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Purpose: Although more than 18,000,000 fractures occur each year in the US, methods to promote fracture
healing still rely primarily on fracture stabilization, with use of bone anabolic agents to accelerate fracture repair
limited to rare occasions when the agent can be applied to the fracture surface. Because management of broken
bones could be improved if bone anabolic agents could be continuously applied to a fracture over the entire
course of the healing process, we undertook to identify strategies that would allow selective concentration of
bone anabolic agents on a fracture surface following systemic administration. Moreover, because hydroxyapatite
is uniquely exposed on a broken bone, we searched for molecules that would bind with high affinity and
specificity for hydroxyapatite. We envisioned that by conjugating such osteotropic ligands to a bone anabolic
agent, we could acquire the ability to continuously stimulate fracture healing.

Results: Although bisphosphonates and tetracyclines were capable of localizing small amounts of peptidic pay-
loads to fracture surfaces 2-fold over healthy bone, their specificities and capacities for drug delivery were
significantly inferior to subsequent other ligands, and were therefore considered no further. In contrast, short
oligopeptides of acidic amino acids were found to localize a peptide payload to a bone fracture 91.9 times more
than the control untargeted peptide payload. Furthermore acidic oligopeptides were observed to be capable of
targeting all classes of peptides, including hydrophobic, neutral, cationic, anionic, short oligopeptides, and long
polypeptides. We further found that highly specific bone fracture targeting of multiple peptidic cargoes can be
achieved by subcutaneous injection of the construct.

Conclusions: Using similar constructs, we anticipate that healing of bone fractures in humans that have relied on
immobilization alone can be greately enhanced by continuous stimulation of bone growth using systemic
administration of fracture-targeted bone anabolic agents.

1. Introduction United States have been frequently lamented, methods for treating these

fractures have surprisingly not changed significantly in many years, still

More than 18.3 million bone fractures occur each year in the United
States. While uncomplicated fractures may lead to compromised phys-
ical activity, loss of productivity, and decreased quality of life [1],
nonunion fractures can amplify these morbidities by greatly prolonging
the time to recovery [2]. Craniofacial fractures can be especially debil-
itating due to concomitant difficulties with eating and speaking [3], and
delayed hip fracture healing in the elderly can in many cases result in
premature mortality [2]. Taken together, the total financial impact of
broken bones on reparative costs, convalescent expenses, and physical
therapies is estimated at $45.8 billion, and these expenses are antici-
pated to increase as our population continues to age [3].

Although the physical and financial burdens of fractures in the
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relying primarily on stabilization with rods, plates, and/or casts and
benefitting little from the plethora of bone anabolic agents that have
been continuously reported in the literature [4]. Several reasons likely
exist for this lack of significant progress. First, all osteogenic drugs
approved to date must be topically applied during surgery, and because
surgery is not indicated for most fractures, the opportunity to employ
these pharmacologic agents has been limited. [5-7] Second, the meta-
bolic turnover of approved bone anabolic agents is relatively fast [8],
restricting the duration of their therapeutic benefits to a brief window
following topical application [9,10]. Third, leakage of locally-applied
anabolic drugs into surrounding tissues can often lead to undesirable
side effects, including ectopic bone growth, [10,11] and systemic
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administration of osteogenic agents can stimulate unwanted anabolic
processes in healthy tissues such as nerves [12-14], muscles [15,16],
and the vasculature [17-19]. Indeed, hypercalcemia [20,21], hyper-
tension [22-24], tachycardia [25,26], immunosuppression [27-30], and
even cancer [31,32] are among the concerns surrounding systemic
administration of bone anabolic drugs.

Recognizing the benefits that could accrue if continuous application
of bone anabolic agents to fracture surfaces were possible, we looked for
strategies that might allow systemic administration of osteogenic drugs
without causing toxicities to healthy tissues. In this effort, we noted that
newlyfractured bones expose hydroxyapatite that is normally covered
by a periosteum and endosteum that together limit exposure of the
healthy bone to systemically administered drugs [33,34]. We also
appreciated that molecules such as bisphosphonates [35-39], tetracy-
clines [40-42], acidic oligopeptides [43-45], and bone sialoproteins
[46-48] naturally localize to exposed hydroxyapatite, suggesting that
these and related osteotropic agents might be exploited to deliver
attached drugs to fracture surfaces. Many of these have been developed
as targeting ligands to deliver small molecules to osteomyelitis [37,49],
bone cancers [50-52], or osteoporsis [53-55]. Very little work has been
done to develop targeting strategies for delivering therapeutics to bone
fractures. Previous work by the Kopecek lab demonstrated the utility of
various targeting molecules for different types of hydroxyapatite and
demonstrated the ability to use them to deliver anabolic agents to
diseased bone [42,56] The Kopecek lab, in collaboration with our lab,
developed into the first fracture-targeted anabolic that targets raw hy-
droxyapatite [57]. This technologyhas proven successful improving the
therapeutic efficiency of drugs for healing bone fractures [58,59]. A
more in-depth review of the existing bone targeting strategies can be
found in the following reviews [60-62]. Encouraged by these observa-
tions, we undertook to determine which hydroxyapatite ligand might
prove most efficient in targeting anabolic peptides to fractures surfaces.
In the paper below, we compare the bone fracturetargeting capabilities
of the aforementioned molecules tethered to both imaging agents and
bone anabolic peptides of different charges, sizes, and polarities. Our
data show that highly acidic oligopeptides constitute the most effective
targeting ligands for delivering attached anabolic compounds to fracture
surfaces.

2. Materials and methods
2.1. Synthesis of payload peptides

All payloads were briefly synthesized in a solidphase peptide syn-
thesis vial under a stream of argon. Wang resin (0.6 mmol/g) was loaded
with 3-fold excess of the first amino acid (cysteine), HOBt-Cl and DIC for
4 hin 9:1 v/v CH2CI2/DMF using catalytic amounts of DMAP. The resin
was then capped with 2 equivalents of acetic anhydride and pyridine for
30 min to block any unreacted hydroxyl groups on the resin. These steps
were followed by 3 washes with DCM and DMF, consecutively. After
each coupling reaction, 9-fluorenylmethoxycarbonyl (Fmoc) groups
were removed by two 10-min incubations with 20% (v/v) piperidine in
DMF. The resin was then washed twice with DMF prior to adding the
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next amino acid. Each amino acid was reacted in 3-fold excess 2-(1H-
benzotriazol-1-yl)-1,1,3,3-tetramethyluronium  hexafluorophosphate
(HBTU)/N-methylmorpholine (NMM) for 30 min, followed by a double
coupling with 3-fold excess benzotriazol-1-yl-
oxytripyrrolidinophosphonium hexafluorophosphate (PyBOP)/N-meth-
ylmorpholine (NMM) for 30 min. All amino acids were added according
to the conditions above. Standard Fmoc-protected amino acids with
acid-sensitive side chain protecting groups were used, unless otherwise
noted. Thereafter, tyrosine or the peptide sequence shown in Table 1
was added onto the peptide using the solid-phase procedures listed
above using an automated peptide synthesizer (Focus XC, AAPPTec).
Upon synthesis completion, the terminal Fmoc was removed using the
aforementioned conditions, after which the resin was washed 3 times
with DMF, 3 times with DCM, twice with methanol, and then dried with
argon gas. The dried resin with the peptide was cleaved using 95:2.5:2.5
trifluoroacetic acid/water/triisopropylsilane and excess TCEP for 2 h.
The peptide was then precipitated from the cleavage solution using 10
times the volume of cold diethyl ether. The solution was spun at 2000
RCF for 5 min and then decanted. The pellet was then desiccated and
submitted to analytical liquid chromatography-mass spectrometry
(1220 LC; 6130 MS, Agilent) for confirmation of synthesis. The crude
peptide was dissolved in a mixture of DMF and water and purified via
preparative reversed-phase high-performance liquid chromatography
(1290, Agilent). A C-18 column with a 0-50% ammonium acetate:
acetonitrile mobile phase for 40 min was used to purify the TMP. The
fraction that contained only pure payloads as assessed by analytical
liquid chromatography-mass spectrometry (1220 LC, 6130 MS, Agilent)
was lyophilized(FreeZone, LABCONCO) and stored as lyophilized pow-
der at —20 °C until it was coupled with targeting ligands.

2.2. Synthesis of linear targeting peptides

Targeting ligand peptides were all synthesized to achieve the
appropriate length, amino acid composition and enantiomeric stereo-
chemistry, as indicated by their names according to the solid phase
synthesis methods described above. While still on the resin, the N-ter-
minal amines were deprotected as described above, and the resin was
reacted in DMF with 3-fold maleimide propionic acid, 3-fold excess
PYBOP, HOBT-CI and 5-fold excess DIPEA for 4 h. The peptides were
then coupled to the cysteinecontaining peptides using maleimide
chemistry in PBS containing 10-fold excess TCEP for 24 h at room
temperature. The targeting payload conjugates were then cleaved,
deprotected, and purified as described above.

2.3. Synthesis of branched targeting peptides

Briefly, branched targeting ligands were synthesized using solid-
phase peptide synthesis under a stream of argon. 2-chlorotrityl resin
(0.6 mmol/g) was loaded at 0.6 mmol/g with Na,Ne-di-Fmoc-L-lysine for
60 min in DCM and DIPEA. The resin was then capped with 4 washes of
MeOH, followed by 3 washes with DCM and DMF, consecutively. The
branched chain was then synthesized as described above. The N-termi-
nal Fmoc was retained and the peptide was subjected to a soft cleavage

The sequences and chemical classes of therapeutic bone anabolic payloads chosen to represent different chemical classes of payloads used to investigate the payloads’

role in affecting fracture targeting.

Peptide Payload Representative Chemical Sequence
Class

F109C-heparin-binding domain of FGF2 Short Oligopeptide YKRSRYTC
PACAPC-pituitary adenylate cyclase-activating polypeptide Long Polypeptide HSDGIFTDSYSRYRKQMAVKKYLAAVLGKRYKQRVKNKC
CTC-C chemotactic cryptic peptide (CTC), derived from the CTX region of collagen type =~ Neutral YIAGVGGEKSGGFYC

111
Ck2.3C-casein kinase 2 beta chain Cationic RQIKIWFQNR RMKWKKIPVG ESLKDLIDQC
ODPC osteopontin-derived peptide Anionic DVDVPDGRGDSLAYGC
P4C- BMP-2 fragment Hydrophobic KIPKASSVPTELSAISTLYLC
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in 1:1:8 mixture of acetic acid/TFE/DCM for 30 min. The cleavage so-
lution was evaporated under reduced pressure and the terminal car-
boxylic acid was conjugated with 3-fold excess N-(2-aminoethyl)
maleimide, 3-fold excess PYBOP and HOBT-CI and 5-fold excess DIPEA
in DCM for 4 h. The acid-sensitive protecting groups were then depro-
tected by a 2-h incubation in 95:2.5:2.5 trifluoroacetic acid/water/
triisopropylsilane. The peptide was then precipitated with 10 volumes of
cold diethyl ether, and the terminal Fmoc was deprotected by a 15-min
incubation with 20% (v/v) piperidine in DMF followed by a precipita-
tion in cold diethyl ether. The resulting crude product was purified via
preparative reversed-phase high-performance liquid chromatography
(1290, Agilent) as described above. Finally, the purified targeting ligand
was conjugated with different payloads via maleimide coupling also as
described above.

2.4. Synthesis of mono-bisphosphonate targeting ligands

Alendronic acid was dissolved in sodium hydroxide and then diluted
in MES buffer, and the pH was reduced to 5 with HCl. Three equivalents
of 3-maleimidopropionic acid was pre-activated with 4 equivalents of
EDC. The reaction was stirred overnight at 40 °C and the crude product
was purified by preparative reversed-phase high-performance liquid
chromatography (1290, Agilent)on a C-18 column using a 0-25%
ammonium acetate/acetonitrile mobile phase for 40 min. The fractions
that contained only pure maleimide product as analyzed by analytical
liquid chromatography-mass spectrometry (1220 LC, 6130 MS, Agilent)
were lyophilized and stored at —20 °C until required for coupling with
payloads via maleimide coupling as described above.

2.5. Syntbhesis of tribisphosphonate targeting ligands

Di-tert-butyl-2,2'-((3-amino-2-(2-(2-(tert-butoxy)-2-oxoethoxy)
ethyl)pentane-1,5-diyl)bis(oxy))diacetate was reacted with 1.5 equiva-
lents of 3-maleimidopropionic acid, 4 equivalents of DCC, and 3
equivalents of DIPEA in DCM at 45 °C for 24 h. The DCU precipitate was
filtered out and the volume reduced under low pressure. The product
was purified via flash chromatography and the carboxylic acids were
deprotected in 50:50 TFA/DCM for 30 min. The solvent was removed
under reduced pressure and the resulting 2,2'-((2-(3-(carboxymethoxy)-
1-(3-(2,5-diox0-2,5-dihydro-1H-pyrrol-1-yl)propanamido)propyl)
butane-1,4-diyl)bis(oxy))diacetic acid was reacted with 12 equivalents
of alendronic acid plus 12 equivalents of EDC in MES buffer at pH 4.5 for
24 h at 45 °C. The resulting crude product was purified via preparative
reversed-phase high-performance liquid chromatography (1290, Agi-
lent) and the purified targeting ligand was conjugated with different
payloads via maleimide coupling as described above.

2.6. Synthesis of polyphosphate targeting ligands

A phosphate glass polymer of 45 phosphates was dissolved in 100
mM MES at a concentration of 10 mM. Sufficient EDC was then added to
achieve 100 mM concentration, and then 3 equivalents of DIPEA fol-
lowed by five equivalents of N-(2-Aminoethyl)maleimide were added.
The purified targeting ligand was conjugated with different payloads via
maleimide coupling as described above.

2.7. Synthesis of 99mTc chelator molecules

99mTe chelators linked to D-Glugg and D-Glu; were synthesized via
standard Fmoc solid-phase peptide synthesis as described previously.
Wang resin loaded with Fmoc cysteine (TRT) was coupled to Fmoc
aspartic acid (OtBu) then to N®Boc-NP-Fmoc-L-2,3-diaminopropionic
acid to create the **™Tc chelator [63]. This chelator was then coupled
via standard amide chemistry to 8-(Fmoc-amino)-3,6-dioxaoctanoic
acid, which was then conjugated via standard amide coupling to a linear
oligopeptide of either 10 or 20 D-glutamic acids. The oligopeptide was
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then cleaved and purified as described previously.
2.8. Synthesis of NIR dye conjugates of bone fracture-targeting ligands

A maleimide derivative of the near infrared (NIR) fluorescent dye,
S0456, was prepared for use in labeling of the bone fracture targeting
ligands described above. It was synthesized as follows (see Fig. 1) For
this purpose, S0456, N-Boc-tyramine and KOH were mixed in a flask
containing DMSO to dissolve solids and the solution was stirred at 60 °C
under argon for 1.2 h. The resulting solution was precipitated with cold
ethyl acetate and, after vigorous agitation, was centrifuged at 3000 rpm
for 3 min. The dark green solid was dried in a vacuum desiccator
overnight and deprotected in 40% TFA/DCM for 30 min before being
concentrated in vacuo to remove all TFA and DCM. The crude solid was
then dissolved in water and subjected to preparative reversed-phase
high-performance liquid chromatography (1290, Agilent) purification.
Pure fractions were concentrated in vacuo and lyophilized. To derivatize
with maleimide, the solid was dissolved in DMSO together with N-suc-
cinimidyl 3-maleimidopropionate and DIPEA and stirred under argon
atmosphere for one hour before purification via preparative reversed-
phase high-performance liquid chromatography (1290, Agilent) as
described above. (L and D) Deca-aspartic acid-targeting ligand with an N
terminal cysteine were prepared and purified as described previously.
For conjugation of deca-aspartic acid cysteine to S0456-maleimide,
S0456-maleimide was dissolved in DMSO in a flask degassed with
argon, followed by the addition of Asp;¢-cys to the solution with stirring.
The mixture was stirred at room temperature for 2.5 h before purifica-
tion with preparative reversed-phase high-performance liquid chroma-
tography (1290, Agilent). The purified and lyophilized product
appeared as a green fluffy solid. Synthesis of (D)Asp;9-S0456 conjugate
followed the same procedure as described for (L)Asp;o-S0456, except
that D-aspartic acid was used for the synthesis of (D)Asp;o.

2.9. Midshaft Femur fracture model

Aseptic surgical techniques were used to insert a 23-gage needle as
an intramedullary nail into the femur of anesthetized 12-week-old fe-
male ND-4 Swiss-Webster age-matched mice for internal fixation on the
bone prior to its fracture. No difference in targeting capacity was seen
between inbred strains such as C57/BL6 and Swiss-Webster ND-4 mice
(see supplemental Fig. 22). Briefly, the mouse hair surrounding the right
knee of the hind paw was removed and the animal was anesthetized
using 3% isoflurane with an anesthesia vaporizer(VetEqip). The skin was
then cleaned with a scrub of betadine followed by a scrub of 70%
ethanol. An incision was then made over the patella exposing the
patellar tendon and the tendon was transected to expose the distal
condyles of the femur. A sterile 23-gage needle was drilled through the
cortical shell of the center of the patellar surface at the distal femur
between the condyles and the pin was inserted down the center of the
medullary cavity until it reached the endosteal surface of the proximal
epiphysis of the femur. The needle was then cut with wire cutters to
render it flush with the distal end of the femur and the skin was closed
with 4-0 nonabsorbable nylon sutures. Fractures were then induced in
the stabilized femurs using a drop-weight fracture device from RISystem
and were verified via X-ray using an X-ray cabinet (Carestream, Kodak).
The mice received buprenorphine (0.03 mg/day) for 3 days post-
fracture to reduce pain. All animal experiments were performed in
accordance with protocols approved by Purdue University’s Institu-
tional Animal Care and Use Committee (IACUC).

2.10. Analysis of the half-life and biodistribution of fracture-targeted
fluorescent conjugates

To analyze the half-life of the targeted fluorescent conjugates at the
fracture site, L-Asp;9-S0456 or DAsp;(-S0456 were dissolved in PBS,
sterile filtered, and injected 10 days (see supplemental Fig. 16) post-
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Fig. 1. Synthesis of (L)Asp;0-S0456 conjugate. Reagents and conditions: A) S0456—Cl, DIPEA, DMSO, 60 °C B) 40% TFA/DCM, rt. C) N-succinimidyl 3-maleimido-

propionate, DIPEA, DMSO, rt. D) Asp;o-cys, DMSO.

fracture subcutaneously to achieve a final dose of 250 nmol/mouse.
Mice were then euthanized at 2, 24, 48, 72, and 96 h post-injection and
fluorescence was quantified at the fracture site by resecting the and
dissolving the fracture callus in a 12% solution of neutral buffered
EDTA. Briefly, broken femurs were collected, rinsed with PBS, dried
thoroughly overnight in a vacuum desiccator, broken into small pieces,
and weighed before immersing in the aforementioned EDTA solution.
The sample was agitated on a shaker for 8 h to decalcify the bone and
then centrifuged for 5 min at 8000 rpm to collect the supernatant. The
concentration of L-Asp;0-S0456 or DAsp;0-S0456 in the supernatant was
then determined from its OD780 using a standard curve of known
concentrations of the dye for quantitation.

2.11. Radiolabeling of peptides with 12°I or *°™Tc

10 pg of Pierce Iodination (iodogen) reagent was dissolved in 200 pL
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chloroform, then added to a 6 x 50 mm glass test tube and evaporated
under a steady stream of argon. Then 50 nmol of peptide conjugate
dissolved in 40 pL of PBS was added together with 10 pL(1 mCi) of
Na'?5I(ARC). The glass test tubes were sealed and placed on a shaker for
30 min and then purified via radio preparative reversed-phase high-
performance liquid chromatography (1260 HPLC, Agilent Flow-RAM
radiodectector, Lablogic) with a 0-100% gradient of 0.1% TFA in
water:acetonitrile. Fractions with the correct retention time and radio
signal were isolated and lyophilized. Payload peptides were radio-
iodinated on endogenous tyrosine, tryptophan, or histidine residues,
which remain stable in physiological conditions for the longest iodin-
ated experiments (27 h) [64].

For ®™Tc labeling, 0.6 mg of EDTA disodium dihydrate dissolved in
nitrogen-sparged water (10 mg/ml) was added to 50 mg of sodium
gluconate solution (100 mg/ml) in nitrogen-sparged water. To that
mixture, a solution of 0.2 mg of tin chloride dihydrate (10 mg/ml)
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dissolved in nitrogen-sparged 0.2 N HCIl was added. Then 4 pmol of
99mT¢ chelate-containing peptides were added to the solution and the pH
was adjusted to 6.8 using NaOH [63]. The solution was flash frozen in
liquid nitrogen and lyophilized overnight. The compound was then
mixed with 15 mCi of m®°Tc¢ (Cardinal Health) and after 15 min of
shaking, quantitative chelation was confirmed by analytical radio
reversed-phase high-performance liquid chromatography (1260 HPLC;
Agilent Flow-RAM radiodectector, Lablogic).

Biodistribution Analyses of Radiolabeled PeptidesFor live animal
studies, *™Tc- or 1%°I-radiolabeled peptides were dissolved in PBS and
injected subcutaneously into mice 10 days after induction of a midshaft
femur fracture to ensure that blood flow had returned to the area. Each
mouse received a 0.25 mCi (12.5 nmol of peptide in 0.1 mL vehicle) dose
of radio-iodinated peptide or 3 mCi (0.1 ml) dose of 99mTc Jabeled
peptide, both administered subcutaneously. Eighteen hours later, (see
supplemental figs. 14 and 15), blood was removed via cardiac puncture,
and mice were sacrificed via COy asphyxiation. Organs and tissues
(heart, lungs, muscle, skin, liver, spleen, kidneys, fractured femur, and
healthy femur) were resected and weighed, and their radioactivity was
counted using a gamma counter (Cobra Auto-Gamma, Packard). Percent
injected dose was calculated by:

Tissue(counts)

%injected dose = ———
J Injection (counts) x Tissue(grams)

Fractured to healthy ratio was calculated by:

The fractured femur s%injected dose

Fractured to healthy ratio = -
Y The healthy femur s%injected dose

2.12. SPECT/CT

99mTe Jabeled D-Gluyg-chelator and D-Glugg-chelator were formu-
lated to 7 mCi/100ul and injected via tail vein two weeks following
femur fracture. After 18 h, mice were euthanized via CO, asphyxiation
and imaged using a SPEC/CT scanner (U-SPECT-II/CT, MiLabs). CT
images were collected using high resolution full body 12-min scans and
were followed by 1-h SPECT scans using a 0.6 mm collimator. SPECT
images were reconstructed using the MiLabs software selecting the en-
ergy window of 140 keV and reconstruction parameters of 16 subsets
and 4 iterations without post filter. 3D reconstructions were performed
using ImageJ software.

2.13. Statistics

All statistical analyses were performed with GraphPad Prism
(version 8.0; GraphPad Software, CA). Data are displayed as mean +
standard deviation. In the figures, levels of statistical significance are
denoted with asterisks according to the following definition: *p < 0.05;
**p < 0.01; ***p < 0.001; ****p < 0.0001. Statistical analysis was
performed using a one-way analysis of variance (ANOVA) and a Dun-
nett’s post-hoc analysis with adjusted significance reported at the P
value of 0.05. For Figs. 4-8 a Bonferroni post-hoc analysis was performed
instead of a Dunnet’s post-hoc analysis. Fig. 9 was analysied with a Two
way ANOVA with a Dunnett’s post hoc analysis.

3. Results

As mentioned previously, a variety of low-molecular-weight ligands
have been found to exhibit a tropism for the hydroxyapatite that is
exposed in osteoporotic bone, malignant bone lesions, and fracture
surfaces. Because the same targeting molecules have been used to
deliver imaging agents to these lesions, we undertook to determine
whether similar ligands might be exploited to deliver anabolic drugs to
fracture sites, thereby enabling repeated dosing of bone anabolic agents
over the entire course of the fracture healing process. For this purpose,
each of the above ligands along with additional targeting molecules
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described below was linked via standard coupling chemistries to either
imaging agents or bone anabolic peptides and examined for their spec-
ificities for fracture surfaces in mice containing midshaft femur frac-
tures. As shown in Fig. 2, when each of the previously-characterized
hydroxyapatite targeting ligands [48,60] (panel A) was labeled with
1251 tyrosine and injected intravenously into fracture-bearing mice, the
targeting ligands accumulated with different specificities at the femur
fracture site (panel B). Whereas the ratio of 1251 1abeled tetracycline in
the fractured to healthy femur was only 2.6 This could be due in part to
iodination of tetracycline itself, however, compared to tyrosine, the
iodination of tetracycline is inefficient [65] and the site of iodination is
ortho/para from the C10 carbon and is unikely to interfere with binding
[40,66]. The fractured-to-healthy ratio was continuously increased as
the tetracycline ligand was exchanged for alendronate, polyphosphate,
and an acidic octa-aspartic acid. Taken together, these data suggest that
the octa-aspartic acid may possess the highest specificity for fractured
over healthy bone with a selectivity ratio of 11.2, while tetracycline
likely displays the lowest. Based on this ranking and the fact that tet-
racyclines are also encumbered by serious toxicities [67,68], we elected
to dismiss tetracyclines from further consideration for fracture-targeted
drug delivery as they were 4.2 times less selective than octaaspartic acid.

Although bisphosphonates and polyphosphates were also found to
exhibit reduced specificity for fractured bone, we still decided to include
them in a comparison of peptide targeting abilities, since most bone
anabolic agents are peptides or proteins [69-73]. For this purpose, the
N-terminal 34 amino acids of parathyroid hormone-related protein
(PTHrP), a peptide frequently used to stimulate bone formation [74],
was labeled with 2°I and tethered to a monobisphosphonate (alendro-
nate), a tribisphosphonate comprised of three alendronates attached to a
central hub (Supplemental Fig. 26), a polyphosphate consisting of 45
phosphates connected by anhydride linkages [75,76], or a deca-aspartic
acid similar to the octa-aspartic acid examined above. As shown in
Fig. 3, use of the monobisphosphonate (alendronate) as the targeting
ligand enabled delivery of a moderate amount of 1251 PTHrP (1-34) to
the fracture site, also displaying reasonable specificity of 2:1 for broken
bone over healthy bone (see Fig. 3, panel C). However, use of the more
complex ligand comprised of 3 alendronates surprisingly resulted in
diminished rather than enhanced fracture targeting. And, as seen in
Fig. 3, the polyphosphate again provided minimal '2°I-PTHrP (1-34)
delivery to the fracture surface with only 1.55% of injected drug being
present on the fracture surface 24 h later, while an acidic oligopeptide
(AOP) comprised of 10 aspartic acids yielded the highest specific de-
livery to the fractured bone with 3.5 times more specificity for the
fracture and accumulation in the fracture than monobisphosphonates
(see Fig. 3, panel B). Based on these data and the unwanted inhibitory
activities [77] of bisphosphonates on osteoclasts, we decided to focus all
further targeting studies on variations in the structures of acidic oligo-
peptides. In this effort, five variables were envisioned to potentially
impact the ability of an AOP to deliver an attached anabolic peptide to a
fracture surface: (1) chemical characteristics of payload, (2) AOP side
chain structure, (3) AOP length, (4) AOP branching, and (5) AOP sta-
bility). We elected to address each of these variables sequentially in the
paragraphs below.

3.1. Effect of payload characteristics on fracture targeting with acidic
oligopeptides

To explore the impact of the therapeutic payload’s composition on
the ability of an attached AOP to concentrate the active drug at a frac-
ture site, we compared the abilities of AOPs to deliver a variety of bone
anabolic peptide cargoes of carefully selected properties, including 1)
size, 2) charge, and 3) hydrophobicity. First, to compare anabolic pep-
tides of different charge, we selected CK2.3 [78] as a representative
cationic peptide with a net charge of +5, ODP [79] as a representative
anionic peptide with a net charge of —3, and CTC [80,81] as a repre-
sentative neutral peptide with a net charge of 0. P4 [10,82] was also
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Fig. 2. Comparison of selectivity for the fracture
selectivity over the rest of the skeleton. A) The struc-
tures of tetracycline, monobisphosphonate,poly-
phosphate, and acidic oligopeptide targeting ligands
conjugated to a radiolabeled tyrosylcysteine via a
maleimide coupling. B) The ratio between the accu-
mulation in the fracture callus and in the contralateral
healthy femur for the established bone-targeting li-
gands delivering %I tyrosylcysteine payloads (see
panel A). Levels of statistical significance are denoted
with asterisks according to the following definition: *p
< 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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Fig. 3. The biodistribution of radio-iodinated PTHrP coupled to different hydroxyapatite -binding moieties 24 h post-injection. A) The accumulation of the labeled
compounds in different tissues are reported as a percent of the injected dose. B) Accumulation of targeted and free PTHrP in the fractured femurs of mice 24 h post-
injection. C) The selectivity ratio between the fracture callus and the contralateral healthy femur. D). Levels of statistical significance in panels B and C are denoted
with asterisks according to the following definition: *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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included as a representative of a hydrophobic peptide with a hydro-
phobicity index (GRAVY) of 0.49. Finally, to assess the impact of cargo
size, F109 [83,84], PACAP [85], and CK2.3 were also included, because
F109 has a chain length of only 9 amino acids while the latter two have
chain lengths of 39 and 30 amino acids, respectively (Table 1). All of the
above bone anabolic peptides were linked to L-Asp;(, radiolabeled with
iodogen 2°1, injected into mice with fractured femurs, and allowed to
circulate for 18 h before evaluation for tissue biodistribution [85].

As shown in Fig. 4, the chemical properties of the various peptides
exerted little impact on the ability of L-Asp;g to target them to fracture
surfaces. In fact, only the 39 amino acid PACAP differed somewhat from
the other anabolic peptides in fracture targetability. However, because a
peptide of similar length (CK2.3) displayed no reduction in fracture
accumulation, we conclude that neither payload size nor any other
major chemical/physical variable exerts a consistent impact on AOP-
mediated bone targeting. Indeed, the fact that all other anabolic
cargoes seem to target similarly would suggest that an attached AOP
should dominate the biodistribution of most peptidic cargoes.

3.2. Effect of acidic oligopeptide branching on fracture targeting

To explore the impact of peptide branching on payload targeting, we
compared the abilities of acidic oligo-aspartic acids constructed of either
two chains of 5 aspartic acids each or a single linear chain of 10 aspartic
acids to deliver the Ck2.3 payload to fracture surfaces. As seen in Fig. 5,
linear peptides were found to concentrate 2.7 times better on fracture
surfaces than branched peptides. Moreover, since nontargeted Ck2.3
displayed little uptake at the fracture site, nonspecific trauma-mediated
deposition of Ck2.3 could be dismissed as a major contributor to the
accumulation of the acidic oligopeptide conjugate at the fracture site.

3.3. Effect of acidic oligopeptide side chain length on fracture targeting

Assuming that the interaction of AOPs with a bone fracture surface is
primarily mediated by its interaction with exposed calcium, molecular
orbital studies would dictate that calcium should chelate best when the
proximal anionic charges are separated by a distance of 8.6A [86].
Recognizing that the lengths of the anionic side chains of our AOPs
would determine this separation distance between negative charges, we
elected to compare the targeting abilities aspartic acid, glutamic acid

(L) Asp10 with 6 Peptide Payloads of Different Chemical Classes

3-
Hl CK2.3C Asp10
=5 ODPC Asp10
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Fig. 5. The biodistribution of radio-iodinated CK2.3 coupled to branched or
linear chains of 10 (L) aspartic acids relative to untargeted CK2.3. The bio-
distributions were determined 18 h post-injection into ND-4 Swiss-Webster
mice (n = 5) bearing midshaft femur fractures 10 days post-fracture. The
accumulation of the labeled compounds in different tissues are reported as a
percent of the injected dose per gram of tissue. Levels of statistical significance
are denoted with asterisks according to the following definition: *p < 0.05; **p
< 0.01; ***p < 0.001; ****p < 0.0001.

Fig. 4. The biodistribution of six different
radio-iodinated payloads coupled to (L)
Asp1o 24 h post-injection into ND-4 Swiss-
Webster mice (n 6) bearing midshaft
femur fractures 10 days post-fracture. The
selected peptide payloads are representative
of different chemical classes (see Table 1).
The accumulation of the labeled compounds
in different tissues are reported as a percent
of the injected dose per gram of tissue.
Levels of statistical significance are denoted
with asterisks according to the following
definition: *p < 0.05; **p < 0.01; ***p <
0.001; ****p < 0.0001.
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and aminoadipic acid, where the side-chain carboxyls extend from the
peptide backbone by one, two, and three carbons, respectively, allowing
an increasing separation between the anionic charges of the oligopep-
tide side chains.

As seen in Fig. 6, decaglutamic and deca-aspartic acids exhibited the
greatest uptake at the fracture site with 6 times more accumulation than
the nontargeted Ck2.3, and with aminoadipic acid promoting bone
fracture retention not significantly different from nontargeted Ck2.3.
These data demonstrate that an AOP comprised of either glutamic or
aspartic acids constitutes a peptide with optimal charge separation for
calcium binding and may help explain the branched peptide’s reduction
in binding. The fact that nature has primarily selected glutamic acids for
its calcium binding functions in bone mineralization [87], together with
the repeated observation that the synthesis of glutamic acid oligomers is
much more efficient than aspartic acid oligomers due to unwanted for-
mation of aspartamides, [88,89] prompted us to focus all further bone
fracture-targeting efforts on the optimization of the glutamic acid
oligomers.

3.4. Effect of linear Oligoglutamic acid length on fracture targeting

To explore the impact of oligopeptide length on fracture-targeting
ability, we compared the abilities of oligoglutamic acids of 10 or 20
amino acid lengths to deliver the same CK2.3 cargo to fractured femur
surfaces. As seen in Fig. 7, CK2.3 tethered to the longer oligoglutamic
acid accumulated 3.3 times more at the fracture site than the shorter
oligoglutamic acid. While the affinities of unconjugated acidic oligo-
peptides seem to maximize at chain lengths of only 8 amino acids [44],

Side Chain Length Retention
3_
1 Untargeted Ck2.3 —
= (L)Asp10 CK2.3
E# (L)Glu10 Ck2.3C ’_‘
&= (L)AAD10 Ck2.3C
2-

*%

Percent Injected Dose/gram

Fig. 6. The biodistribution of radio-iodinated CK2.3 coupled to linear chains of
10 (L) aspartic acids, 10 (L) glutamic acids, or 10 (L) aminoadipic acids relative
to untargeted CK2.3. The biodistributions were determined 18 h post-injection
into ND-4 Swiss-Webster mice (n = 5) bearing midshaft femur fractures 10 days
post-fracture. The accumulation of the labeled compounds in different tissues
are reported as a percent of the injected dose per gram of tissue. Levels of
statistical significance are denoted with asterisks according to the following
definition: *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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Fig. 7. The biodistribution of radio-iodinated CK2.3 coupled to linear chains of
10 or 20 (L) Glutamic acids relative to untargeted CK2.3. The biodistributions
were determined 18 h post-injection into ND-4 Swiss-Webster mice (n = 5)
bearing midshaft femur fractures 10 days post-fracture. The accumulation of
the labeled compounds in different tissues are reported as a percent of the
injected dose per gram of tissue. Levels of statistical significance are denoted
with asterisks according to the following definition: *p < 0.05; **p < 0.01; ***p
< 0.001; ****p < 0.0001.

the observed increased affinity of the 20-mer over 10-mer probably
arises because more extensive binding to hydroxyapatite is required to
retain a payload of the size of CK2.3 at the fracture surface. The
improved localization of the CK2.3 payload with the 20-mer could also
be in part due to a relative reduction in steric hinderance from the
payload on the targeting ligand.

3.5. Effect of acidic oligopeptide stereochemistry on fracture targeting:
comparison of d versus [ oligoglutamic acid

Studies by other groups have demonstrated that acidic oligopeptides
are not readily orally bioavailable [90], suggesting that the likely route
of administration must be by injection. Unfortunately, drugs requiring
frequent injection can discourage patient compliance, suggesting that a
longer-lasting formulation that would require fewer injections might
achieve greater adoption in the clinic[91,92]. Because the affinities of
acidic oligopeptides comprised of D- and L-amino acids for hydroxyap-
atite have been found to be similar [44], we elected to explore whether a
linear oligoglutamate chain composed of poorly-metabolizable D-glu-
tamic acids rather than a readily-digestible chain comprised of L-glu-
tamic acids might lead to longer drug retention at the fracture surface.
To test this hypothesis, we compared the abilities of the D and L enan-
tiomers of glutamic acid 20-mers to accumulate and persist at the frac-
ture site. As shown in Fig. 8, we found that the D enantiomer of Gluyg
accumulated 4.7 times more than the L enantiomer at the fractured
femur and 91.9 times as much as the nontargeted Ck2.3. To further
investigate the impact of this stereochemistry on retention half-life and
to see if this impact existed for the more-established shorter aspartic acid
polymers as well, we attached the fluorescent dye, SO456, to both D an L
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Fig. 8. The biodistribution of radio-iodinated CK2.3 coupled to linear chains of
20 L- or D-glutamic acids relative to untargeted CK2.3. The biodistributions
were determined 18 h post-injection into ND-4 Swiss-Webster mice (n = 5)
bearing midshaft femur fractures 10 days post-fracture. The accumulation of
the labeled compounds in different tissues are reported as a percent of the
injected dose per gram of tissue. Levels of statistical significance are denoted
with asterisks according to the following definition: *p < 0.05; **p < 0.01; ***p
< 0.001; ****p < 0.0001.

enantiomers of Aspio peptides (see Fig. 1) and quantified the accumu-
lation of the differently-labeled enantiomeric chains in both fractured
and healthy contralateral femurs. As shown in Fig. 9, the L enantiomer
exhibited a half-life of ~ 35 h, whereas the D enantiomer displayed a
half-life nearly 3 times as long of ~ 100 h. The difference was slight
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smaller than that detected with radiolabled peptide payloads. This is
likely due to the shorter half-life of the peptide payloads relative to the
fluorescent payload. Curiously, this same enhanced stability resulted in
prolonged clearance through the kidneys, probably because the slowly
degradable D-isomer released more slowly from the bone and other
tissues than the L-isomer. More importantly, D-Glupg was demonstrated
to deliver significantly more cargo to the fracture site than any of the
other targeting ligands (see Fig. 10).

3.6. Comparison of fracture localization of D-Glu;g and D-Gluzg
oligopeptides

Finally, to visually compare the biodistributions of the D-Glu;o and
D-Gluy oligopeptides, since the impact of extending the targeting ligand
was greater than expected, we performed SPECT/CT imaging of both
oligopeptides and examined their biodistributions visually. As shown in
Fig. 11A, both acidic oligopeptides yielded highly resolved images with
the targeted radio-imaging agents almost exclusively concentrated at the
fracture site. Signal to volume ratios are greater than 10-fold higher in
the fracture than in other adsorption sites such as the growth plates.
Still, the adsorption to the growth plates may limit patients to adults.
Because of the similarity between the two images, a second bio-
distribution analysis was conducted (panel C) with results very similar
to those in Fig. 10; i.e. D-Glupg accumulating ~ 5 times more efficiently
at the fracture site than D-Glujo. Due to its high avidity and lower steric
hinderance, D-Gluyg exhibits the greatest fracture-targeting capacity of
all ligands tested, and assuming that the radioactivity observed in the
kidneys constitutes unbound drug still undergoing excretion, the D-
Gluy oligopeptide probably also displays the greatest selectivity for
fracture sites of all targeting ligands tested.

4. Discussion

Bone targeting has existed for over 30 years [93], during which time
it has primarily focused on delivering payloads to orthopedic pathol-
ogies not related to fractures, such as osteoporosis [54], osteomyelitis
[37], and bone metastases [52]. These treatments have primarily used
bisphosphonates [94] to deliver compounds selectively to bone. How-
ever, when treating bone fractures, it is imperative to deliver compounds
selectively to the fracture site to avoid ectopic ossification that can occur
when drug is delivered nonspecifically to all bone. For that purpose, we

Fig. 9. The accumulation of S0456 (near-IR
fluorophore) coupled to linear chains of 10
L- or D-aspartic acids in ND-4 Swiss-Webster
mice bearing midshaft femur fractures 10
days post-fracture at different time points
post-injection. The accumulation of the
labeled compounds in the healthy (undam-
aged contralateral femur) and the broken
femur are quantified as the amount of
labeled dye that was extracted from dis-
solved femurs post-mortem. The retention
half-life of Asp;o was estimated to be ~35 h,
whereas that of (D)Asp;o was projected to be
over 100 h. 250 nmol of compound were
injected. (n = 5 for mice receiving L-Asp10,
and n = 3 for mice receiving D-Asp10). Error
bars represent standard error of mean. (see
supplemental Figs. 24 and 25). Statistical
significance is show for the difference be-
tween L and D enatomers accumulation in
the fractured femur. Significance was calcu-
lated via a two way ANOVA. Levels of sta-
tistical significance are denoted with
asterisks according to the following defini-
tion: *p < 0.05; **p < 0.01; ***p < 0.001;
**kxp < 0.0001.
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Fig. 10. The accumulation in fractured fe-
murs of radio-iodinated CK2.3 coupled to
different acidic oligopeptides relative to
untargeted CK2.3. The biodistributions were
determined 18 h post-injection into ND-4
Swiss-Webster mice (n = 5) bearing mid-
shaft femur fractures 10 days post-fracture.
The accumulation of the labeled com-
pounds in the fractured femurs are reported
as a percent of the injected dose per gram of
tissue. Levels of statistical significance are
denoted with asterisks according to the
following definition: *p < 0.05; **p < 0.01;
***p < 0.001;
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Fig. 11. Acidic oligopeptide labeled with 99Tc and imaged at 18 h post-injection using SPECT/CT in mice with midshaft femur fractures 10 days post-fracture. A)
SPEC/CT image of the Tc chelator EC20 chelating 99Tc linked to (D)Glu; acid. B) SPEC/CT image of the Tc chelator EC20 chelating 99Tc linked to (D)Gluyg. C) The
structure of EC20 (D)Glu;q chelating 99Tc. D) The quantification of the accumulation of the labeled (D)Glu;o and (D)Gluy compounds in the different tissues as a
percent of injected dose per gram (n = 10). The majority of signal is observed in the fracture callus of the femur. Trace concentrations of drug can be observed at sites
of high bone turnover. (D)Glu;o and (D)Gluy have similar specificities, but (D)Gluyo has a longer retention in the bone.

undertook to compare the fracture selectivities of the many bone tar-
geting molecules already described in the literature.

When we compared all candidates, we were surprised to observe that
tetracycline was only moderately selective for fractured over healthy
bone [42]. Considered together with the fact that tetracyclines can be
toxic to bone, liver and kidney [67] we concluded that potential prob-
lems with tetracyclines would far outweigh their benefits in fracture
localization.
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Several limitations also existed with using bisphosphonates for
fracture targeting, including the fact that they inhibit osteoclasts which
are essential for both normal skeletal remodeling and resolving of
fracture calluses from woven bone into laminar bone. While work has
been done to create bisphosphonates that do not inhibit osteoclasts [52],
little is understood regarding the effects of their long-term use on the
skeleton, since they act as mineralization inhibitors independently of
their Farnesyl Pyrophosphate Synthetase inhibition (FFPS) [95].
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Another problem with using bisphosphonates as targeting ligands is that
they have half-lives of up to 20 years in bone [77], potentially leading to
an undesirably prolonged stimulation of their molecular targets,
depending on the stability of their therapeutic cargoes.Although
bisphosphonates have still other worrisome toxicities (e.g. osteonecrosis
of the jaw), their legacy as targeting ligands for bone led us to evaluate
their performance as bone fracture targeting moieties. We found that
bisphosphonates could semi-selectively deliver compounds to the frac-
ture site, i.e. consistent with the biodistribution seen in an MDP bone
scan [96]. They, however, were not effective at delivering large anabolic
peptides to the fracture callus. It is likely that a bisphosphonate’s smaller
contact area relative to that of an acidic oligopeptide is responsible for
this reduction in targeting capacity. While it was expected that a
multivalent bisphosphonate should improve on the monovalent’s tar-
geting capacity, the tribisphosphonate performed surprisingly worse.
This could be due to either incorrect spacing between the bisphospho-
nates or an inability of all bisphosphonates in the tribisphosphonate to
interact maximally with the bone fracture surface. More recent work has
uncovered a new targeting ligand pyrophosphate which is similar to the
polyphosphate used in this paper which mimics bisphosphonates’ tar-
geting abilities but has a much shorter half-life like AOP’s [97]. This
could get around some of the half-life issues that bisphosphonates have.
Currently they have only been used in micellular formulations. In the
future they will have to be evaluated to see if they have high enough
affinity to localize an attached peptide therapeutic. It is likely that a
multivalent version will be needed, but the polyphosate multivalent
version we tested had poor performance. Work will be needed to design
a multivalent version for larger payloads. Considered together with the
cumbersome synthesis and poor solubility of bisphosphonates, rane-
lates, and polyphosphates, we elected to focus all further efforts on the
optimization of acidic oligopeptides.

We found that both 10-mers and 20-mers of aspartic acid and glu-
tamic acid were very effective at targeting bone fractures, but some
differences did exist. For example, we determined that use of the non-
natural D enantiomers of AOPs would increase their retention time on
the fracture surface. The biggest difference occurs in retention time.
When the relative distribution of the existing drug in the body is
compared, the specificity is fairly constant between these groups (see
supplemental Figs. 17-20) Retention times can be important, since they
will impact how frequently a drug must be re-administered to maintain a
therapeutically effective concentration at the fracture site as well as how
much of a drug must be given to elicit a response. In the treatment of
bone fractures that don’t require prolonged hospitalization, for example,
less-frequent injections could improve patient compliance.

We also found that glutamic acid and aspartic acid polymers had
similar retention times at the fracture site. This confirms the work of
others who have shown that they have similar affinities for hydroxy-
apatite [44]. While oligoaspartic acids might be preferred over oligo-
glutamic acids for hydroxyapatite targeting because of their reduced
nonspecific retention in the kidneys [50], we have found that the slight
increase in kidney retention observed with oligoglutamic acid is only
transient, and that at time-points longer than 18 h, both oligopeptides
nearly quantitatively clear from the kidneys. We have also observed that
aspartic acid polymers present a significant synthetic challenge as they
can spontaneously form aspartamide impurities [88,89], rendering their
eventual manufacturing and purification more problematic than oligo-
glutamic acids. Potentially of great importance, glutamic acid has been
associated with nucleation of hydroxyapatite whereas aspartic acid-rich
sequences are responsible for the inhibitory effects observed in osteo-
pontin [98,99].

With the success of oligoglutamic acids as hydroxyapatite-targeting
agents now established, the question arises whether other bone com-
ponents that become exposed primarily after fracture formation might
similarly be developed as fracture-targeting ligands. It is clear that
collagen mimetic peptides that trimerize with damaged or forming
collagen [100,101] or compounds that contain collagen-binding

581

Journal of Controlled Release 329 (2021) 570-584

domains can be conjugated to bone anabolic agents in order to improve
bone quality and likely fracture repair [20,102]. These techniques are
limited, however, by the ubiquitous distribution of collagen in the body
and struggle to achieve a high specificity for fractures. Other targets,
such as those based on cellular receptors, enable more specific delivery
of drugs to the cells responsible for the repair. These could include
osteoblast-specific peptides such as SDSDD that binds to osteoblasts via
periostin [103] (see supplemental Fig. 12), or osteoclast-specific pep-
tides like Tartrate-resistant acid phosphatase (TRAP) binding peptide
[104]. Using the recently-developed TRAP binding peptide to localize
drug to the fracture site has only elcited moderate targeting specificity
[105,106]. However these alternate non hydroxyapatite-binding tech-
niques could hold promise, assuming that molecular receptors expressed
specifically on active osteoblasts or osteoclasts can be found in sufficient
numbers for delivery of therapeutic concentrations of payload [107].
Hydroxyapatite targeting is specific to regions of damaged or remodel-
ing bone due to the blood bone barrier [108] and unlike receptor-based
targeting, it can localize enormous amounts of compound before satu-
ration is achieved (see supplemental Fig. 21).

Future work in this area will have to evaluate the pharmacological
efficacy of anabolics targeted by D-Glugg and the other various bone
targeting ligands. Different dosing regiments will have to be evaluated
to identify the impacts the improved half-lives have on frequency of dose
administration. These compounds can be further optimized and evalu-
ated to see if different chemical modifications can further improve the
delivery capacity and specificity of these targeting ligands. In addition,
future work should compare these to newer targeting ligands like TRAP
binding peptide, and pyrophosphate. The foundation of this work is to
build the ground work for better bone fracture targeted drugs and the
ultimate goal of this work is to develop and translate a bone targeted
therapy for the improvement of bone fracture healing.

In summary, we have found that short oligopeptides of acidic amino
acids can localize to bone fractures with high selectivity compared to
bisphosphonates and tetracyclines. We have also demonstrated the
ability of these AOPs to target peptides of all chemical classes: hydro-
phobic, neutral, cationic, anionic, short oligopeptides, and long poly-
peptides. This is particularly useful as many bone anabolic agents are
peptidic in nature, but their physical properties vary greatly. After
examining the targeting abilities of multiple AOPs, we determined that
D-Gluy is an ideal candidate for targeting peptide therapeutics to bone
fracture surfaces.
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