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Abstract

Parathyroid hermone(PTH) is the only FDA approved anabolic agent for the treatment of
osteoporosis. The anabolic action of PTH depends on the mode of PTH adminstration. Pulsatile
administratien premotes bone formation, however continuous PTH exposure results in bone
resorption. Infaddition, the therapeutic effect of PTH is optimal when the dose and duration fit the
therapeutic window. Current PTH treatment requires daily injection, which is neither a convenient
nor a favorable choice of patients. Here, an implantable and biodegradable device capable of long-
term pulsatile delivery of PTH is developed as a patient-friendly alternative. The advanced materials
and fabrication techniques developed in this work enable us to preprogram the pulsatile delivery
device to systemically deliver 21 daily pulses of PTH that builds bone in vivo. In addition, the device is
biodegradable and absorbable in vivo so that no retraction procedure is needed. Therefore, this
implantable andwiodegradable pulsatile device holds promise to promote bone growth and treat

variousconditionsiof bone loss without the burden of daily injections or secondary surgeries.
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1. Introduction

Biological systems are intricately sensitive to the location and timing of physiological signals and
therapeutics. For example, to eliminate pain or to correct an endocrine disorder, therapeutic drugs
need to be delivered at specific time points and follow a certain pattern' of distribution. While
researchers have made significant progress, the majority of drug delivery systems developed thus far
aim to achieve a prolonged and sustained delivery of a required biological compound™. However,
there has been limited progress in designing controlled release systems to couple the

spatiotemporal sensitivity of a patient to a drug to enable or optimize its therapeutic effect.

Parathyroidshesmene (PTH) is currently the only FDA approved anabolic agent for the treatment of
osteoporosis,*’however its anabolic or catabolic action depends on the pattern of PTH delivery.
Intermittent (pulsatile) administration improves bone micro-architecture, mineral density and
strengthpwhereasgeontinuous exposure of PTH leads to bone resorption!®. Current intermittent PTH
treatment requires daily subcutaneous injection, which is neither a convenient nor a favorable

[5]

choice of patients™”. Thus, there is a clear clinical need for a patient-friendly alternative treatment
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capable of pulsatile PTH delivery, which would improve patients’ compliance and thereby their

therapeutic outcome.

A variety of delivery strategies have been explored to achieve controlled release in a pulsatile

[7] [9]

manner from various platforms such as micelles'®, liposomes'”, micro/nanoparticlesls], hydrogel
and microchips™®. Based on the triggering mechanisms, these pulsatile delivery systems can be
classified into stimuli-responsive pulsatile release systems and self-regulated pulsatile release

systems. In stimuli-responsive systems, drug carriers release the loaded drug when triggered by

Msych as temperature[u], pH[B], Iight[“’ 15 enzyme“e], ultrasound™”

external stimuli
biomolecules™ and electric™™® or magnetic fields'?®.. These responsive systems can achieve pulsatile
release but have also shown various limitations, such as an initial burst release, an irreversible
triggered release, a short time interval (seconds to minutes) or a short release duration. Moreover,
critical considerations have to be employed regarding the safety and biocompatibility of these
responsive systems because many of the stimuli cannot be easily and safely utilized in patients and
most of them are constructed of non-degradable polymers or inorganic materials'*> %!, Due to these
limitations, few of them have been successfully implemented in patient care as a pulsatile PTH
treatment. In self-regulated release systems, drugs are loaded in reservoirs sealed by a barrier
material, which is usually composed of an erodible or biodegradable polymer™ > ?_ After the
barrier material is eroded or degraded, drugs are rapidly released from the inner reservoir. The

control over the pulsatile kinetics depends on the properties of the barrier materials and the design

of the reservoir structure.

In addition to the pulsatile releasing feature, the ability of long-term release is also critically

important in developing a PTH delivery system. A series of studies indicate the beneficial effects of
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intermittent PTH administration on bone'®®, and its prominent anabolic action during 3 weeks of
exogenous administration in an in vivo osteoregeneration mouse model®¥. Six-week systemic PTH
administration was further demonstrated to be beneficial to osseous regeneration in a clinical
human study[z'r’]. Therefore, a delivery system capable of long-term release is needed to cover the
effective therapeutic window. Previously, we developed a self-regulated pulsatile delivery device

2 However, due to its limited time frame, the

and achieved daily release of bioactive PTH for 4 days
device was not evaluated for its therapeutic function. The challenge lies in the structural design and
fabrication techniques to enable a large number of controlled release pulses over a long duration.

Ultimately, a biodegradable device that degrades and is absorbed in vivo without the need to be

surgically removed is desirable.

Herein, theraimrofithis work was to develop an advanced patient-friendly delivery system, which
would overcome the hindrances of the current treatment regimen (daily injection) and achieve the
optimalanaboelic.effect of preprogrammed PTH delivery. We designed implantable and
biodegradable polymeric devices using a surface erosion polyanhydride (PA) developed in our lab ¢!
and advanced fabrication techniques to achieve preprogrammed daily pulses for 21 days. We also
developed a device, which achieved continuous PTH release over 21days. Henceforth, the devices

served as a platform that allowed us to study the distinct PTH delivery patterns (pulsatile vs

continuous) and their systemic therapeutic effects on bone in a mouse model (Figure 1).
2. ResultsrandiDiscussion
2.1. PTH deliveryidevices and preprogrammed pulsatile releases

2.1.1. Pulsatile delivery device
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We fabricated a multi-pulse PTH delivery device consisting of alternating drug layers and isolation
layers via an electrostatic-assisted layer-by-layer stacking technique (Figure 2 A). The isolation layer
was made of biocompatible PA, which is biodegradable through surface erosion. Bovine serum
albumin (BSA) (control protein) or PTH was mixed with alginate to form the drug layer. Alginate was
used as the carrier because of its biocompatibility and processibility. We first investigated the
surface potential.of the two layers using Kelvin probe force microscopy (KPFM)™?”). A PA or alginate-
PTH layer wasyeedted onto a gold substrate. The relative surface potentials of the two polymeric
layers were calculated using the gold surface as reference (0 mV) (Figure S1 A). We found that the
PA layer wasipositive and the drug layer was nearly neutral. The surface potential of the PA layer
(~40 mV) wasabout 6 times higher than that of the drug layer (~7 mV) (Figure S1 B, C). The intrinsic
surface potential difference facilitated the generation of opposite electrostatic charges on the two
layers. We generated positive charges on the PA layer by rubbing it with a Telfon film that has a
strong tendencyto gain electrons, Conversely, we generated negative charges on the drug layer by
rubbing it withsa,glass slide that has a strong tendency to lose electrons. The electrostatic voltages
between thetwedifferent layers were measured with an electrostatic meter and the results
indicated that we were able to generate opposite charges on the PA layer (~+160 mV) and the drug
layer (~-80 mV) (Figure 2 B). One positive PA layer and one negative drug layer were attracted to
each otheriand formed a bilayer structure. The bilayers were then stacked into a 21-bilayer
structure. Thistechhique enabled close contact between drug layers and isolation layers and
eliminated air gaps (Figure. 2 C). Constructively, the drug layers were designed to be smaller than
the isolationJdayers;in diameter, preventing possible contact between adjacent drug layers, which

could lead torleakage of drug between layers. The side and the bottom of the device were sealed
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with polycaprolactone (PCL), a slow-biodegrading polymer®®, thus allowing unidirectional drug

release from the top only.

The pulsatilérelease profile was preprogrammed by modulating the chemical composition and
physical thickness of the isolation PA layer. The poly(SA-CPP) (sebacic acid (SA) and 1,3-bis (p-
carboxyphenoxy) propane (CPP)) which has been used as components of FDA-approved medical
devices in luman ¢linical application’. However, due to the hydrophobicity of the poly(SA-CPP), the
hydrolytic degradation usually takes too long for an ideal pulsatile release profile. Therefore we
incorporateds:PEGsSegments into the poly(SA-CPP) and prepared a three-component PA (poly(SA-
CPP-PEG)) by condensation polymerization as described previously®®. Nuclear Magnetic Resonance
(NMR) spectreseopy confirmed the successful synthesis as the spectrum showed a set of typical
poly(SA-CPP-PEG)ipeaks (Figure. S2). Scanning electron microscopy (SEM) was used to examine the
PA degradation. The cross section of the un-eroded polymer was uniform, while there were evident
pores in;eroded.portions of the treated samples (Figure. S3). The erosion front moving with time was
an indication of.surface erosion. The PA containing more PEG segments exhibited a faster erosion
rate than those containing fewer PEG segments. It was also observed that the eroded surface
roughness increased with increasing PEG content of the PA. The new PEG-containing PA retained the

surface erosion properties of the poly(SA-CPP) while imparting a large range of tunable erosion rate.

The “dissolutien time” of the surface erosion polymer layer is proportional to the thickness of the

B, Thereforesthe thickness of each isolation layer can be adjusted to achieve desired time

layer
intervals between adjacent pulses of drug release. PA isolation layers of varying thickness (50um,

100um and 200um) were used to assemble the multilayer devices, all of which were able to deliver
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21 pulses of protein but with different durations (Figure 3 A, B, C). The average time interval

between adjacent pulses exhibited a linear relation with the thickness of isolation layer (Figure 3 D).

As also demonstrated, the degradation rate of the 3-component PA escalated with increasing PEG
content. Varying the chemical composition and the layer thickness allowed us to preprogram the
release kinetics to target the entire 3-week therapeutic window. The device made of 50 um PA
(weight ratio: SA-CPP-PEG=80-20-2) could release 1 pulse per day and was therefore chosen for PTH
PTH loading. Release kinetics of bioactive PTH, was determined using an adenylyl cyclase stimulation
and cAMP binding‘assay®”, which showed that 21 pulses of bioactive PTH were achieved over 3

weeks, and that released PTH retained around 80% bioactivity (Figure 3 E).
2.1.2. Continuous delivery device

Another device, with identical shape, size and component materials to those of the pulsatile release
device, was engineered to deliver the same total amount of PTH but in a continuous manner. This
continuous device,was designed to serve as a control device in order to determine the in vivo
therapeuticieffectin response to different PTH delivery patterns. We employed a double emulsion
method to prepare drug-encapsulated PA microspheres, which were then compressed into a disk of

the same shape,and size as the pulsatile device (Figure 4 A).

We achieved linear continuous release of the model protein (BSA) (Figure 4 B). Interestingly, unlike
most microsphere-based continuous delivery systems (such as poly(lactic-co-glycolic acid) (PLGA),
polylacticracid®(PLA))*", there was no burst release and the sustained release of BSA from the new
continuous release'device was linear with release time. SEM observation showed that the un-eroded

PA particles weresspherical in shape with smooth surfaces, and that during degradation in PBS, the
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size of the particles decreased, the particles lost the spherical shape and fused together (Figure S3).
Instead of being porous throughout the particles, which would likely lead to a burst drug release, the
surface erosion property of the PA resulted in the degradation only on the surface, thus enabling the
steady lineardrugirelease from the microspheres. In addition, the unidirectional device design also
contributed to the linear delivery kinetics, since the PBS can only erode spheres on the exposed disk

surface and penetrate in a downward direction as the down-moving surface degaraded.

The release kinetics of the linear release device could also be modulated by varying the chemical
compositiomof the PA. The drug release profiles showed that the drug release rate increased with
increasing hydrophilic PEG segments (Figure 4 B). The device made of the highest PEG content (10%)
PA released.100%;ef the drug in 400 hours whereas the device made of no PEG content PA only
released 50%ofithe drug drug in 400 hours. The PA (80-20-2) device was able to release 90% of the
drug in 21 days, which was the targeted 3 week window of anabolic PTH treatment. Therefore PTH
was encapsulatedi.into PA (80-20-2) microspheres and bioactive PTH was measured using the
adenylyl cyclasesstimulation and cAMP binding assay. The bioactive PTH was released from the
device following a linear release profile with bioactivity not statistically different from that of

released PTH from the pulsatile device (Figure 3 C).

Both types|of devices were constructed with the same components: the drug (PTH), isolation or
encapsulation;materials (PA) and sealant material (PCL) but the distribution of PTH in the devices
was differentjresulting in distinct release profiles. In the pulsatile device, PTH was isolated by PA in a
layer-by-layer structure, wheras PTH was confined in micro-domains that were uniformly distributed
throughout the continuous device. The surface erosion property of the PA (SA-CPP-PEG) is essential

to achieve theitwo types of the release kinetics. In the pulsatile device, it enabled the daily-pulsed
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release because the PBS could only erode one isolation layer before releasing one drug layer. In the
continuous device, the surface erosion property enabled the PTH release from microspheres on the
exterior surface then gradually from those inside the device, resulting in the linear continuous drug
release. Moreover, the structural tunability of this three-component PA enabled a broad range of

interval time in the pulsatile device or release duration time in the continuous device.
2.2. In vivofactions'of engineered PTH release on bone

Current PTHadministration relies on injection but comparing different PTH release kinetics from
controlled delivery system has not been studied yet. PTH has been shown to promote bone
formation in.vivowia a net anabolic action, however it inhibits osteoblast differentiation and
mineralization in vitro, indicating that the in vivo environment cannot be replicated using in vitro
model®?. Hence, in vivo models are a necessity to determine PTH’s optimal delivery mode from the
engineered devices. With the PTH release devices fabricated and function confirmed, the PTH
devices'were evaluated in vivo to compare the pulsatile and continuous release modes in terms of
anabolic.effécts on bone. Both pulsatile and continuous devices (4 mm in diameter and ~1.6 mm in
thickness) (Figure S5 B) were loaded with equal amounts of PTH and implanted subcutaneously in

mice. Three:weeksilater, the tibia, vertebrae and blood serum were collected and analyzed.

MicroCT (UCT) evaluation showed that PTH released from the devices had obvious effects on the
tibias. The 8D reconstruction (Figure 5 A) and the quantitative analysis (Figure 5 B, C) showed that
the pulsatile PTH release significantly increased trabecular bone volume and cortical bone thickness,
while the continuous PTH release acted in the opposite way and decreased both trabecular bone

volume and-cortical bone thickness. Vertebral bone turnover and the osteoclastic response were
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examined using hematoxylin and eosin (H&E) staining and tartrate-resistant acid phosphatase
(TRAP) staining (Figure 6 A). Quantitative analysis of the bone area ratio showed that pulsatile PTH
significantly increased bone area, while continuous PTH significantly decreased bone area compared
to controls (Figure'6 B). The serum bone formation marker (procollagen I intact N-terminal
propeptide (PINP)) level was measured using an enzyme-linked immunosorbent assay (ELISA) and

showed that.the PINP levels were significantly elevated in the pulsatile PTH group (Figure 6 C).

Interestingly, TRAP staining of the vertebrae showed that both PTH pulsatile and continuous delivery
led to an increased number of TRAP-positive osteoclasts (OSCs) per bone perimeter (Figure 6 D, E),
but the serum bone resorption marker TRAP 5b level was significantly higher only for continuous

PTH release (Figure 6 F).

These in vivo results indicated that while delivering the same amount of PTH, the pulsatile release
device enhanced bone growth through increasing bone remodeling evidenced by an increase in
bone formation marker PINP and enhanced osteoclast numbers, while continuous release induced
bone reserption through enhanced osteoclast activity. The systemic pulsatile PTH release was found
to be superior in terms of anabolic action in bone and significantly strengthened bone systemically
after threemieekspso such delivery method could potentially reduce the treatment duration from 2

years to a significantly short duration.
2.3. Devices’ biodegradability and biocompatibility

It has alwaysibeen a question whether degradation byproducts (such as monomers, acids) of a
biodegradable polymer result in toxicity and negative effects. The components (SA-CPP and PEG) of

PA used in this study have been used as components of FDA-approved medical devices in the human
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body. The degradation products of the PA copolymer are similar to those of the two components,

which potentially have similar biocompatibility.

To help detérminébiocompatibility, we examined the pH value change during the degradation of the
PA devices'in vitro and the body response to the implants in vivo. The pH value of the PBS medium,
in which devices were immersed, remained about 6.8, close to neutral pH 7, over time as the devices
degraded. There was no significant difference between pulsatile and continuous devices (Figure S4
A) since same amounts of PA were used to fabricate the two types of devices. The in vivo body
response toithe dévices was evaluated using histological analysis of the devices explanted 3 weeks
after subcutaneousiimplantation. Most parts of the devices had been degraded, leaving the slow-
degrading sealant:shell of PCL (Figure S4 B), which would degrade eventually as reported earlier'®®.
H&E staining'wasiperformed to assess inflammation at the implant sites in vivo (Figure S4 C, E). The
devices were mainly surrounded by granulation tissue composed mostly of macrophages and
lymphogytes.and.partial encapsulation by a fibrovascular connective tissue wall was noted. The
inflammatory infiltrate was localized to the area surrounding the devices with limited extension into
the adjacent adipose tissue. Overall, all the materials (alginate, PA and PCL) used to construct the

delivery devices are biocompatible and biodegrable. Subcutaneous implanted devices degraded in

vivo and resdltediin an encapsulation of the materials with minimal acute inflammation.
3. Conclusions

Implantable and biedegradable long-term pulsatile and continuous PTH delivery devices were
designed tarinvestigate the effects of PTH delivery patterns on systemic bone therapy. The pulsatile

device was'preprogrammed to deliver daily pulses of bioactive PTH and the continuous device to
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deliver bioactive PTH in a linear manner for 3 weeks. We demonstrated thatsystemic pulsatile PTH
release was able to increase bone via enhancing bone remodeling, whereas the continuous PTH
release resulted in bone resorption via elevated osteoclast resorption activity. The biodegradable
pulsatile PTH,delivery device has the potential to be a patient-friendly PTH therapy, which could be
administered only once (implantation) instead of daily injection. In addition, the device is
biodegradable and resorbable in vivo, eliminating the need of removal surgery. Beyond the PTH
delivery applieation, we expect the platform (continuous and pulsatile devices) to be useful in
fundamental and translational studies on how temporal effects and release patterns of biomolecules

regulate cellsfatejtissue development and regeneration.
4. Experimental.Section

Fabrication of the pulsatile PTH delivery device: Three-component PAs composed of sebacic acid
(SA), 1,3-bis\(p-carboxyphenoxy) propane (CPP), and poly(ethylene glycol) (PEG, MW=1000) were
synthesized.as previously reported®. *"H NMR (400 MHz, CDCI3) confirmed the synthesis of the PA:
PEG (3.4-3:8"ppm), CPP (6.9 and 8.0 ppm), and SA (1.4-2.2 ppm). The PA was melted and compressed
into layers of various thicknesses with error <10 um. The PA layers were punched into disks of
desired size’(3mmuin diameter) as isolation films. Bovine serum albumin (BSA) or PTH (1-34) (Bachem
Biosciencellnc., Torrance, CA) was mixed with alginate in a 1:1.67 weight ratio. The mixture was
dissolved in distilled water and the solution was cast into a film and freeze-dried for 1 day. The films
were thenspunched into disks (2mm in diameter). The PA films were rubbed with a Teflon film to
generate positive surface charge and the alginate-PTH films were rubbed with a glass slide to
generate negative/surface charge. One piece of the PA film and one piece of drug film attracted each

other to formmone bilayer. The 21 bilayers were stacked and then sealed using a 35% w/v
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polycaprolactone (PCL) / dichloromethane (DCM) solution, leaving the top unsealed thus allowing

one-direction erosion (from top to bottom). The device was vaccum dried for 3 days.

Film Surface’eharacterization: 10% w/v PA/DCM solution or alginate-PTH aqueous solution was spin
coated onto the gold substrate. KPFM (Bruker NanoMan AFM) equipped with a conductive tip was
used to map the surface potential in tapping mode and the data was analyzed with software
(Nanoscopg) equipped with the AFM. The drug layer was rubbed with a glass side and the PA was
rubbed with a Teflon layer. The electrostatic voltages of the layers (Teflon, glass side, PA layer and
drug layer)were measured using a non-contact static meter (Electro-Tech Systems Static Meter

Model 200).

Fabrication of continuous PTH delivery device: To fabricate the continuous PTH release device, we
employed the double emulsion method to prepare drug-encapsulated PA microspheres, which were
then compressed.into disks. Briefly, BSA (control protein) or PTH was dissolved in distilled water with
0.1 wt. %gelatin. The drug solution was emulsified in a 10 % w/v PA dichloromethane (DCM)
solution,using a probe sonicator at an output power of 10 W (Virsonic 100, Cardiner, NY) for 10 s
over an ice bath to first form a water-in-oil (w/o) emulsion. The w/o emulsion was then gradually
added intor2@miragueous polyvinyl alcohol (PVA) solution (1% w/v) under sonication at an output
power of 20 W to foerm a water-in-oil-in-water (w/o/w) double emulsion. The solution was stirred at
room temperaturefor 3 hours to evaporate DCM and then centrifuged to collect solid microspheres.
The resultantimicrospheres were washed with distilled water three times and freeze dried. The
microspheres were then compressed into disks and the bottoms and sides of the disks were sealed
with a 35% w/v PCL/DCM solution, leaving only the top unsealed. The device was dried in vaccum for

3 days.
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In Vitro Drug Release and PTH Bioactivity: The protein-loaded devices were immersed in 1 ml PBS
(0.1 M, pH = 7.4) and incubated at 37 °C. After designated times, the medium were collected and
replaced with equal amount of fresh PBS. The collected medium was stored at -80 °C until analysis.
The amountiof reléased BSA was measured using a MicroBCA protein assay (Pierce, Rockford, IL). In
vitro bioactivity of released PTH was determined using the adenylate cyclase stimulation assay and
cAMP-binding protein assay™”. Briefly, human fetal osteoblasts (hFOB) were treated with PTH of
known concentrations or with eluent from the PTH delivery devices for designated times in calcium-
free and magnesium-free hanks’ balanced salt solution containing 0.1% BSA and

1 mM isobutylmethylxanthine (IBMX). After incubation of the treated cells at 37 °C for 10 min, the
cAMP in the cells'was extracted with ice cold perchloric acid. The cAMP extracts were then
neutralized by adding KOH and centrifuged to remove the precipitates. (*H) -cAMP was incubated
with standardsieritinknowns and cAMP-binding protein for 90 min on ice. The unbound (*H) -cAMP
was removed by‘adding dextran-coated charcoal. The samples were then centrifuged and the
supernatant ofieach tube was decanted to a scintillation tube. The radioactivity of the supernatants
was determinedyusing a liquid scintillation counter and cAMP levels were calculated using the

standard curve.

In vivo PTH effection bone: All animal procedures were carried out under the guidelines of and were
approved bythelInstitutional Animal Care and Use Committee of the University of Michigan.
Pulsatile or.continuous PTH delivery devices were implanted into subcutaneous pockets created
from a midlinejingision on the backs of C57B6 mice (The Jackson Laboratory, Bar Harbor, ME) at
postnatal d 10. Three weeks after implantation, the mice were euthanized and whole blood was

obtained by intracardiac blood draw, serum separated and kept frozen until biochemical assays were
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performed. The serum TRAP5b and PINP immunoassays were performed per manufacturer's
protocols. Three dimensional analyses of mice tibiae were performed using uCT as previously
described™. Briefly, formalin fixed tibiae were embedded in 1% agarose and placed ina 19 mm
diameter tube and scanned over their entire length using a uCT system (LCT100 Scanco Medical,
Bassersdorf, Switzerland). Scan settings were: 12 um voxel size, medium resolution, 70 kVp, 114 uA,
0.5 mm AL filter,,and an integration time of 500 ms. Trabecular bone parameters were measured
over 50 slicesuusing an 180 mg/cm? hydroxyappetite (HA) threshold beginning 15 slices distal to the

growth plate; cortical bone parameters were measured over 30 slices beginning 250 slices proximal

to the tibia-fibularjoint (TFJ) using a 280 mg/cm> HA threshold. The trabecular bone volume (BV/TV)

and corticaldoonesthickness (Ct.Th) were quantified using the manufacturer’s evaluation software
(Scanco uCT100)."Mice vertebrae were also harvested for histological analyses. Histomorphometric
analyses were performed as previously described®*. Briefly, after fixation and decalcification,
paraffinsembedded tibiae and vertebrae were cut (5 1 m), stained with hematoxylin and eosin, and
bone areas measured using a computer-assisted histomorphometric analyzing system (Image-Pro
Plus version 4.0; Media Cybernetics, Inc., Silver Spring, MD). TRAP staining was performed using the

Leukocyte Acid Phosphatase Assay (Sigma) following the manufacturer's protocol.

Statistics: All P values were calculated by an unpaired, one-way ANOVA test using GraphPad InStat
software (GraphPad). P values were two-tailed and P<0.05 was considered statistically significant. All

data are'means £ SD.
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Figure Captions

Figure 1. Experimental design used to investigate the therapeutic effects of PTH released from the
pulsatile delivery device and the continuous delivery device. The PTH delivery devices were
subcutanouslysimplanted in mice and bones and serum were collected three weeks later to examine

the systemic effects of the two PTH release modes on bone.
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Figure 2. The illustration of the rubbing, stacking and sealing process to fabricate the pulsatile
release device. (A) The fabrication process of a multi-pulse delivery device via electrostaic-assisted
ayer-by-layer stacking technique; (B) The electrostatic potential of the different layers after the

rubbring process;{C).A cross-sectional SEM micrograph of the multilayer pulsatile release device.

Figure 3. Invitro pulsatile drug release profiles. BSA release from devices of various isolation layer
thickness. (&) 50 pm; (B) 100 um; (C) 200 um; (E) The average time interval between adjacent pulses
exhibited linear relation with the thickness of isolation layer; (E) Bioactive PTH released in vitro from

a pulsatile drug delivery device with 50um-thick isolation layers.

Figure 4. Continuaus release device fabrication and releae profiles. (A) Schematic illustration of the
fabrication/process of the PA microspheres via double emulsion method and the construction of the
continuous delivery device; (B) In vitro release of BSA from continuous drug delivery device with
different PAs; (C).in vitro bioactive PTH released from continuous drug delivery device with PA

(80/20/2):

Figure 5. The'mouse tibial bone analysis after PTH release using the pulsatile and continuous
releasing devices, respectively. (A) Representative UCT reconstruction of trabecular bone (top) and
cortical bone (below) of the mouse tibias from different treatment groups; (B) Trabecular bone
volumes; (C),Cortical bone thickness; n=5~7 per group, *P<0.05, **P<0.005, *** P<0.001, # P<0.05,

## P<0.005, ### P<0.001.

Figure 6¥MouseVetebral bone response to pulsatile and continuous PTH releases. (A)
Representative H&E staining of vertebrae of different PTH delivery groups. (B) Vertebral bone

area/tissue areaBA/TA) analyzed by histomorphometry. (C) Serum PINP level measured by PINP
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ELISA. (D) Representative TRAP staining of vertebrae of different PTH delivery groups. (E) Osteoclast

(OSC) numbers per bone perimeter. (F) Serum TRAP5b level measured by ELISA; pulsatile groups:

t

P

n=9~12/gr ontinuous groups: n=6~9/group, *P<0.05, **P<0.005, *** P<0.001, # P<0.05, ##

P<0.005, # cale bar: 0.5 mm (A and D).
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An implantable pulsatile PTH delivery device is developed as a patient-friendly alternative to the
current daily injection treatment. Surface erosion polyanhydride and new layer-by-layer technique
are used to construct the device that is preprogrammed to delivery daily PTH pulse for 21 days. The
puIsatiIeHZ from the device significantly increased bone systemically in vivo.
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