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Abstract

Parathyroid hormone (PTH) is currently the only FDA-approved anabolic drug to treat
osteoporosis, and is systemically administered through daily injections. A new local pulsatile PTH
delivery device was developed from biodegradable polymers to expand PTH’s application from
osteoporosis treatment to spatially controlled local bone defect regeneration in this work. This is
the first time that local pulsatile PTH delivery has been demonstrated to promote bone
regeneration via enhanced bone remodeling. The biodegradable delivery device was designed to
locally deliver PTH in a preprogrammed pulsatile manner. The PTH delivery was utilized to
facilitate the regeneration of a bone defect spatially defined with a cell-free biomimetic
nanofibrous (NF) scaffold. The local pulsatile PTH delivery (daily pulse for 21 days) not only
promoted the regeneration of a critical-sized bone defect with negligible systemic side effects in a
mouse model, but also advantageously achieved higher quality regenerated bone than the standard
systemic PTH injection. These results demonstrate a promising and novel pulsatile PTH delivery
device for spatially defined local bone regeneration.
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1. Introduction

In the past decade, significant progress has been made in developing scaffolds, discovering
growth factors, and identifying progenitor and stem cells in the field of bone tissue
engineering [1, 2]. To robustly regenerate high quality bone often requires the addition of
cells, but the cell-based therapies suffer major limitations such as the source of cells, the in
vitro manipulation, rigorous regulatory approval process and associated high costs [3, 4].
Acellular biomaterials are emerging to overcome the need for addition of external cells for
tissue regeneration. Such cell-free approaches require advanced biomimetic material design,
drawing on biological knowledge and engineering tools, to create microenvironments that
favorably interact with local tissues and cells to orchestrate the regeneration processes [5-7].

Drug delivery strategies are utilized to induce and accelerate bone formation in acellular
biomaterials [8]. A variety of osteoinductive molecules (small molecules [9, 10], proteins [8,
11, 12], DNAs [13, 14], RNAs [3], etc.) have been investigated for their ability to induce and
accelerate bone regeneration. However, most of them frequently fail in translational trials
due to side effects resulting from the supraphysiological drug concentrations needed to
achieve the desired repair. More importantly, such osteoinductive molecules could lead to
undesired ectopic bone formation or bone overgrowth, due to a lack of bone remodeling in
the regenerated bone tissue [15].

Parathyroid hormone (PTH) is well known to stimulate bone remodeling and can lead to
either bone loss or bone gain depending on the balance between bone resorption and
formation. Continuous exposure of PTH increases osteoclast activity resulting in bone
resorption, whereas intermittent administration of PTH promotes osteoblast activity (bone
formation) to a higher degree than osteoclast activity (bone resorption), thus resulting in net
bone formation [16, 17]. The anabolic application of PTH is currently a FDA-approved
treatment for osteoporosis by systemically strengthening bone [18-20]. However, extending
PTH utilization from systemic treatment for osteoporosis to localized application for bone
defect regeneration has not been achieved. The major drawbacks of repurposing PTH as a
therapeutic for local defect repair include its unintended systemic side effect and its
administration via daily injection, which is inconvenient for patient compliance. Many
different drug delivery strategies have been investigated but most center on systemic
administration [20]. Successful systems to deliver PTH to the local site, to preserve PTH
bioactivity and to induce the optimal anabolic action are lacking.

In this work, we developed a novel acellular biomaterial strategy to promote bone
regeneration by incorporating local PTH delivery in a 3D biomimetic scaffold (Fig. 1).
Biodegradable drug delivery devices were designed to preprogram the delivery of PTH in
either a pulsatile or continuous manner for 21 days using a surface erosion polyanhydride
(PA). We investigated the effects of the two distinct kinetics, pulsatile and continuous, in a
local calvarial defect regeneration model. Such platform allowed us to explore the potential
of PTH for the treatment of localized bone defects.
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2. Materials and methods

2.1 Materials

Three-component PA was synthesized by polymerizing sebacic acid (SA), 1,3-bis (p-
carboxyphenoxy) propane (CPP), and poly(ethylene glycol) (PEG, MW=1000 Da) as
previously reported [21]. Poly(I-lactic acid) (PLLA, Resomer L207S) with an inherent
viscosity of 0.8~1.2 dl/g (0.1 % in chloroform, 25 °C) was purchased from Boehringer
Ingelheim (Ingelheim, Germany). PTH (1-34), was obtained from Bachem Bioscience Inc
(Torrance, CA). SA, CPP, PEG, polycaprolactone (PCL), polyvinyl alcohol (PVA), bovine
serum albumin (BSA), alginate, gelatin, fructose, mineral oil, tetrahydrofuran (THF) and
dichloromethane (DCM) were purchased from Sigma-Aldrich Company (USA) and used as
received. Phosphate-Buffered Saline (PBS) was purchased from Life Technologies Company
(USA).

2.2 3D Nanofiberous (NF) scaffold

3D NF PLLA scaffolds with inter-connected spherical pores were fabricated as previously
described [22]. Briefly, fructose sugar spheres were made by emulsion technique. 50 g
fructose was melted at 130 °C into clear light yellowish liquid and the liquefied sugar was
gradually added into 50 mL mineral oil with 1.5 mL Span 80 under vigorous stirring for 3
minutes to create emulsion. The mixture was cooled down in an ice-bath to solidify the
sugar spheres and sifted with standard sieves to separate them by size. Spheres of desired-
size (250-420 um) were collected, washed with hexane for three times, and added to a
Teflon mold. The mold was heat-treated at 37 °C for 15 minutes to achieve the desired
interconnected pore structure. After bonding the sugar spheres, hexane was removed under
vacuum. PLLA/THF (10% w/v solution) was then cast into the sugar sphere assembly and
the whole construct was stored at —80 °C over night to induce phase separation. The phase-
separated samples were immersed into distilled water to extract the solvent and leach away
the sugar spheres. Last, the polymer scaffolds were freeze-dried and punched into desired
size (2.3 mm in diameter and 1.5 mm in thickness).

2.3 PTH pulsatile delivery device

To fabricate pulsatile devices, the PA (weight ratio: SA-CPP-PEG=80-20-2) was melted and
hot compressed into films of 50 um in thicknesses with an error of £5 um. PTH/Alginate
mixture (1:1.67 weight ratio) was dissolved in distilled water and the solution was cast into
films and freeze-dried to obtain drug films. The PA films were punched into disks of 3 mm
in diameter and the drug films were punched into disks of 1.5 mm in diameter. The PA disks
were rubbed against a Teflon film to generate positive charge on the PA disks and the drug
disks were rubbed against a glass slide to generate negative charge on the drug disks. We
used non-contact static meter (Electro-Tech Systems Static Meter Model 200) to determine
the charges generated on both films and we found +(157+ 67) mV on the PA film and —
(80£30) mV on the drug film. One piece of positive PA disk and one piece of negative drug
disk attracted to each other to form a bilayer and the 21 bilayers were then stacked to obtain
a layer-by-layer construct. The bottom and side of the construct were sealed with a 35% w/v
PCL/DCM solution, leaving the top unsealed. To calculate the PTH loading efficiency, PTH-
loaded devices were hydrolyzed by a mixture of 0.5 ml of 1 M NaOH and 0.5 ml PBS with
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shaking at room temperature for 2 hours. After hydrolysis, 0.5 ml of 1 M HCI was added to
neutralize the sample solutions. The samples were centrifuged at 3000 rpm for 5 minutes
and the supernatant samples were collected. Protein amounts in the supernatant were
determined by MicroBCA method (Pierce, Rockford, IL). The loading efficiency was
determined by dividing the retained PTH amount over initially loaded PTH amount.

2.4 PTH continuous delivery device

To fabricate the continuous delivery device, a double emulsion method [23] was employed
to prepare PTH-loaded PA (weight ratio: SA-CPP-PEG=80-20-2) microspheres. 200 ul PTH
solution was emulsified into 1 ml 10 % wi/v PA polymer DCM solution, using a probe
sonicator at an output power of 10 W (Virsonic 100, Cardiner, NY) for 20s over an ice bath
to create a water-in-oil (w/0) emulsion. The w/o emulsion was then added into 20 ml PVA
aqueous solution (1% w/v) under sonication at an output power of 20 W to create a water-in-
oil-in-water (w/o/w) double emulsion. The solution was stirred at room temperature for 3
hours to evaporate DCM and then centrifuged at 6000 rpm for 6 minutes to collect solid
microspheres. The microspheres were washed with distilled water three times and freeze
dried. The freeze-dried microspheres were then compressed into disks of the same size as
the pulsatile device. The bottoms and sides of the disks were sealed with a 35% w/v
PCL/DCM solution. The particles size and polydispersity were measured by Dynamic Light
Scattering (DLS) particle analyzer (DelsaTM Nano C, Beckman Coulter). To calculate the
PTH encapsulation efficiency, 5 mg PTH-loaded PA microspheres were hydrolyzed to
measure the amount of the protein encapsulated, using the same procedure as the pulsatile
device. The encapsulation efficiency was determined by dividing the retained PTH amount
over initially loaded PTH amount.

2.5 Scanning electron microscopy (SEM) observation

The pulsatile and continuous PTH release devices were cut in the middle by a sharp blade.
The cross sections of the two devices and the PLLA scaffold were coated with gold. The
morphology of the materials was examined using Scanning Electron Microscopy (SEM)
(JEOL 7800FLV, USA).

2.6 In vitro PTH Release and PTH Bioactivity

The PTH-loaded devices were immersed in 1 ml PBS (0.1 M, pH = 7.4) and incubated at

37 °C. The medium were collected at designated time points and replaced with equal amount
of fresh PBS. The samples were stored at —80 °C until analysis. The amount of released

PTH was measured using PTH ELISA kit (Immutopics, Inc) [24]. The bioactivity of
released PTH was determined using the adenylate cyclase stimulation assay and cAMP-
binding protein assay as described previously [23].

2.7 Calvarial bone-defect repair model construction

All animal procedures were performed following a protocol approved by the University of
Michigan Institutional Animal Care and Use Committee. C57BL/6 mice were randomly
divided into four groups. Animals were anaesthetized with isoflurane (2%) inhalation. A 2.3
mm craniotomy defect centered on the parietal calvarial bone was created using a trephine.
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A blank scaffold was placed to fill in the defect and a delivery device (pulsatile PTH,
continuous PTH or BSA control) was placed adjacent to the scaffold with the opening side
facing the scaffold. The PTH injection group did not receive PTH delivery devices; instead
subcutaneous injection of PTH (40 pg/kg/d) was administrated for 21 days.

The mice were euthanized 8 weeks after implantation. The skull and tibiae were harvested.

2.8 Micro CT analysis

For the calvarial bone analysis, the skulls were scanned with a fixed global threshold of
20%. 3D reconstruction of the skull and quantitative analyses were performed. A 2.3 mm-
round region of interest centered on the defect was determined and the bone volume (mm3)
(BV) and bone mineral density (BMD) in the area were measured using manufacturer’s
software (Scanco pCT 100).

For the tibiae analyses, tibiae were scanned over the entire length. A fixed global threshold
of 18% (180 on a grayscale of 0-1000) was used to segment trabecular bone from non-bone
areas. A region of 0.75mm right below the growth plate was analyzed to quantify the
trabecular bone volume.

2.9 Bone histological and histomorphometric analysis

The calvarial samples were fixed with 4% formalin, decalcified with 10% EDTA for 2 weeks
and subsequently embedded in paraffin. Hematoxylin & eosin (H&E) staining of the coronal
sections (5 um thick) were performed by the histology core at the University of Michigan
School of Dentistry. Tartrate-resistant acid phosphatase (TRAP) staining was performed
using the Leukocyte Acid Phosphatase Assay (Sigma) following the manufacturer’s
protocol. Bone static histomorphometric analyses for bone area and osteoclast number were
performed using a computer-assisted histomorphometric analyzing system (Image-Pro Plus
version 4.0; Media Cybernetics, Inc., Silver Spring, MD).

2.10 Serum biomarker analysis

Three weeks after implantation, the mice were anaesthetized with inhalation of isoflurane
(2%) and blood was collected by tail blood draw. After centrifuge for 10 mins at 13000rpm,
serum was separated and kept frozen until biochemical assays were performed. Serum
procollagen I N-terminal propeptide (P1NP) (MyBioSource, Inc) and TRAP5b (Novatein
Biosciences, MA) ELISA immunoassays were performed following the manufacturer’s
protocols.

2.11 Statistical analysis

All numerical data are presented as mean + SD. All P values were two-tailed and P<0.05
was considered statistically significant. One-way ANOVA test was applied to compare
different groups using GraphPad InStat software (GraphPad).
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3.1 3D Nanofibrous (NF) scaffold

The scaffold plays an important role in defining the 3D microenvironment for the
regenerative cells. Pore size, porosity and surface architecture are important parameters to
design an ideal scaffold for regeneration [1]. In this work, we combined the sugar spheres
leaching technique with the thermal induced phase separation technique to fabricate NF
PLLA scaffolds with inter-connected spherical pore network [22] (Fig. 2 A, B). The
spherical pores of the scaffold ranged from 250 pm to 420 um and the porosity was as high
as 98.5%. The major organic component of bone is collagen, which self-assembles into
nanofibers ranging from 50 to 400 nm in diameter [2] and the PLLA scaffold surface (inset
in Fig. 2 B) had the similar NF feature of collagen.

3.2 PTH delivery devices

The two types of PTH delivery devices were fabricated to achieve pulsatile and continuous
release for 21 days so as to determine the optimal PTH release kinetics for bone
regeneration. For the pulsatile device, the PA was synthesized and hot pressed into thin films
of desired thickness. PTH was mixed with alginate in PBS and casted into drug films.
Alginate was used as a drug carrier due to its biocompatibility and processing properties
[24]. Twenty-one PA isolation layers and twenty-one drug films were stacked alternatively
using an electrostatic-assisted layer-by-layer assembly technique, which enabled close
contact between isolation layers and drug layers and eliminated air gaps. The drug layers
were designed to be smaller than the isolation layers in diameter, so that the chance of
connection between drug films was decreased, preventing leakage of the drug at the point
where it is most likely to happen (Fig. 2 C, D). The PTH loading efficiency of the pulsatile
device was as high as 98.5% that PTH was well retained in the drug layers. For the
continuous device, PTH with 1% w/v bovine serum albumin (BSA)/gelatin was
encapsulated into PA microspheres using a double emulsion technique. The BSA/gelatin
helped to protect the PTH from denaturing during the emulsion process [8]. The
microspheres encapsulation efficiency was calculated to be 86.3 + 3.2 %. The PTH-loaded
microspheres of 3um mean diameter and 0. 351 polydispersity were compressed into disks,
the same size as the pulsatile devices (Fig. 2 E, F). The sides and bottoms of both types of
devices were sealed with PCL, a slow degrading polymer, leaving only the top unsealed,
thus allowing a unidirectional drug release from the opening top.

3.3 In vitro long-term release of PTH

The effect of PTH on bone was found to be dependent on the stage of development and 3-
week daily PTH injection was found to exert prominent anabolic actions in an
osteoregeneration model [25]. Therefore, the long-term (21 days) pulsatile PTH release was
necessary to study bone regeneration against the continuous PTH release in a critical size
defect repair model. The surface erosion rate of PA was found to vary with the chemical
composition of the PA (PEG content and SA-CPP ratio) [21, 26]. For the pulsatile delivery
device, PA is a typical surface erosion polymer and thus the “dissolution time” is
proportional to the polymer layer thickness[24]. In this study, the average interval time
between two adjacent PTH peaks exhibited a linear relationship with the thickness of
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isolation layer and the linear regression equation is 7{/our) = 0.26A(um) + 7.5. Twenty-one
PA (SA-CPP-PEG=80-20-2) isolation layers with a thickness of 50 pm each were able to
achieve the desired 21 daily pulses of release. The same PA (SA-CPP-PEG=80-20-2) was
used to achieve continuous drug release for 21 days from the continuous release device. The
in vitro PTH release profiles were determined using the PTH ELISA kit [27]. The ELISA
data showed that using a pulsatile release device around 90% of the PTH was released in a
pulsatile manner over the 21 days (Fig. 3A). Using the continuous release device nearly the
same amount of PTH was released in a linear manner for 21 days (Fig. 3B).

In addition, the released PTH from both types of devices was collected every hour on days 1,
10 and 20. The bioactivity of the released PTH was determined using the adenylyl cyclase
stimulation and cAMP binding assay [23]. The released bioactive PTH data showed that
pulsatile PTH release devolved from a sharp peak (day 1) to a relatively broader peak (day
20) over time (Fig. 4 upper panel). This may be due to the increased diffusion distance of
PTH through the residual PA layers. However, the pulsatile release feature was maintained
over the 21 days. The bioactive PTH was released at a steady rate from the continuous
device, which is consistent with the linear release behavior shown from the ELISA data (Fig.
4 lower panel).

3.4 Mouse calvarial bone defect repair

To determine the optimal PTH release mode to ensure desired PTH anabolic action in bone
regeneration, the pulsatile device (21 layers) and the continuous device (21 days) were
compared in identical experimental set ups to access the outcomes of bone regeneration in a
critical size (2.3 mm in diameter) round defect created in the mouse skull. BSA loaded
pulsatile devices were used as vehicle controls. In the positive control group, we injected
PTH for 3 weeks using a standard systemic administration dose (40 ug/kg/d), which showed
notable anabolic effects as reported before [27]. Both the pulsatile devices and continuous
devices were loaded with the same amount of PTH as the total standard injection amount.

Eight weeks after implantation, uCT reconstruction of the skulls (Fig. 5 A) showed that local
pulsatile PTH release resulted in the best regeneration outcome among all groups; whereas
continuous PTH release resulted in less bone compared to the BSA control group. H&E
(Fig. 6 A) and Trichrome staining (Fig. 6 B) showed that in the pulsatile PTH group,
collagen-rich bone tissue (stained pink in H&E staining and dark blue in Trichrome staining)
was formed throughout the scaffold, whereas only fibrous tissue was present in the
continuous PTH group. Areas and volumes of newly formed bone were quantitatively
analyzed using UCT and histomorphometry, revealing that the PTH injection significantly
promoted bone growth in the NF scaffold compared to the control BSA group. Further, local
pulsatile PTH release significantly increased bone volume and connected bone tissue
regeneration even compared to systemic PTH injection (Fig. 5 B and Fig. 6 A).

TRAP staining (Fig. 6 C) and the resultant osteoclast analysis (Fig. 7 B, C) showed that both
pulsatile and continuous PTH release devices increased the number of osteoclasts compared
to BSA controls. Over 60% of the osteoclasts were aligned along the new bone tissue in the
pulsatile PTH group, while most of the TRAP positive cells (over 85%) in the continuous
PTH group were found distributed throughout the fibrous tissue inside the scaffold. The
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osteoclast distribution in the local pulsatile and the systemic injection groups were similar,
but local delivery recruited significantly more osteoclasts. Moreover, as the components of
the devices were biodegradable and biocompatible polymers, the devices degraded/eroded
over time and minimum immune reaction and inflammation were observed.

3.5 Systemic effect of local PTH delivery

Mouse tibiae from the different groups were examined using UCT to assess the potential
systemic side effects of the local PTH releases. As expected, 3 weeks of PTH injection
significantly increased trabecular bone volumes [27]. PTH released from the local device,
both pulsatile and continuous, however, did not affect the trabecular bone, such that the
volume of the trabecular bone remained unchanged compared to the BSA control group
(Fig. 8 A, B). Serum was isolated at the end of the 3-week treatment regimen and ELISA
analyses were employed to evaluate the levels of bone biomarkers. Serum P1INP (bone
formation marker) and TRAP5b (bone resorption marker) suggested that the intermittent
systemic injection of PTH increased systemic bone turnover, as the levels of PANP and
TRAP5b in the blood were significantly elevated compared to the local delivery groups (Fig.
8 C, D).

4. Discussion

PTH is the only FDA approved anabolic agent for the treatment of osteoporosis and its
efficacy in stimulating bone remodeling, with net promotion of bone formation and few side
effects, has been well established [18, 19, 28, 29]. The unique anabolic action of PTH
implies its potential in bone regeneration, yet studies have been lacking in this type of
administration for local regenerative application [20, 24, 30, 31].

In this study, we achieved bone defect repair using local pulsatile PTH delivery. The success
of repurposing PTH from osteoporosis to bone regeneration was achieved by developing a
novel long-term pulsatile PTH delivery device to accurately deliver PTH to the defect sites
to induce local anabolic effects.

Current PTH treatment relies on systemic administration that was shown to be less effective
in enhancing local defect repair and to have unintended systemic side effects. Local
treatment, on the contrary, has advantages such as maintaining relatively higher local
bioactive agent levels, need for reduced dose concentration or number of dosages, and
circumventing possible adverse side effects resulting from systemic administration [32, 33].

The anabolic actions of PTH are also highly dependent on intermittent delivery and a
specific temporal profile [24]. Current treatment requires daily injections, which is
cumbersome for both patients and physicians. A self-regulated pulsatile delivery system
capable of long-term delivery would be desirable. Despite that various delivery strategies
have been developed, no successful and patient-friendly pulsatile system has been achieved
[24]. Electrical controlled drug release microchips were fabricated to realize controlled PTH
daily pulse release but such a device would require secondary surgery [34].
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In the present study, patient-friendly drug delivery devices were utilized to expand PTH
application and to determine optimal PTH release kinetics, pulsatile or continuous, in a local
bone regeneration model. The pulsatile delivery device, made of alternating PA isolation
layers and PTH drug layers, was preprogrammed to deliver daily PTH pulses for 21 days.
The PTH/alginate blend was freeze-dried, cut into drug layers and then packed into the
pulsatile device. This method enabled high drug loading efficiency and capacity and the
bioactivity of the PTH was well preserved during the 3 weeks of PTH release. The
continuous device, with identical shape and polymeric materials to that of pulsatile device,
was loaded with the same amount of total PTH and delivered within the same time period
(21 days). The difference between these two types of devices is the PTH distribution, where
PTH is distributed in a layered structure to achieve pulsatile release or PTH is more
uniformly distributed in the matrix within microspheres to achieve continuous release.

A highly porous NF scaffold was used to evaluate the two engineered PTH release modes
for regeneration purpose. The PLLA scaffolds with NF surface feature were demonstrated to
selectively enhance the adsorption of cell-adhesion proteins including fibronectin and
vitronectin, increasing osteoblast adhesion [35]. Besides, such NF scaffolds enhance the
osteoblastic differentiation of a variety of stem cells, including BMSCs, which are integral
for bone defect healing [36, 37]. Here, the histological cross-section of the control group
(scaffold with BSA delivery) also supported the conclusion that the NF structure alone could
induce certain level of bone formation /in vivo (Fig. 5 A, B). Furthermore, with different
PTH release kinetics incorporated, distinct osteogenic outcomes in the NF scaffolds were
observed. Local pulsatile PTH delivery significantly improved the defect repair, generating
connected and robust new bone tissue throughout the scaffold, whereas local continuous
delivery resulted in less bone in the NF scaffold versus the BSA control group.

From TRAP staining data (Fig. 5 C), we noticed that both PTH releases, pulsatile and
continuous, were able to increase osteoclast numbers. Pulsatile PTH release induced
stronger bone remodeling with enhanced numbers of the osteoclasts aligned along the
formed bone tissue, while continuous PTH release resulted in reduced bone, with increased
osteoclasts, not lining the bone, but throughout the fibrous tissue inside the scaffold. The
results indicate that the local pulsatile PTH release was able to induce beneficial catabolic
actions by stimulating osteoclasts to realize the needed bone remodeling activity in this
specific bone-regeneration scenario.

It has been shown that 3 weeks of PTH systemic injection is also able to increase bone
turnover and generate notable anabolic effects [25]. Thus, we also compared the local
pulsatile PTH release device with the standard systemic PTH injection treatment, and found
that local release was advantageous over the systemic injection in improving the defect
repair. This local strategy may have benefitted from the more localized higher bioactive PTH
level and the longer action time in the local defect sites. Given the 8 min half-life of PTH
[38], only a part of the total bioactive PTH could reach the defect sites considering the
bioactivity loss during circulation time when PTH is given systemically. On the contrary, the
local delivery strategy is more likely to maintain bioactive PTH level within an effective
range for a period of time.

Biomaterials. Author manuscript; available in PMC 2018 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dang et al.

Page 10

In addition to enhancing local defect repair, local PTH releases led to little undesired
systemic effects, whereas PTH systemic injection resulted in clear systemic effects as
expected. pCT and serum data showed that PTH injection significantly increased tibiae
trabecular bone volume and serum bone formation biomarkers, while PTH local release did
not affect tibiae trabecular bone and exerted only minor effects on serum bone formation
biomarkers. These results indicate that PTH release from the device was likely to be
delivered and act more locally.

The polymeric materials used in this system, PLLA, PA, PCL and alginate, have been used
as components of FDA-approved devices for certain medical applications [39]. The
biodegradable and biocompatible devices developed in this study elicited minimum immune
response and inflammation, which are particularly advantageous for the defect repair
application. In addition, this approach needs only a one-time administration (implantation)
instead of daily injection for 3 weeks and there is no need for retrieval of the empty devices
after the drug release is complete. Therefore, the implantable device is more patient-friendly
and is promising for clinical translation.

5. Conclusion

In summary, PTH, a FDA-approved anabolic agent for osteoporosis, was repurposed to
repair local bone defects. Current PTH treatment requires daily injection, while in this work
PTH was incorporated into a novel biodegradable device, which was capable of delivering
PTH to the defect area in a preprogrammed pulsatile manner. It was found that local
continuous PTH release inhibited, while local pulsatile PTH release promoted bone
regeneration. In addition, the local pulsatile delivery strategy significantly improved the
osteogenic outcome and reduced the systemic side effects compared to the standard PTH
injection treatment. This acellular therapy provides a novel strategy to improve bone defect
repair by integrating a biomimetic scaffold and an anabolic local delivery strategy to
maximize the regenerative effects within the intended areas of interest. This biomaterial
technology holds promise for bone defect regeneration without addition of external cells, the
burden of daily PTH injections, or the need for device removal surgery. The technology
could also be readily employed to deliver other therapeutics or their combinations in a
tailored manner to maximize their therapeutic effects.
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Experimental design of using a 3D cell-free scaffold and a PTH deliver device (pulsatile or

continuous) to repair calvarial bone defect in a mouse model.
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Figure 2.
Scanning electron microscopy (SEM) images of scaffold and PTH delivery devices. (A, B)

Nanofibrous PLLA scaffold with interconnected spherical pore network; (C, D) the pulsatile
PTH release device; and (E, F) the continuous PTH release device. Scale bars: 400 pm in A,
C,Eand 50 umin B, D, F. Inset in Figure 2 B shows the nanofiberous architecture of the
scaffold at a higher magnification (scale bar: 2 pm).
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Figure 3.
In vitro drug release profiles. (A) 21-day PTH release from the pulsatile device; (B) 21-day

PTH release from the continuous device. The red curves were the cumulative PTH release
curves measured using a PTH ELISA kit (n=3).
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Figure 4.

In vitrobioactive PTH release curves from the two different delivery devices. CAMP-binding
assays were used to determine the bioactive PTH amounts released from a pulsatile device
(upper panel) and a continuous device (lower panel) at 3 time points: (A) day 1, (B) day 10,
and (C) day 20 (n=3).
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Figure 5.
UCT characterization of the local defect repair in 8 weeks. (A) Representative uCT

reconstructions of mouse calvarial defects in different PTH delivery groups. (B) The new
bone volume; and (C) The new bone mineral density. n=6~9 per group, *P<0.05,
**P<0.005, #P<0.05, ##P<0.005, ###P<0.001.
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Figure 6.
Histological characterization of the bone defect repair 8 weeks after implantation. (A) H&E

staining, (B) Trichrome staining, and (C) TRAP staining of different PTH delivery groups.
Scale bars: 0.5mm in the left column and 0.2mm in the right column.
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Figure 7.
Quantitative analysis of the bone repair using histomorphometry. (A) Newly formed bone

areas, (B) TRAP positive osteoclasts numbers, and (C) the distribution of the osteoclasts in
the bone area and scaffold area quantified using histomorphometry. n=6~9 per group,
*P<0.05, **P<0.005, #P<0.05, ##P<0.005, ###P<0.001.
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Figure 8.
Analysis of the systemic effects of PTH release from the local delivery devices. (A)

Representative UCT reconstructions of the tibiae from different treatment groups; (B)
Trabecular bone volume; (C) Serum PA1NP level and (D) TRAP5b level measured using
ELISA Kits. n=6~9 per group, *P<0.05, **P<0.005, #P<0.05, ##P<0.005, ##P<0.001.
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