxic. Based on
the studies published by Hao et al. and Zhang et al.,[%12 this
polymer layer can capture anti-adenovirus antibodies via cova-
lent immobilization on the TiO, surface. In the process, the
reactive ester layer is replaced by a monolayer of antibodies as
shown in Figure 1 and is thus not cytotoxic. We do not expect
any remaining PFP ester groups on the titanium discs or
implants after successful immobilization due to their strong
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hydrolytic ability. This functional polymer layer was proved
to be stable with strong binding efficiency when incubated in
a physiological medium and there is no activation necessary.
Binding efficacy was nearly 100% within a wide range from
10% to 10 particle numbers (PN). We used an antibody con-
centration above saturation (10 ug ml™) so that all functional
groups are bound with antibodies or blocked.

The attachment of adenovirus onto Ti has previously
been demonstrated by our group using scanning electron
microscopy.l®! In this publication, the number of virus particles
on the titanium surface was measured using six independent
region of interests (ROIs) of 1014 um 2 each. Virus particles
attached to the titanium surface for 10! and 10'2 PN were =10
and =100 virus particles/ROI, respectively. To confirm that cells
could be transduced by an immobilized adenovirus vector, an
Ad-green fluorescent protein (GFP) vector, was tethered onto
the CVD-treated titanium surface and using fluorescence
microscopy, verified that the primary human cells coming into
contact with the implant were transduced by the Ad-GFP vector
and expressed the encoded GFP gene. (Figures S1and S2, Sup-
porting Information).

We first hypothesized that BMP7 gene delivery using CVD
technology could transduce osteoblasts (OBs) and increase the
differentiation and mineralization in vitro and subsequently
improve dental implant osseointegration and bone regeneration
in vivo. To test our hypothesis, we performed in vitro experi-
ments using MC3T3-E1 pre-OBs seeded onto both CVD-treated
and untreated Ti discs. Cells and supernatant cell culture media
were harvested at each time point (Figure 1B), and five groups
were tested (Figure 1C). On day 1 (Figure 1B), confocal laser
scanning microscopy (CLSM) analysis showed that the cells
adhered to the discs with no difference in cell adhesion observed
between the no treatment and rthBMP-7 groups (Figure 2A).
Regarding cell morphology, cells that were attached to the CVD-
coated surface for both the CVD + empty vector (10" PN ml™)
and CVD+Ad-BMP7 (10", and 10> PN ml™) groups exhibited
a more elongated and thin cytoskeletal appearance compared
to cells attached to the untreated discs. Also, there appeared to
be fewer cells attached when cultured on the CVD-treated discs
compared to those grown on non-CVD discs (no treatment and
rhBMP-7). Next, to quantify the concentration of soluble BMP-7
protein in the supernatants, which was produced from cells
induced with Ad-BMP7, an enzyme-linked immunosorbent
assay (ELISA) was performed (Figure 2B). Two concentrations
of Ad-BMP7, 10" and 102 PN were used and the data revealed
that both PN concentrations of Ad-BMP7 produced a robust
amount of BMP-7 protein over 14 days, forming a peak at day 7
(Figure 2B). In addition, our previous study showed that protein
production and cell proliferation using Ad-PDGF and CVD were
similar to thPDGF-BB (50 ng ml™).l%l Based on this result, the
concentration of thBMP-7 (positive control) used for subsequent
assays was selected at 50 ng ml™! (Figure 1C). Finally, results
from a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) assay showed that metabolic activity increased over
time with a similar proliferation profile for all groups. The meta-
bolic activity at day 1 of the non-CVD group was higher than that
of the CVD group (Figure 2C), which was consistent with dif-
ferent cell densities demonstrated in the CLSM images shown
in Figure 2A.

© 2022 Wiley-VCH GmbH
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Figure 1. Experimental design of the in vitro study. A) Schematic rendering of the chemical vapor deposition (CVD) polymerization depicting sublima-
tion of the pentafluorophenyl (PFP) ester precursor, which forms a 17.3 £ 0.2 (mean £ SD) nm polymer coating onto the titanium surfaces. Following
incubation with an anti-adenovirus antibody (10 ug ml™") and BMP-7-encoding adenovirus (10" PN), MC3T3-E1 cells (3 x 10* cells/disc) were added and
incubated. B) The experimental timeline showing the timepoints for osteoblast-induction media changes and collection of the supernatant samples for

subsequent analyses. C) Table showing the experimental and control treatment groups.

2.2. Ad-BMP7 has a Similar or Higher Osteogenic Potential
In Vitro Compared to rhBMP-7 Treatment

Osteoblast lineage progenitor cells undergo three differentia-
tion phases: 1) cell proliferation, 2) extracellular matrix (ECM)
secretion and maturation, and 3) matrix mineralization.!}] Fol-
lowing the initial active cell proliferation phase, immature OBs
differentiate into mature OBs secreting both type 1 collagen,
a major component of ECM, and alkaline phosphatase (ALP)
for ECM maturation.™ Upon completion of ECM matura-
tion, matrix mineralization occurs, expressing various osteo-
blastogenic markers including osteocalcin (OCN), osteopontin
(OPN), and bone sialoprotein (BSP), with continued expres-
sion of Type I collagen and ALP. Runt related transcription
factor 2 (RUNX2) is a master transcription factor stimulating
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the expression of bone marker genes in osteoblastogenesis. The
level of RUNX2 expression peaks between the immature and
mature OB stages.®) We then evaluated the osteoblastogen-
esis of MC3T3-E1 pre-OBs in each group. Cells were seeded
onto Ti discs and OB differentiation was induced for 14 days
using osteogenic media (Figure 1B). Quantitative real-time PCR
was performed to measure the expression of representative
bone marker genes; Type 1 collagen, RUNX2, ALP, and OCN
(Figure 3A). Our data showed that Type I collagen was primarily
expressed in the early stages around day 4, and RUNX2, ALP,
and OCN expression increased sequentially until day 14 of cell
culture (Figure 3A). Based on previous research studies, we con-
cluded that OB differentiation followed a traditional pathway/
timeline of osteoblastogenesis. Although all groups showed a
similar OB differentiation pattern, the degree of differentiation

© 2022 Wiley-VCH GmbH
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Figure 2. Analysis of the MC3T3-E1 cellular phenotypic changes, BMP-7 protein production, and metabolic activity following incubation with Ad-BMP7-
immobilized onto CVD coated titanium (Ti) discs. A) Confocal microscopy images of DAPI (blue)- and Phalloidin (red)-stained osteoblasts on the
surface of the Ti discs on Day 1. Scale bar = 50 um. B) ELISA assay measuring BMP-7 protein produced by MC3T3-E1 cells incubated with Ti discs over
14 days. C) MTT assay measuring the metabolic activity of osteoblast cells up to 14 days after incubation with Ti discs treated as shown. Three discs/
group were used and all samples were run in duplicate, and the data are expressed as mean * standard error of means (SEM) of three independent
experiments. Student t-test and one-way ANOVA with Tukey’s post-hoc test were used. There was no significant difference among the groups regarding

both BMP-7 production and cellular proliferation.

varied slightly among the groups. The no treatment and
CVD + empty vector groups yielded a lower differentiation
capacity than the groups with BMP7 (thBMP-7, Ad-BMP?7).
Notably, the CVD + Ad-BMP7 groups (PN 10! and 10'%) exhib-
ited equivalent or slightly higher osteogenic potential compared
to that of thBMP-7. In addition, an ALP activity assay was per-
formed to verify the osteogenic effects of Ad-BMP7 and indi-
cated that both 10 and 10' PN resulted in greater ALP activity
than thBMP-7 treatment, with the CVD + Ad-BMP7 (PN 10™)
group showing a significant peak of ALP protein production at
day 10 (Figure 3B). Since gene expression alone does not simply
explain bone regeneration, it was specifically concluded with
the in vivo portion of the study. Based on this confirmation of
the osteogenic potential of tethering Ad-BMP7 on Ti discs in
vitro, we hypothesized that immobilizing Ad-BMP7 onto tita-
nium oral implants would enhance alveolar bone regeneration
in vivo and improve osseointegration of the implants.

2.3. Ad-BMP7 Enhanced Bone Regeneration and Bone Mineral
Density Around Implants In Vivo

In order to examine the in vivo effects of using CVD coating
and gene delivery on titanium implants for the improved bone
to implant contact (BIC) and bone regeneration, we performed
implant surgical procedures in Sprague-Dawley rats. To
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standardize the placement of the implants, we created stand-
ardized bone defects using a customized implant step drill
and titanium press-fit mini implants (Figure 4A). The implant
surgeries were performed by an experienced surgeon (F.K.)
according to an established protocol (Figure 4B-D). The outline
of the complete surgical procedure, including molar extraction
and socket healing, is shown in Figure 4C.

To quantify the regenerated bone volume around the
implants and measure the bone mineral density (BMD), a micro
CT analysis was performed (Figure 5A-C, Table 1). In in vivo
study, a total of 108 implants which consists of 12 implants per
group were analyzed. During the micro CT analysis, we found
two implants had perforated into the nasal cavity on day 10. In
addition, one other implant had perforated into the nasal cavity
on day 14, four implants were lost on day 21, and six implants
were found to be malpositioned at day 21. Thus, those samples
were excluded for further analysis. Twelve samples in control,
11 in thBMP-7, 11 in Ad-BMP7 at day 10, 11 in control, 12
in thBMP-7, 12 in Ad-BMP7 on day 14, and 9 in control,
8 in thBMP-7, and 9 samples in Ad-BMP-7 on day 21 were ana-
lyzed for pCT and histomorphometry. On 10 d post-surgery,
variable bone regeneration in the defect area was observed in
all groups and increased at 14 d post-surgery, but with no dif-
ferences measured among the groups (Figure 5A,B). On day 21,
the thBMP-7 treatment significantly increased the volume
of regenerated bone within the defect compared to controls

© 2022 Wiley-VCH GmbH
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Figure 3. Results from the in vitro study measuring gene and protein expression from MC3T3-E1 cells incubated on the CVD-treated Ti discs. A) Real-
time PCR measurements of mRNA expression levels for Type | collagen, RUNX2, alkaline phosphatase (ALP), and osteocalcin (OCN). B) Alkaline
phosphatase protein expression level over 14 d of incubation of MC3T3-E1 cells with Ti discs, treated as shown. Three discs/group were used and all
samples were run in duplicate, and the data are expressed as mean £ SEM of three independent experiments. One-way ANOVA with Tukey’s post hoc
test was used. * p < 0.05 compared to no treatment and # p < 0.05 compared to rhBMP-7 on each corresponding day.

(Figure 5B). Ad-BMP7 gene delivery showed similar results as
the thBMP-7 protein group, with increased regeneration com-
pared to the control although it's not significant (p = 0.089)
(Figure 4B and Table 1). Both the thBMP-7 and Ad-BMP7 treat-
ment groups demonstrated a significantly higher BMD within
regenerated bone on day 21 compared to days 10 and 14. In
addition, rthBMP-7 showed a significantly higher BMD com-
pared to the control group and was similar with respect to the
regenerated bone volume (Figure 5C). The BMD in the con-
trol group on day 21 showed significance only when compared
to day 10 (Figure 5C and Table 1). Regarding tissue mineral
density (TMD), the thBMP-7 and Ad-BMP7 treatment groups
showed a higher TMD at 10 days post-surgery. However, all
groups showed an increasing TMD throughout the experiment
(Table S1, Supporting Information).

2.4. Backscattered Electron-Scanning Electron Microscope
(BSE-SEM) Images Confirmed Significant Bone Regeneration
Within the Defects in the Ad-BMP7 Group

To confirm the results from the microCT analysis, BSE-SEM
analysis using undecalcified tissue sections was performed. The
BSE-SEM technique produces high-resolution images of bone
directly surrounding the implants without producing a “halo”
effect. BSE-SEM images, which are cross-sectional views from
the midline of the implant, were used to measure the regener-
ated bone volume within the defect (Figures 6A). At 10 d post-

Adv. Mater. Interfaces 2022, 9, 2200531

2200531 (5 of 13)

surgery, regenerated bone was measured in both rhBMP-7 and
Ad-BMP7 groups and the total amount of bone increased by
14 d post-surgery. At 21 d post-surgery, both the thBMP-7 and
Ad-BMP7 groups showed a significant amount of regenerated
bone at approximately the same height of the implant (=1 mm).
In contrast, even at 21 d, the control group did not produce an
equivalent amount of bone height (Figure 6A). It is noteworthy
that Ad-BMP7 significantly regenerated bone volume within the
defect at 21 d post-surgery compared to the control, whereas
rhBMP-7 showed similar results but it was not significant when
compared to the control (Figure 6B).

2.5. thBMP-7 and Ad-BMP7 Showed Significant % BIC
at 21 Days Post-Surgery

To evaluate the effect of Ad-BMP-7 vectors tethered to the Ti
implants on the bone to implant contact (BIC), histomorpho-
metric analysis was performed. Histological images shown in
Figure 7A are from the same sections as in the BSE-SEM images
(Figure 6A). Histomorphometric analysis revealed that at day 10,
both Ad-BMP7 and rhBMP-7 treatment significantly increased
the % BIC within the defect (Figure 7B). Additionally, both
groups showed an increase in % BIC within the defect on day
14. Regarding the total percentage of BIC, Ad-BMP7 showed an
increase on day 14 but was not significantly different compared
to the other groups. On day 21, all three groups showed a signifi-
cantly higher % BIC compared to the day 10 values (Figure 7B).

© 2022 Wiley-VCH GmbH
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Figure 4. Experimental design of the in vivo study. A) Photographs of the custom-manufactured step drill (left) and SLA-treated titanium dental implant
(right). Scale bar =1 mm. B) The experimental timeline for the in vivo study shows the timepoints for bilateral 1st molar extractions, implant place-
ments, and endpoints for microCT and histological analysis. C) Schematic diagram showing the dimensions of the surgically-created osseous defect
and positioning of the titanium implant within the alveolar bone. D) Table showing the experimental and control treatment groups. A total of 54 rats
were assigned and a total of 108 implants were placed. Each timepoint had 12 implants placed per group with a split-mouth design and the surgeon

was masked for the group of implants.

3. Discussion

Bone repair has been well-studied within the field of regenera-
tive medicine. With the recent advances in tissue engineering
technology, hopes and expectations of applying these new
regenerative strategies have increased, leading to numerous
studies being conducted to enhance the key elements of regen-
eration, which include cells, scaffolds, and growth factors.
Among the several types of growth factors, BMPs have received
much attention for bone regeneration./l The concentrations
of various BMPs in normal human plasma are reported to be
less than 100 pg ml™, and it is known that the concentration
of BMPs increases when fractures occur.™® Recombinant forms
of BMP, specifically BMP-2, BMP-4, and BMP-7, have been
shown to improve bone regeneration in animal models.'”} Of
these, thBMP-2 and rhBMP-7 are approved for clinical use by
the Food and Drug Administration (FDA),?% and the clinically
approved doses of thBMP-2 and rhBMP-7 are in the milligram
range.l?!l The osteoinductive potential of tThBMPs has been
proven in both in vitro and preclinical studies, however, clinical
applications have not achieved widespread clinical adoption in
dental medicine due to economic feasibility. [22 It has been sug-
gested that high dosage administration of thBMP due to a short
halflife is one of the main causes of reported adverse events.[!2]
Therefore, new studies for the controlled release of BMPs have
been introduced to address this concern.

Adv. Mater. Interfaces 2022, 9, 2200531
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Adenoviral vectors are commonly used for gene delivery due
to their specific advantages, including a high transduction efhi-
ciency on both non-dividing and dividing cells, epichromosomal
persistence in the host cell, and inability to be incorporated into
the host cell genome.[?*l Although adenoviral vector DNA can
be immunogenic, its transfection is characterized by a transient
and high expression of specific genes.? This feature is par-
ticularly relevant for the purpose of regenerating bone at local-
ized oral defects around the implant.”® In this study, we used
CVD technology to bind a BMP-encoding gene onto titanium
implant surfaces. Based on the previous study,” the binding
efficacy is nearly 100%, within a wide range from 108 to 10" PN.
We used a concentration above saturation (10 ug ml™ of anti-
body) so that all functional groups are blocked and bound with
the antibody. BMP-7 protein was measurable at two Ad-BMP7
particle numbers, 10" and 10'?, showing production at a high
concentration of approximately 50 ng ml™ of BMP-7 on day 7
(Figure 2A). The pattern of cell morphology was divided into
two groups; a non-CVD treatment group (no treatment and
rhBMP-7) and a CVD group (CVD + empty vector and CVD +
Ad-BMP?7). Results showed slightly elongated cells and were
seemingly less in number for the CVD group (Figure 2A). We
believe that the pattern of cellular morphology was affected by
actin cytoskeletal reorganization by adenovirus endocytosis, 2l
but this did not have a significant impact on cell proliferation
or differentiation (Figures 2B and 3). The quantitative real-time

© 2022 Wiley-VCH GmbH
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Figure 5. Results from the microCT analysis measuring regenerated bone volume and bone mineral density within the surgically created defect.
A) 10, 14, and 21 d sagittal images from microCT scanning (upper panels) and the corresponding 3D transverse isosurface images (lower panels) for
the respective treatment groups. Yellow-dashed lines outline the region of interest for measurements. Scale bars =1 mm. B) Statistical data showing
the total bone regenerated (%) within the defect and C) bone mineral density (BMD) within the defect. Eleven or 12 samples per group on days 10 and
14, and 8 or 9 samples per group on day 21 were performed with micro CT analysis. Data are expressed as Mean £ SEM, one-way ANOVA, Dunnett’s
post hoc test for regenerated bone volume and Tukey's post hoc test were performed for bone mineral density p < 0.05 compared to control in Day

### p< 0 0001 compared to same group in Day 14

PCR and ALP assay data showed that CVD + Ad-BMP7 exhib- From the in vivo experimental data, it is especially note-
ited osteogenic responses that were equivalent to or slightly = worthy that Ad-BMP7 enhanced bone regeneration, bone min-
higher than that of thBMP-7 (Figure 3). Thus, Ad-BMP7 teth-  eral density, and % BIC around the implants similar to local
ered on titanium resulted in a strong enhancement for osteo-  delivery with thBMP-7 protein. This was observed at 14 d post-
genic differentiation of preosteoblasts in vitro. surgery with significant differences measured at day 21. These
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Table 1. Statistical analysis of the microCT data showing bone volume
and bone mineral density for each treatment group at each time point.

% BV/TV Control rhBMP-7 Ad-BMP7
Day 10 47+16 3.2+04 3.6+0.7

Day 14 8.1£2.5 1M.2+42 13.1+3.8
Day 21 234163 43.0 £ 3.4% 38.0+£4.8
BMD mg cm™3 Control rhBMP-7 Ad-BMP7
Day 10 95.9+20.7 78.8£8.2 94.6+17.8
Day 14 133.6 +24.5 161.0 +38.4 185.5 +36.7
Day 21 2514+ 5437 420.1+29.6%TTT### 383 6+ 36.01TT##

N =11 or 12/group at days 10 and 14, and 8 or 9/group at day 21. *p < 0.05
compared to control in Day 21, Tp < 0.05 compared to same group in Day 10,
TTTp < 0.0001 compared to same group in Day 10, ##p < 0.01 compared to same
group in Day 14, ###p < 0.0001 compared to same group in Day 14.

results appear to be a milestone for improved development of
implant surface properties since current clinical dentistry often
requires invasive surgeries to regenerate bone prior to the
implant placement given that there are no bioactive implants
clinically available. Wikesj6 et al. reported the effect of thBMP-2
and thBMP-7 coating on implants.’’] Using a supra-alveolar
peri-implant defect model in canines, prominent osteogen-
esis was observed around the implants. However, the % BIC
and bone density of the newly formed bone were less than the
control. Another study investigating implant coating using
recombinant human growth/differentiation factor-5 (thGDF-5)
yielded stable results without any cases of seroma formation
or implant dislocation.?®l However, bone regeneration using
rhGDF-5 seemed to be less than with thBMP-2 or thBMP-7,
and lower bone density and %BIC were found compared to
controls.?’! Although the experimental design parameters such
as animal species, implant design, and defect morphology were
different from our study, we have shown not only significantly
higher bone regeneration, but also increased bone mineral
density, and % BIC using Ad-BMP-7 compared to the control.
In addition, there were no post-surgical complications such as
seroma or dislocation of implants among the groups.
Currently, there remains a need for dose or carrier optimiza-
tion of thBMPs or other growth factor proteins used for effec-
tive treatments.’% In this regard, the CVD coating and gene
delivery technology used in this study is a highly innovative
and beneficial method. In a study of peri-implant defects using
Ad-BMP7 and collagen gel, in vivo bioluminescence imaging
showed that Ad-BMP7 maintained higher transgene expression
within the target site for 10 d, returning to baseline by 35 d.[3]
The use of a collagen gel can help maintain local gene expres-
sion for a period of time,® but systemic transmission within
the bloodstream may occur.®® In the present study, Ad-BMP7
tethered to the titanium implant using CVD resulted in signifi-
cant bone regeneration and high % BIC around the implant
(Figures 5-7) with approximately 1/3 of the amount of the
Ad-BMP7 used compared to a previous collagen gel study.l®?
The reason for this result may be due to CVD demonstrating
a strong capacity for adenovirus capture on the surface of the
implant and promoting viral transfection while suppressing
the systemic transmission of the adenovirus vector. In addition,
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we were able to achieve comparable regenerative results as
compared to conventional protein delivery using a supraphysi-
ological concentration of rhBMP-7 (Figures 5 and 6).

For optimal dental implant treatment, it is necessary to
have sufficient bone volume and appropriate bone quality in
order to place the implants in the exact location and maintain
stability. This study suggests that CVD-coated implants could
be used as an effective implant treatment even in areas with
insufficient bone volume. Hao et al. reported that CVD can be
applied to several biomaterials, which can potentially be com-
bined together with 3D printed materials and Ad-BMP7 and
Ad-PDGF transfected into human periodontal ligament cells
(hPDL).’l Our in vitro study revealed that CVD-tethered ade-
novirus can efficiently transfect genes into various cell types,
such as oral keratinocytes, hPDL, human gingival fibroblasts,
and bone marrow stem cells (Figure S1, Supporting Informa-
tion). Moreover, a CVD coated micropattern-scaffold effectively
transfected adenovirus within periodontal tissue resulting in
enhanced periodontal regeneration.?!! Further improvements
have been made to CVD technology itself, with degradable
polymer coatings being developed.l*2 Unlike conventional CVD
monomer coatings, CVD polymers with ester groups in the
main chain can be degraded and absorbed in vivo, therefore it
has great potential on biomaterials used for tissue regeneration.
As such, CVD coating with Ad-BMP7 may be safe and effec-
tive to use in vivo. Since this adenovirus vector is replication-
deficient, it cannot replicate or proliferate post-transduction,
and the virus will thereby ‘disappear’ after internalization.
Chang et al, showed acceptable biosafety profiles using this
adenovirus vector in vivo.’¥ Since our adenovirus vectors were
tethered to the titanium surface and are not released from the
material surface compared to collagen gel, we assume our ade-
novirus immobilization using CVD is safer than collagen gel
delivery. Furthermore, our present study also showed no pro-
gressive swelling or symptoms noted. Our method of using
CVD to polymer coat implants and deliver Ad-BMP7 can be
effective to stimulate bone regeneration directly surrounding
the implant enabling a reduction of traditional bone regenera-
tion procedures and will help satisfy the increased demand for
implant dentistry. We believe this innovative CVD coating and
gene delivery methodology can be applied to dental implant
reconstruction, resulting in a more ideal alveolar bone tissue
regeneration with better targeting of growth factors. The appli-
cation of these tailor-made regenerative therapies specific to the
individual and disease site may not be far off in the future.

4, Conclusion

These results propose that using chemical vapor deposition to
immobilize a BMP-7 gene-expressing adenovirus onto titanium
surfaces enhances osteoblast differentiation and osteogenic
potential in vitro, and subsequently can increase the alveolar
bone regeneration and % BIC similar to that of using high
doses of locally-applied thBMP-7 in vivo. The use of chemi-
cally-immobilized gene therapy vectors onto implant surfaces
allows for targeted gene transfer at the implant-cellular inter-
face without the need for high doses of growth factors using
traditional protein delivery. This approach offers potential as a

© 2022 Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

A Control

INTERFACES

www.advmatinterfaces.de

Ad-BMP7

rhBMP-7

B Regenerated Bone Volume
*
50 p=0.070
2
o 40+
m
©
£ 30-
5 1
S 204
[=2]
[
o ﬁ“
N
oL B
Day 10 Day 14 Day 21

[ Control
Il rhBMP-7
BN Ad-BMP7

Figure 6. Histomorphometric analysis of backscattered electron-scanning electron microscopy (BSE-SEM) images revealed enhanced bone regen-
eration using CVD-BMP-7 gene delivery. A) Undecalcified tissue samples were embedded in MMA and sectioned, ground, and polished to =50 um
thickness, then subject to BSE-SEM. Representative day 10 (top), 14 (middle) and 21 (lower) images for each treatment group with the yellow-dashed
line outlining the defect area created at the time of surgery. Eleven or 12 samples per group at days 10 and 14, and 8 or 9 samples per group at day 21
were performed with histological analysis. Scale bar = 200 um. B) Statistical data showing the mean values for alveolar bone regeneration (%) within
the defect area for each treatment group at each time point. Data are expressed as Mean + SEM, one-way ANOVA and Dunnett’s post-hoc test were

performed. * p < 0.05 compared to control in Day 21.

treatment modality in the targeting of cells to produce regen-
erative molecules and potentially improve the biosafety of such
approaches for local drug delivery.

5. Experimental Section

Titanium Disc/Implant Manufacture and CVD Coating: Titanium discs
measuring 12 mm in diameter and 1 mm in thickness, were manufactured
by ELOS Medtech (Gorlose, Denmark). The titanium disc surface was
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machined and smooth surface. The discs were coated with a layer of
amine-reactive polymer using a custom-built CVD system as previously
reported.’! Sand-blasted, large grit, acid-etched (SLA) press-fit implants
(kindly donated by Straumann, Switzerland), with a diameter of 1.0 and
2.0 mm in length were used. (Figure 4A). Briefly, a thin layer of polymer
film containing pentafluorophenyl (PFP)-ester groups was coated
on the implant surface via CVD polymerization. X-ray photoelectron
spectroscopy (XPS) and immunofluorescence were used to verify the
presence of polymer and binding of anti-adenovirus antibodies on the
polymer-coated disc surface. The thickness of the coating was measured
by an ellipsometer (EP3 Nanofilm, Accurion, Germany).
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Figure 7. Bone-to-implant contact measurements using histological sections stained with toluidine blue and basic fuchsin. A) The exact same tissue
sections used for BSE-SEM in Figure 6 were stained with toluidine blue and basic fuchsin to calculate the BIC. Representative day 10 (top), 14 (middle),
and 21 (lower) images for each treatment group are shown with the yellow-dashed line outlining the defect area. Eleven or 12 samples per group on
days 10 and 14, and 8 or 9 samples per group on day 21 were performed with histological analysis. Scale bar = 200 um. B) Statistical data showing the
bone-to-implant contact measurements of % within the defect (left) and % of the total implant length (right). Data are expressed as Mean = SEM, one-
way ANOVA, and Tukey’s post hoc test were performed for bone mineral density. * p < 0.05, ** p < 0.01 compared to same group in Day 10, T p < 0.05,

T p < 0.01 compared to same group in Day 14.

Adenoviral Vector Gene Delivery: Replication-deficient adenoviral vector
(Ad) encoding BMP7 was generated by the University of Michigan Vector
Core lab. The viral titer was approximately 4.0 x 10'2 PN ml™" and the
virus concentration used for conjugation to the anti-adenovirus antibody
was 10" and 10'? PN ml™". CVD-coated titanium discs or implants were
incubated overnight at 4 °C in PBS containing 10 ug ml™ goat anti-
adenovirus antibody (AbD Serotec, Oxford, UK). Following —three to five
washes with PBS, the titanium discs/implants were incubated in a 10" or
102 PN mlI~" Ad-BMP7 solution for 4h and then washed again to remove
any unbound virus particles. Coated samples were handled aseptically
for all steps following CVD coating. No contamination or inflammatory
events were observed throughout the in vitro experiment.
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Cell Culture: MC3T3-E1 mouse pre-osteoblast cells were cultured
in o+Minimum Essential Medium Eagle (oMEM) with 10% fetal
bovine serum (FBS) containing 100 U mL™" penicillin and 100 pug mL™
streptomycin in a 37 °C incubator with 95% air, 5% CO,, and 100%
relative humidity. MC3T3-E1 cells were plated at 3 x 10* cells on the
discs, which were placed in multi-well tissue culture plates (Figure 1A)
and cultured in osteogenic media to induce osteoblastogenesis. Three
samples per group were used. The osteogenic medium was prepared
by adding 50 pg ml~" ascorbic acid and 10 mM S-glycerophosphate and
the media was changed every three to four days (Day 0, 3, 6, 9, and
13). For the positive control samples, rhBMP7 (50 ng ml™") was freshly
added to the medium at every medium change (Figure 1B). Cells and cell
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culture supernatants were collected and stored at —80 °C for subsequent
analysis at the time points shown (Figure 1B).

Experimental Groups in In Vitro Study: Five groups were tested in this
study; no treatment (negative control), rhBMP-7 (50 ng ml~, positive
control), CVD + empty vector (10" PN), and CVD + Ad-BMP7 (10" and
10" PN), (Figure 1C).

Cell Attachment: 24 h after cell seeding, disc-adherent cells were fixed
in 4% formaldehyde for 10 min, followed by a quick rinse in PBS and
incubation in 0.25% Triton-X for 5 min. Fixed cells were labeled with
Alexa Fluor 488 phalloidin (Invitrogen, Carlsbad, CA, USA) and mounted
in ProLong Gold Antifade Mountant with 4, 6-diamidino-2-phenylindole
(DAPI; Invitrogen, Carlsbad, CA, USA) for detection of cytoskeleton
and nucleus, respectively. Alexa Fluor 488 phalloidin was diluted at
1:20 in PBS and added to the cells. After 15 min of incubation at room
temperature (RT) in the dark, cells were rinsed once with PBS. One drop
of ProLong Gold Antifade Mountant was applied to the specimen and
the cover slide-mounted specimen was examined. Fluorescence was
visualized by CLSM.

Cell Proliferation Assay (MTT Assay): Cellular proliferation was
evaluated on designated days using a Vybrant MTT Cell Proliferation
Assay Kit (Thermo Fisher Scientific, USA) according to the
manufacturer’s instructions. Briefly, cells were labeled with MTT solution
and centrifuged. The medium was removed and cells were incubated
in DMSO at 37 °C for 10 min. The results were evaluated using a
spectrophotometer at 540 nm wavelength.

ELISA: The cell culture supernatants were collected at 1, 4, 7, 10, and
14 days (Figure 1B) and stored at —80 °C, and used for the detection of
soluble BMP7 protein using Quantikine ELISA kits from R&D Systems
(Minneapolis, MN, USA) according to the manufacturer’s instructions.
Reading of the results was performed at 492 nm wavelength.

Real-Time PCR Analysis: Cells cultured on the Ti discs (N = 3/group)
were harvested at 1, 4, 7, 10, and 14 days (Figure 1B). Total RNA extraction
was performed using the RNeasy kit (Qiagen, Valencia, CA). The
quantity and quality of the total RNA were evaluated using a NanoDrop.
All samples representing an appropriate A260/280 and A260/A230
ratios above 2.0 were considered for analysis. 200 ng total RNA was
used for cDNA synthesis (PrimeScript RT reagent Kit, Takara Bio Inc,
Shiga, Japan). SYBR green reagents (PowerUp SYBR Green master mix,
Applied Biosystems, Foster City, CA, USA) were used for the detection of
markers of osteogenic differentiation including collagen type | (ColAl),
runt related transcription factor 2 (RUNX2), alkaline phosphatase (ALP),
and osteocalcin (OCN) as well as a positive control glyceraldehyde-3-
phosphate dehydrogenase (GAPDH). The primers used are listed in
Table S2, Supporting Information. An ABI PRISM 7700 sequence detector
(Applied Biosystems) was used with the following settings: activation
95 °C, 2 s; denaturation 95 °C, 15 s and annealing/extension 60 °C, 30 s.
Each reaction was performed in technical duplicates and the mean of
three independent biological replicates was calculated and the relative
expression levels were normalized to GAPDH and calculated using the
2744CT method.

Alkaline Phosphatase Activity Assay: The cell culture supernatant was
collected at 1, 4, 7, 10, and 14 days (Figure 1B). An ALP activity assay was
performed using the colorimetric Alkaline Phosphatase Activity Kit from
Abcam (Cambridge, MA, USA) according to the manufacturer’s protocol
and the absorbance was measured at OD 405 nm.

Customized Step Drill and Press-Fit Mini Implants Specialized for Rats:
To achieve a consistent bony defect as well as to place the implants,
a customized step drill (Richard Micro-Tool, MA, USA) was designed
(Figure 4A). The bony defect diameter was 2.2 mm and the depth was
1.0 mm at the coronal half of the press-fit implant. The SLA titanium
implants (Straumann) were 1.0 mm in diameter and 2.0 mm in length.

Animals, Tooth Extraction, and Implant Placement: All animal
procedures were performed with approval from the University of
Michigan Institutional Animal Care and Use Committee according
to the ARRIVE guidelines for preclinical studies (approved protocol
ID: PRO00008696). A total of 54, 5-week-old Sprague—Dawley male
rats (Charles River Laboratories, MA) were acclimatized. Preemptive
analgesic (Carprofen, 5 mg kg™ body weight) was subcutaneously
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administered 1day before surgery. Isoflurane was used to anesthetize the
rats and maxillary 1st molars were extracted bilaterally. After a 6-week
healing period, the standardized defects were created. A surgeon,
masked to the treatments, placed CVD coated implants with either
no vector (control) or with 10" PN of Adenovirus encoding BMP-7
(Ad-BMP?7) bilaterally. Each group has a total of 12 implants that were
randomly placed with a split-mouth design, per each time point. As
a positive control, 30 ug ml~' recombinant human BMP-7 protein in
collagen-gel (2.6%) was applied to the created defect with untreated
implants (thBMP-7). Then the flap was repositioned and tissue glue
(PeriAcryl, n-Butyl Cyanoacrylate; GluStitch Inc., Delta, B.C., Canada)
was applied to close the wound. Subcutaneous administration of
analgesic (carprofen, 5 mg kg™') was administered within 24 h post-
surgery as well as a 5% glucose water solution supplemented with
ampicillin (268 mg I”') for 48 h post-surgery for prevention of infection.

Preparation for WCT Scanning: Rats were euthanized with an overdose
inhalation of CO, on days 10, 14, and 21 post-surgery and the maxillae
were harvested. The specimens were fixed with 10% formalin for 2 d,
then placed in a 34 mm diameter specimen holder and scanned using
a microCT system (WCT100 Scanco Medical, Bassersdorf, Switzerland).
Scan settings were: voxel size 18 um, 90 kVp, 44 uA, 0.5 mm AL filter,
and integration time 1000 ms. For acquisition of the uCT images, all
specimens were properly oriented along the sagittal plane. Titration of
the halo effect was performed and the regenerated bone volume within
the bony defect was calculated and quantified by a well-experienced
examiner (S.M.) in a blinded manner using Scanco software.

Histologic and Histomorphometric Experiments: Undecalcified sections
were prepared for histology and histomorphometric analyses by the
Michigan Integrative Musculoskeletal Health Core Center. Briefly, the
samples were dehydrated in step gradients of alcohol, infiltrated, and
embedded in methyl methacrylate (MMA) by routine histological
methods. One or two cross-sectional sections of approximately 50 pum
thickness were cut along each implant’s long axis using a diamond
saw at the central portion of each implant (Isomet Low-Speed Saw,
BUEHLER, USA). Each specimen was attached to a plastic slide, ground
down to less than 20 um with an Ecomet 300 Pro Grinder-Polisher
(Buehler, USA), and polished well. After obtaining histological sections,
photo microscopic images including unstained images and calcein-
labeling fluorescence images were captured with a Nikon Eclipse E800
microscope (Nikon Inc., Melville, NY, USA) with a SPOT-2 camera
(Diagnostics Instruments, Inc., Sterling Heights, MI, USA). For the
histomorphometric analysis, we used NIS-Elements software version
BR-3.2 (Nikon Instruments, Melville, NY, USA). Then, backscattered
electron (BSE) images were taken using a TESCAN MIRA3 FEG SEM
(TESCAN ORSAY HOLDING, Kohoutovice, Czech Republic) at the
Michigan Center for Materials Characterization. To obtain clear BSE-SEM
images of bone and implant, the samples were imaged under low
vacuum mode conditions with the electron beam set to 10.0 kV and beam
intensity at 15.0. After obtaining BSE-SEM, the sections were stained
with toluidine blue and basic fuchsin per previous protocol with slight
modification. Briefly, the sections were placed in 0.1% formic acid for
5 min, quickly rinsed with distilled water (DW), dipped into 70% ethanol
for 15 min, and stained with 1% toluidine blue for 5 min. After rinsing
with DW, sections were dipped in 70% ethanol for 1 min, and 1% basic
fuchsin for 1 min., rinsed again with DW, dehydrated in step gradients of
alcohol, and dried. After obtaining stained sections, histological images
were again taken with the Nikon Eclipse E800 microscope, a SPOT-2,
and NIS-Elements software version BR-3.2. Prior to histomorphometry,
all image data were blinded prior to analysis. To minimize errors in
histomorphometry analysis, experienced examiners (S.M. and N.K.)
were confirmed with high intra-rater reliability (0.98 £ 0.02) and high
inter-rater reliability (0.96 + 0.04). Quantitative analyses were performed
using Adobe Photoshop CC 2021 software (Adobe, CA, USA) for
regenerated bone area measurements and Adobe lllustrator CC 2021
software (Adobe, CA, USA) for curved line measurements (i.e., implant
outline in sections and BIC portion).

Statistical Analysis: All data were analyzed using Prism 8 software
(GraphPad Software, CA, USA) and SPSS (version 25.0.0.0., SPSS, Inc., IL,
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USA). Data was evaluated with Shapiro—Wilk Test for their normalization.
In in vitro data, 3 discs/group were used and all samples were run in
duplicate, and each experiment was performed three times. In in vivo
study, a total of 108 implants which consists of 12 implants per group
were analyzed. The samples which had malpositioned or lost implants
were excluded for further microCT and histological analysis, thus 11 or
12 samples per group on days 10 and 14, and 8 or 9 samples per group
on day 21 were used for both analysis for uCT and histomorphometry.
The data presented as the mean + standard error of means (SEM) in
both in vitro and in vivo. Comparisons among multiple groups were
performed with one-way analysis of variance (ANOVA) followed by a
post hoc test of Tukey, or Dunnett. For the intra-rater and the inter-rater
reliability tests and Chi-square test, SPSS statistical software was used to
calculate (version 25.0.0.0., SPSS, Inc., IL, USA). A value of p < 0.05 was
considered statistically significant.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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