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Abstract

Drug delivery to bone is challenging, whereby drug distribution is commonly <1% of injected 

dose, despite development of several bone-targeted drug delivery systems specific to 

hydroxyapatite. These bone-targeted drug delivery systems still suffer from poor target cell 

localization within bone, as at any given time overall bone volume is far greater than acutely 

remodeled bone volume, which harbors relevant cell targets (osteoclasts or osteoblasts). Thus, 

there exists a need to target bone-acting drugs specifically to the cells responsible for bone 

remodeling. To address this need, this study synthesized oligo(ethylene glycol) copolymers based 

on a peptide with high affinity to tartrate-resistant acid phosphatase (TRAP), an enzyme deposited 

by osteoclasts during the bone resorption phase of bone remodeling, which provides greater 

specificity relevant for bone cell drugging. Gradient and random peptide orientations, as well as 

polymer molecular weights, were investigated. TRAP-targeted, high molecular weight (Mn) 

random copolymers exhibited superior accumulation in remodeling bone, where fracture 

accumulation was observed for at least one week and accounted for 14% of tissue distribution. 

Intermediate and low Mn random copolymer accumulation was lower, indicating residence time 

depends on Mn. High Mn gradient polymers were cleared, with only 2% fracture accumulation 

after one week, suggesting TRAP binding depends on peptide density. Peptide density and Mn are 

easily modified in this versatile targeting platform, which can be applied to a range of bone drug 

delivery applications.
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1. INTRODUCTION

A critical challenge in drug delivery is achieving therapeutic concentrations to target cell 

types and tissues while avoiding off-target effects, such as hepatotoxicity and cardiotoxicity.
1 Locally injected drugs rapidly disperse from injection sites, while depot-based drug 

delivery requires invasive surgical placement and retrieval for non-degradable reservoirs.2 

Systemic administration is limited by rapid clearance and/or drug degradation, as well as 

poor target tissue localization.3, 4 Drug delivery systems, including polymer drug conjugates 

and nanoparticles, increase drug circulation half-life and stability, and a few of these 

formulations are successful clinically.3, 5 However, drug conjugates require accessible 

functional groups on drugs for polymer incorporation which, after incorporation, may alter 

drug pharmacodynamics,6–8 and nanoparticles are prone to uptake and removal by the 

reticuloendothelial system (RES) prior to distribution to the site of action. Similar to drug 

conjugates, modification of nanoparticles with hydrophilic polymers such as poly(ethylene 

glycol) (PEG) or oligo(ethylene glycol) (OEG) improves pharmacokinetic behaviors by 

enhancing drug solubility and circulation time,9–11 but site-specific delivery remains a 

challenge.

To realize site-specific drug delivery of both drug conjugates and nanoparticles following 

systemic administration, active tissue targeting approaches have been developed. These 

include ligands such as peptides and aptamers with selective affinity to cells or extracellular 

matrix epitopes within target tissues.12, 13 Multivalent ligand density within drug delivery 

systems has been shown to significantly influence target affinity14 and, for cell targeting, is 

essential for receptor clustering.15–18 Targeting ligand presentation, including density and 

interligand distance (ILD), and other drug delivery system characteristics, such as size and 

molecular weight, influence biodistribution; for example, large carriers (~100 kDa and 

greater) exhibit lower target to off-target tissue accumulation.9, 19

Targeted drug delivery approaches are generally applicable to multiple indications, but are 

especially useful for drug delivery to bone, where accumulation of small-molecule drugs in 
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bone is less than 1% of injected dose.20 There is clear motivation to increase drug delivery to 

bone, as approximately 6 million bone fractures occur annually in the United States, of 

which nearly 20% result in non-unions or delayed unions.21 Impaired healing is due to 

dysfunctions in bone remodeling, including poor vascularization,22–24 overactive 

osteoclasts,25 and deficient osteoblasts.26–28 A variety of drugs have great potential for 

overcoming these deficiencies.29 To increase drug delivery to bone, a variety of targeting 

moieties, including bisphosphonates,30, 31 acidic oligopeptides,32, 33 tetracycline,34, 35 

collagen binding peptides,36 and the osteoblast-specific aptamer CH637, have been 

investigated for their affinity to apatite mineral, organic matrix, and cells in bone.13 

Specifically, ovariectomized rodents treated with estradiol-conjugated poly(aspartic acid)38 

and tetracycline34 drug delivery systems exhibited significant increases in bone mineral 

density without off-target effects in the liver or uterus. Additionally, parathyroid hormone 

(PTH) peptides conjugated to collagen binding domain peptides led to gains in spinal lumbar 

bone mineral density while avoiding hypercalcemia, which is a major side effect of non-

targeted PTH treatment.39 Although these bone-targeting moieties dramatically alter 

pharmacokinetic profiles of conjugated drugs to favor skeletal delivery, none is selective to 

the sites of actively remodeling bone matrix, where regenerative cell stimulation is 

necessary. In bone healing and remodeling, osteoclasts deposit the proteinase tartrate-

resistant acid phosphatase (TRAP) onto the bone surface,40 providing a target specific to 

bone remodeling. A TRAP-binding peptide (TBP) was identified via phage display library to 

exhibit subnanomolar dissociation constant (KD = 0.1 nM) to TRAP.41 Thus, we sought to 

incorporate TBP into OEG brush copolymers as a platform from which both drug conjugates 

and targeted nanoparticles could be developed to provide preferential therapeutic delivery to 

actively remodeling bone. As ligand density, molecular weight, and the interplay of these 

characteristics have not been investigated to inform targeting platform design, we developed 

and characterized a highly controlled polymerization-based approach that is amenable to not 

only bone targeting but also a range of applications.

2. EXPERIMENTAL SECTION

2.1 Materials

All materials were reagent-grade or higher and used as received unless otherwise indicated. 

N,N-dimethylformamide (DMF), diethyl ether, acetonitrile, pentane, acetone, chloroform, 

dichloromethane (DCM), dioxane, petroleum ether, tetrahydrofuran (THF), methanol 

(MeOH), dimethylsulfoxide (DMSO), Type 3A molecular sieves (8-12 Mesh, Grade 564), 

Texas Red cadaverine, and N-hydroxysulfosuccinimide (sulfo-NHS) were purchased from 

Fisher Scientific. N-methyl-2-pyrrolidone (NMP) and lithium chloride (LiCl) were 

purchased from Acros. Deuterated DMSO (DMSO-d6) and deuterated chloroform (CDCl3) 

were purchased from Cambridge Laboratories. 0.7-meq g−1-substituted 

fluorenylmethyloxycarbonyl (Fmoc)-Gly-Wang resin and sodium chloride (NaCl) were 

purchased from EMD Millipore. Fmoc-protected amino acids were purchased from 

AAPPTec and Peptides International. Piperazine, N,N-diisopropylethylamine (DIEA), 

methacrylic anhydride, triisopropylsilane (TIPS), trifluoroacetic acid (TFA), 2-

bromoethanol, potassium ethyl xanthogenate, triethylamine (TEA), super activated neutral 

Grade I aluminum oxide, tris(2-carboxyethyl)phosphine hydrochloride (TCEP), and mouse 
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red blood cell lysis buffer were purchased from Alfa Aesar. O-Benzotriazole-N,N,N’,N’-
tetramethyl-uronium-hexafluoro-phophaste (HBTU) was purchased from AnaSpec Inc. 3,6-

dioxa-1,8-octanedithiol (DODT) and α-cyano-4-hydroxycinnamic acid (α–CHCA) were 

purchased from Tokyo Chemical Industry Co. Peptide calibration standards, oligo(ethylene 

glycol) (OEG) methyl ether methacrylate (300 Da, dehibited with basic alumina), 

azobisisobutyronitrile (AIBN, recrystallized twice in MeOH), sodium hydroxide (NaOH), 

isobutylamine, 2,2-dimethoxy-2-phenylacetophenone (DMPA), Tween20, Triton X-100, and 

powdered paraformaldehyde were purchased from Sigma-Aldrich. Magnesium sulfate and 

sodium acetate were purchased from J. T. Baker. Sodium bicarbonate (NaHCO3) and 

hydrochloric acid (HCl) were purchased from Macron. Surface plasmon resonance (SPR) 

Series S Sensor CM5 Chips with a carboxymethylated dextran matrix, 1-ethyl-3-(3-

dimethylaminopropyl) carbodiimide (EDC), N-hydroxysuccinimide (NHS), and 

ethanolamine-hydrochloric acid were purchased from GE Healthcare. Tartrate-resistant acid 

phosphatase (TRAP) and receptor activator of nuclear factor κB ligand (RANKL) were 

purchased from R&D Systems. Human bone marrow aspirates were purchased from Lonza. 

Dulbecco’s phosphate-buffered saline (DPBS), low-glucose 1 g/L Dulbecco’s Modified 

Eagle Medium (DMEM), penicillin-streptomycin-fungizone (PSF), trypsin-EDTA, 

Minimum Essential Medium Alpha Medium (α-MEM), GlutaMAX, and non-essential 

amino acids (NEAA) were purchased from Gibco. Human recombinant basic fibroblast 

growth factor-2 (bFGF) was purchased from Corning. Fetal bovine serum (FBS) was 

purchased from Atlanta Biologicals. AlamarBlue solution was purchased from Invitrogen. 

PE mouse anti-human CD105, FITC mouse anti-human CD90, PE-Cy7 mouse anti-human 

CD45, APC mouse anti-human CD44, and CompBeads were purchased from BD 

Biosciences. Cyanine 7 NHS ester was purchased from Lumiprobe. Dialysis tubing was 

purchased from Spectrum Laboratories. Distilled deionized water (ddH2O) with a resistivity 

of 18.2 MΩcm−1 was obtained using a Barnstead ultrapure water filtration system. 

Macrophage colony-stimulating factor (M-CSF) from conditioned medium was a kind gift 

from Dr. Lianping Xing in the Department of Pathology and Laboratory Medicine at 

University of Rochester Medical Center.

2.2 Synthesis

2.2.1 Peptides (1)—Tartrate-resistant acid phosphatase (TRAP) binding peptide 1 (TBP: 

TPLSYLKGLVTVG), derived from the sequence of clone 5 phage that exhibited 

subnanomolar affinity for TRAP41, and scrambled control peptide (SCP: 

VPVGTLSYLKLTG) were synthesized at a 0.5 mmol scale on Fmoc-Gly-Wang resin using 

microwave-assisted solid phase peptide synthesis (CEM Liberty 1) with ultraviolet detection 

monitoring. Amino acids were prepared at 0.2 M in NMP and deprotected with 5% 

piperazine in DMF. Coupling was performed with 0.5 M HBTU in DMF (activator) and 2 M 

DIEA in NMP (activator base). A final deprotect cycle removed the Fmoc group from the 

final amino acid, exposing a primary amine. 1 was cleaved and deprotected in a solution of 

2.5 vol% ddH2O, 2.5 vol% TIPS, and 2.5 vol% DODT in TFA (20 mL per 0.5 mmol of 

resin) by rotating the mixture at room temperature for 2 h. The solution was filtered and 

precipitated into ice-cold diethyl ether. 1 was collected via centrifugation (4000 rpm for 10 

min), washed thrice with diethyl ether, and dried under vacuum overnight. Correct synthesis 
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was validated using matrix assisted laser desorption/ionization time of flight (MALDI-TOF, 

Bruker MALDI Autoflex III) with α–CHCA as the matrix (Figure S1A).

2.2.2 Methacrylamide-functionalized peptide (2)—To synthesize methacylamide-

functionalized peptide monomer 2, the N-terminus of on-resin 1 was reacted with 

methacrylic anhydride, as reported previously42 (Scheme 1). Briefly, resin submerged in 

methacrylic anhydride was microwaved at full power for 3 min and vortexed every 45 s. 

After cooling, resin was washed with DMF and filtered. 2 was cleaved and validated (Figure 

S1B) using the same protocol as for 1.

2.2.3 Gradient peptide-functionalized oligo(ethylene glycol) (OEG) brush 
copolymer (3)—Reversible addition-fragmentation chain transfer (RAFT) polymerization 

was used to synthesize p(OEG-co-TBP) and p(OEG-co-SCP) brush copolymers, as 

illustrated in Scheme 1. OEG methyl ether methacrylate (300 Da) was combined with 2 in 

DMF (0.5 M) in an 8-mL septa-sealed reaction vessel. 4-cyano-4-

(ethylsulfanylthiocarbonyl) sulfanyl pentanoic acid (ECT, synthesized as previously 

described43 and AIBN were added as the RAFT chain transfer agent (CTA) and initiator, 

respectively, in a 10:1 CTA:initiator ratio. Monomer:CTA ratios (theoretical degree of 

polymerization, DP) varied by experiment: DP of 125-600 were used to vary molecular 

weight, and a DP of 200 was used for reactivity ratio and peptide incorporation experiments. 

Vials were purged with nitrogen for 30 min and placed in a 60 °C oil bath for 24 h. 

Polymerization was quenched by opening vials to atmosphere and precipitating in 30 vol% 

diethyl ether in pentane (50 mL). 3 was collected via centrifugation (1500 rpm for 10 min), 

then dissolved in acetone (5 mL) and precipitated in diethyl ether (50 mL) thrice. Unreacted 

2 was removed by dissolving 3 in a minimal amount of acetone diluted with ddH2O and 

dialyzing against ddH2O in 6-8 kDa molecular weight cutoff (MWCO) dialysis tubing 

overnight. The retentate was frozen at −80 °C and lyophilized.

2.2.4 Acrylamide-functionalized peptide (4)—To synthesize acrylamide-

functionalized peptide 4, the N-terminus of on-resin 1 was reacted with acryloyl chloride 

(Scheme 2). Resin was combined with acryloyl chloride (5 eq.) and 2 M DIEA in NMP (5 

mL), then incubated at room temperature for 1 h on a mechanical rotator (Labquake). 4 was 

cleaved and validated (Figure S1C) using the same protocol as for 1.

2.2.5 S-2-hydroxyethyl-O-ethyl dithiocarbonate monomer (6)—Methacrylated S-

alkyl-O-ethyl dithiocarbonate monomer 6 was synthesized according to a protocol modified 

from Nicolaÿ et al.44, 45 As illustrated in Scheme 2, S-2-hydroxyethyl-O-ethyl 

dithiocarbonate 5 was first synthesized by adding 2-bromoethanol (26 g) in acetone (80 mL) 

dropwise over 1 h to a 500-mL roundbottom containing potassium ethyl xanthogenate (40 g) 

in acetone (200 mL). The reaction was stirred, covered, at room temperature overnight. A 

yellow liquid was separated from pale yellow solids using a vacuum flask, and the solids 

were discarded after washing with acetone. The filtrate and washes were combined and 

rotovapped to dryness. The dried product was dissolved in chloroform (100 mL), washed 

thrice with saturated NaCl in a separatory funnel, dried with magnesium sulfate, filtered, and 

rotovapped. Residual chloroform was removed under vacuum overnight (29.52 g, 85% 
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yield). Synthesis of 5 was validated via 1H-nuclear magnetic resonance (1H-NMR) (Figure 

S2). 1H NMR (400 MHz, CDCl3, 25 °C): δ= 4.65 (q, J = 7.12 Hz, 2 H; CH2), 3.87 ppm (t, J 
= 6.3 Hz, 2 H; CH2), 3.35 (t, J = 6.3 Hz, 2 H; CH2), 1.41 (t, J = 7.12 Hz, 3 H; CH3).

6 was synthesized by dissolving 5 (29.52 g) and TEA (1.1 eq., 19.79 g) in anhydrous DCM 

(60 mL) in a 250-mL round bottom flask containing 10 g of activated molecular sieves. To 

the round bottom flask, methacrylic anhydride (1.1eq., 30.15 g) was added, covered, and 

gently stirred at room temperature for 3 days. An orange liquid was filtered and washed 

from the molecular sieves using DCM, then washed in a separatory funnel twice with 

ddH2O (75 mL each), twice with 2 M HCl (75 mL each), thrice with 2 M NaOH (75 mL 

each), once with saturated NaHCO3 (75 mL), and once with saturated NaCl (75 mL). The 

product was dried with magnesium sulfate (10 g), swirled with neutral basic aluminum oxide 

(50 g), and filtered with a glass fritted funnel. Residual product was washed from the 

aluminum oxide with DCM and rotovapped to afford a deep yellow liquid (27.08 g, 65% 

yield). Synthesis was of 6 validated via NMR (Figure S3). 1H NMR (400 MHz, CDCl3, 

25 °C): δ= 6.09 (m, J = 1 Hz, 1 H; CH), 5.56 (quint, J = 1.6 Hz, 1 H; CH), 4.63 (q, J = 7.12 

Hz, 2 H; CH2), 4.35 ppm (t, J = 6.44 Hz, 2 H; CH2), 3.41 (t, J = 6.44 Hz, 2 H; CH2), 1.91 

(dd, J = 1 Hz and J = 1 Hz, 3 H; CH3), 1.40 (t, J = 7.12 Hz, 3 H; CH3).

2.2.6 Random peptide-functionalized OEG brush copolymer precursor 
polymer (7)—RAFT polymerization was used to synthesize p(OEG-co-6) copolymers, as 

illustrated in Scheme 2. OEG methyl ether methacrylate (300 Da) was combined with 6 in 

dioxane (0.5 M) in an 8-mL septa-sealed reaction vessel. ECT and AIBN were added as the 

RAFT CTA and initiator, respectively, in a 10:1 CTA:initiator ratio. Monomer:CTA ratios 

(theoretical degree of polymerization, DP) varied by experiment: DP of 100-400 were used 

to vary molecular weight, and a DP of 200 was used for reactivity ratio and peptide 

incorporation experiments. Vials were purged with nitrogen for 30 min and placed in a 60 °C 

oil bath for 24 h. Polymerization was quenched by opening vials to atmosphere and 

precipitating in petroleum ether. 7 was collected via centrifugation (4000 rpm for 6 min), 

then dissolved in acetone (5 mL) and precipitated in petroleum ether (50 mL each) thrice. 7 
was dried under vacuum overnight before determining incorporation of 6 via NMR (Figure 

S4).

2.2.7 Random peptide-functionalized OEG copolymer (9)—The thiol group of 6 
was deprotected by dissolving 7 in THF (2 mL) in a 20-mL scintillation vial and adding 

isobutylamine (2 drops) and TCEP (trace, ~20 mg). The solution was stirred for 24 h at 

room temperature. The deprotected polymer 8 was precipitated in diethyl ether (15 mL) and 

collected via centrifugation (4000 rpm for 6 min). Ether was decanted, and protecting group 

removal was confirmed using NMR (Figure S5) and Ellman’s assay. Molecular weight (Mn) 

and NMR results were used to calculate eq. of thiol per eq. of polymer. 8 was added to a 

solution of 0.5 w% DMPA, 4 (1 eq. to thiols), and TCEP (1 eq. to thiols, dissolved first in 

ddH2O) in MeOH, such that the final solution contained 5 w% polymer. The final solution 

was reacted under long-wavelength UV light (365 nm, 5 mW cm−2) for 1 h and dialyzed 

against ddH2O using 6-8 kDa MWCO dialysis tubing. After dialysis, water was removed 

from the retentate by lyophilization.
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2.2.8 Fluorescent labeling—Gradient polymers (~10 mg) were dissolved in 2 mL of 

DMSO (Table S1). Cyanine 7 amine (1 meq. to polymer) and one drop of DIEA were added 

with stirring at room temperature. After 15 h, reactions were diluted with and dialyzed 

against ddH2O using 3.5 kDa MWCO dialysis tubing. Water was changed twice a day until 

clear (~3 days). Polymers were collected through freezing and lyophilization and then 

reconstituted at 10 mg mL−1 in DPBS. Random polymers (~10 mg) were dissolved in 1 mL 

of DMSO (Table S2). Texas Red cadaverine, EDC, and sulfo-NHS (1 meq. each to polymer) 

were added with stirring at room temperature. After 15 h, reactions were diluted with and 

dialyzed against ddH2O using 6-8 kDa MWCO dialysis tubing. Water was changed twice a 

day until clear (~3 days). Polymers were collected through freezing and lyophilization and 

then reconstituted at 10 mg mL−1 in DPBS.

2.3 Characterization

2.3.1 Peptide incorporation—Peptide incorporation was determined using absorbance 

spectrophotometry.46, 47 3 and 9 were dissolved in ddH2O at 3 mg mL−1 (~100 μM) and 

measured at λabs of 280 nm (Thermo Scientific Evolution 300), where there is a peak in 

absorbance due to the tyrosine ring of 1 (Figure S6). Peptide concentration was calculated 

using an extinction coefficient of 1490 M−1cm−1 (extinction coefficient of tyrosine ring47) to 

determine mol% peptide incorporation (Figure S7).

2.3.2 Molecular weight (Mn)—Mn and polydispersity were determined via gel 

permeation chromatography (GPC) (Shimadzu Prominence) using a TSK gel super HM-N 

column (TOSOH) and a mobile phase of 0.05 M LiCl in DMF at a flow rate of 0.35 mL min
−1 (Figure S8). Polymers were dissolved at 5-10 mg mL−1 in mobile phase, filtered with 0.2-

μm PTFE syringe filters before injection, and analyzed using a refractive index detector 

(Wyatt Optilab T-rEX). Absolute Mn was calculated using a light scattering detector (Wyatt 

miniDAWN TREOS), Astra 6.1 software, and dn dc−1 values (see SI).

2.3.4 Monomer reactivity—Mn, monomer feed, and monomer incorporation were 

measured over 24 h for 3 and 7 syntheses (Figure S9). For each experiment, 2 g of total 

monomer and the appropriate ratio of ECT and AIBN were dissolved in 0.5 M solvent in a 

single 20-mL scintillation vial. Solutions were distributed into 8, 8-mL septa-sealed reaction 

vessels and purged with N2 for 15 min. Vials were submerged in a 60 °C oil bath, and over 

the course of 24 h, two vials per polymer per time point were removed and opened to 

atmosphere to quench the polymerization. A 100 μL sample was pipetted into an NMR tube 

and combined with 500 μL of DMSO-d6 (for 3) or CDCl3 (for 7). The remaining polymer 

was precipitated, dialyzed, and characterized as described. Reactivity ratios were determined 

as previously described.48 For 2 copolymerization with OEG methyl ether methacrylate, r2 = 

0 and rOEG = 0.6; for 6 copolymerization with OEG methyl ether methacrylate, r6 = 1.6 and 

rOEG = 1.6.

2.3.5 Secondary structure of peptides—Peptide secondary structure was analyzed 

with circular dichroism (AppliedPhotophysics Chirascan). 1, 3, and 9 were dissolved in 

ddH2O to achieve peptide concentrations of 20 μM, which kept total absorbance at 190 nm 

under 1.5 au. Four scans per sample ranging from 190 to 260 nm were obtained in 1-nm 
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increments using a 1-cm quartz cuvette at 24 °C. Data were blank subtracted, averaged, and 

smoothed with a Savitzky-Golay filter with a degree of 1 using MATLAB (Figure S10). To 

visualize the secondary structure of TBP and SCP, the sequences were entered into the PEP-

FOLD2.0 module of Mobyle@RPBS.49

2.4 Mesenchymal stem cell cytocompatibility

Human mesenchymal stem cells (MSCs) were isolated from human bone marrow aspirates 

as previously described50 and maintained at 37 °C and 5% CO2 in low-glucose (1 g L−1) 

DMEM supplemented with 1 ng mL−1 bFGF, 10% FBS, and 1% PSF. Cells at passage 2 

were seeded in 24-well plates at 8 × 103 cells cm−2 in MSC maintenance medium without 

bFGF. MSCs were treated 24 h after seeding with MSC maintenance medium supplemented 

with 1, p(OEG) 3, 7, and 9 at concentrations of 0 (untreated), 0.1, 1.0, and 10.0 μM. A 

solution of 0.1% Triton X-100 was used as a negative control. After 24 h and 1 week of 

treatment, media were removed and replaced with 10% alamarBlue in MSC maintenance 

medium, and MSCs were returned to the incubator for 4 h. A 100 μL sample of medium 

from each well was taken in triplicate and added to a black well plate. Relative metabolic 

activity was assessed by measuring fluorescent signal λex = 545 nm, λem = 590 nm) of 

samples and subtracting fluorescent signal of alamarBlue solution, then normalizing to 

untreated MSCs (Table S3), as stipulated by ISO-10993-5.51

2.5 Mesenchymal stem cell phenotype

MSCs (passage 2) were seeded at 10,000 cells cm−2 in 24-well plates in MSC maintenance 

media without bFGF. MSCs were treated 24 h after seeding for 1 week treatment groups, or 

6 days after seeding for 24 h treatment groups, with 9 at 1.0 μM in maintenance medium. 

Media were removed and replaced every other day. To assess alterations in MSC phenotype, 

cells were prepared for flow cytometry by washing 3x in DPBS, applying 200 μL trypsin-

EDTA for 5 minutes at 37 °C, quenching with 300 μL media, and collecting cells by 

centrifugation (4000 rpm for 5 min). Cells were re-suspended in 110 μL flow buffer (10% 

FBS in DPBS) and stained with antibodies (PE-CD105, FITC-CD90, PE-Cy7-CD45, and 

APC-CD44) for 30 minutes on ice. Samples were analyzed via flow cytometry (BD Accuri 

C6, BD Biosciences) and data were analyzed using FlowJo 10.1 software.

2.6 Osteoclast cytocompatibility

Monocytes were isolated from the spleens of mice via passage through a 40 μm cell strainer, 

collected via centrifugation (1000 rpm for 5 min), and re-suspended in mouse red blood cell 

lysis buffer for 10 min at room temperature. Monocytes were subsequently collected via 

centrifugation and washed in α-MEM supplemented with 10% FBS, 1% PSF, 1% 

GlutaMAX, and 1% NEAA before re-suspension in medium containing 100 ng mL−1 M-

CSF conditioned medium.52 Monocytes were seeded at 2×105 cells well−1 in 96-well plates. 

After 3 days of incubation at 37 °C and 5% CO2, medium was supplemented with 10 ng mL
−1 RANKL to induce osteoclast differentiation. On day 10, osteoclasts were treated with 

peptides and polymers in differentiation medium with concentrations identical to those used 

with MSCs. After 24 h, osteoclasts were TRAP-stained, and the entire well was imaged 

using an EOS Rebel T3i camera (Canon) adapted to the eyepiece of a stereomicroscope 
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(Accu-scope). Blinded viable cell counts were obtained for each well, and each was 

normalized to untreated osteoclasts, as stipulated by ISO-10993-5.51 Metabolic and DNA 

analyses were not reported for osteoclasts, as there was a heterogeneous population of 

osteoclasts, macrophages, and monocytes, and these assays were not representative of 

osteoclast viability.

2.7 Polymer biodistribution in fractured mice

All animal experiments and care were in accordance with the rules and regulations of and 

approved by the University of Rochester’s University Committee on Animal Resources. 

Eight-to-ten week old C57BL/6 mice were bred in-house. Mice were kept in a temperature-

controlled environment with a 12-h light/dark cycle and ad libitum access to food and water.

Male and female C57BL/6 mice 8-10 week old were anesthetized with intraperitoneal 

injections of 60 mg kg−1 of ketamine and 4 mg kg−1 of xylazine and preemptively treated 

for pain with intraperitoneal injections of 0.1 mg kg−1 buprenorphine. A 1-cm incision was 

made over the right knee to expose the tibia. A 26 G needle was inserted to the right of the 

patellar tendon through the intramedullary canal and withdrawn. A 27 G needle was then 

inserted and withdrawn. A fracture was created mid-diaphysis using a size 11 stainless steel 

surgical blade, and the 27 G needle was reinserted and cut off at the knee to stabilize the 

fracture (Figure S11). Size 5 nylon sutures were used to close the incision. The contralateral 

limb was used as an internal control. Buprenorphine was used for pain management every 12 

h for 3 days.

Five days post-surgery, mice were injected intraperitoneally with 100 μL (50 mg mL−1) of 

labeled polymer or DPBS vehicle on the side contralateral to the fracture. After 24 h, half of 

the mice were bled to collect plasma for liver enzyme (alanine transaminase (ALT) and 

aspartate transaminase (AST)) analysis. Mice were then administered 60 mg kg−1 of 

ketamine and 4 mg kg−1 of xylazine before perfusion with DPBS and anatomized. At 1 

week following injection, the remaining mice were perfused and anatomized. The brain, 

lungs, liver, spleen, kidneys, heart, femurs, and tibias of each mouse were harvested and 

imaged using the In Vivo Imaging System (IVIS®, PerkinElmer) with λex of 745 nm and 

λem of 800 nm for cy7-labeled gradient polymers and λex of 570 nm and λem of 620 nm for 

TexasRed-labeled random polymers. A free draw contour region of interest (ROI) was drawn 

around individual organs using Living Image software (PerkinElmer). Total radiant 

efficiency was measured for each organ, summed, and used to calculate percent total radiant 

efficiency for each organ (Figure S12). Saline controls were used for both gradient and 

random biodistribution to correct for organ autofluorescence and ensure two different 

fluorophores did not confound experiments.

2.8 TRAP affinity

Surface plasmon resonance (SPR, GE Healthcare Biacore T200) was used to assess the 

affinity of 1, 3, and 9 for TRAP. Sensor chips were functionalized with TRAP via EDC/NHS 

chemistry. Chip surfaces were activated with EDC/NHS for 5 min each using a flow rate of 

10 μL min−1. TRAP, at 40 μg mL−1 in pH 5 sodium acetate, was introduced at a flow rate of 

10 μL min−1 for 3 min. Ethanolamine-hydrochloric acid was flowed over the surface at a 
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flow rate of 10 μL min−1 for 3 min to quench unreacted carboxysuccinimide groups, 

yielding ~5000 RU from TRAP-functionalized chip surfaces. Although lower chip 

functionalization was attempted to enable an evaluation of binding without interference from 

multivalent effects, realizing 305 RU from TRAP-functionalized surfaces, these chips did 

not produce measurable signal from soluble TBP, the positive control for binding. To ensure 

binding was not limited by mass transfer, data were obtained at two flow rates (10 μL min−1 

and 30 μL min−1); there was no difference between flow rates, and 30 μL min−1 was used for 

all subsequent experiments. Polymers were serially diluted to concentrations ranging from 

3.125 to 50 μM, and peptides were serially diluted from 25 to 500 μM, using a running 

buffer of DPBS with 0.01% Tween20. Each concentration was analyzed in duplicate in 

random order using injections of 100 s and dissociations of 60 s (Figure S13) at a flow rate 

of 30 μL min−1. Surface regeneration was achieved using a 15 s injection of 100 mM NaOH 

in ddH2O. Double referencing was achieved by subtracting signal from the EDC/NHS-

activated, ethanolamine-hydrochloric acid-quenched chip surface (nonspecific binding) and 

signal from running buffer (bulk flow). Dissociation constants (KD) were analyzed using 

BIAcore Evaluation Software (Figure S14), and in-depth analysis was conducted in 

GraphPad Prism 6 and Microsoft Excel using exported sensorgram data, as explained in SI.

2.9 Statistical Methods

Two-way analysis of variance (ANOVA) with Bonferroni post-hoc testing was used to 

analyze significant differences (α=0.05) within treatment groups of cytocompatibility 

assays. One-way ANOVA was used to analyze significant differences (α=0.05) within 

treatment groups of flow analysis, biodistribution, and liver enzyme assays. Linear 

regression was used to determine slope and intercept for PAV, SBV, and EDV of SPR 

binding curves. All statistics were conducted in GraphPad Prism 6.

3. RESULTS AND DISCUSSION

3.1 Design of copolymers

To investigate the effects of multivalent binding on TRAP affinity and bone biodistribution, 

two reversible addition-fragmentation chain transfer polymerization-mediated reaction 

schemes were used to form copolymer architectures: a one-step reaction yielding gradient 

copolymers and a two-step reaction resulting in random copolymers. Gradient copolymers 

were formed by the compositional drift that occurs during copolymerization of more reactive 

methacrylate and less reactive methacrylamide monomers.53 Methacrylamide-functionalized 

TBP 2 was synthesized by functionalizing TBP 1 on-resin with methacrylic anhydride 

following solid phase peptide synthesis42 (Scheme 1, Figure S1A-B). OEG 

monomethacrylate (300 Da) and 2 were copolymerized via RAFT to form gradient 

copolymers 3.

Conversely, random copolymers were formed via statistical conversion of monomers during 

copolymerization of methacrylate functionalities of similar structure and reactivity.54, 55 A 

xanthate-based methacrylate monomer 6 was synthesized45 (Scheme 2, Figure S2-3) for 

copolymerization with OEG monomethacrylate via RAFT to provide a protected thiol 

available for subsequent peptide conjugation (Figure S4). Acrylamide-functionalized TBP 4 
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was synthesized by functionalizing 1 on-resin with acryloyl chloride (Figure S1C) and 

conjugated to deprotected random p(OEG-co-6) brush copolymer 7 (Figure S5) via thiol-ene 

photoclick chemistry with >99% reaction efficiency to form random copolymers 9. Using 

these two arrangements in peptide-functionalized polymers, the effect of molecular weight 

(Mn), which is inherently controlled via RAFT, on biodistribution was analyzed.

3.2 Characterization of copolymers

Peptide incorporation was controlled by monomer feed of 2 and 6 (Figure S6-7). Copolymer 

Mn exhibited narrow distributions (polydispersity ≤1.1) and were well-controlled by varying 

the degree of polymerization (DP, i.e. the stoichiometric ratio of monomer and RAFT chain 

transfer agent) (Figure 1A-B, Figure S8). Mn of 25-100 kDa and 25-125 kDa were achieved 

by varying DP from 100-600 for 3 and 100-400 for 7, respectively. Mn increased non-

linearly over time for 3 (Figure 1C), likely due to high initial 2 incorporation, which has 

been previously demonstrated as a result of peptide monomer aggregation.56 After 6h, 

incorporation of 2 reduces precipitously (Figure 1D), which can be attributed to disparate 

reactivity ratios (see SI). Monomer reactivity mismatch may also explain why higher DP is 

required to achieve higher Mn for 3.57 In contrast, Mn evolution for 7 was uniform (Figure 

1E) due to consistent monomer incorporation (Figure 1F) resulting from similar monomer 

reactivity (see SI). Thus, 3 exhibited peptide gradients, and 9 exhibited random (uniform) 

peptide presentation (Figure S9).

Peptide secondary structure was evaluated to determine the effects of polymer incorporation 

and architecture. Unaltered 1 contains mixed secondary structure, with an alpha helix 

located central to disordered N- and C-termini (Figure S10A).49, 58 This structure was 

largely preserved in gradient 3 and random 9 copolymers, as the circular dichroism 

ellipticity ratio of 222/208 nm was consistent and less than 1.25, indicating disordered 

structures59 (Figure S10B). It is possible the change in ellipticity observed at ~200 nm 

indicates shorter alpha helix length caused by elongation of the unstructured N-terminus 

region when juxtaposed to the polymer backbone.60

To ensure cytocompatibility of copolymers, mesenchymal stem cells (MSCs) and 

osteoclasts, relevant cell types within the bone microenvironment, were exposed to a range 

of concentrations of peptides 1, gradient copolymers 3, and random copolymers 9. 

Normalizing to untreated cells, as per ISO 10993-5,51 all treatments resulted in greater than 

70% viable MSCs and osteoclasts, the threshold for cytocompatible biomaterials (Figure 2). 

After 24 hours and 1 week of MSC treatment, there were neither significant differences in 

viability between treated and untreated MSCs, nor concentration-dependent effects. 

Similarly for osteoclasts, treatments neither resulted in significantly different viability 

relative to untreated osteoclasts, nor were dose dependent. Finally, MSC phenotype was 

conserved with polymer treatment, as there were no significant differences in CD90, CD105, 

CD44, or CD45 expression relative to untreated controls (Figure S11).

3.3 Biodistribution of copolymers

The biodistribution of low (L, 10 kDa), intermediate (I, 20 kDa), and high (H, 65 kDa) Mn 

gradient 3 and random 9 copolymers was investigated. Non-targeting SCP-functionalized 
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gradient and random copolymers of IMn and saline vehicle served as controls to investigate 

bone targeting specificity. Peptides per polymer chain were normalized (4 per chain) to 

isolate the effects of Mn on biodistribution (Table S1-2). Five days after tibia fractures 

(Figure S12), fluorescently labeled polymers were injected intraperitoneally.

After 24 h, only targeted intermediate Mn (TBP-IMn) gradient and targeted high Mn (TBP-

HMn) random copolymers resulted in significant accumulation in fractured bone compared 

to naïve bone. TBP-IMn gradient copolymers exhibited greater accumulation than targeted 

low Mn (TBP-LMn) and non-targeting scrambled intermediate Mn (SCP-IMn) gradient 

copolymers (Figure 3A inset). TBP-HMn and TBP-IMn random copolymers exhibited 

greater accumulation than SCP-IMn random copolymers, and TBP-HMn random copolymers 

exhibited greater accumulation than TBP-LMn random copolymers (Figure 3B inset). No 

differences were observed in biodistribution between gradient and random copolymer 

architectures for any Mn.

TBP-LMn, TBP-IMn, and TBP-HMn gradient copolymers showed no significant differences 

in off-target liver and kidney accumulation relative to SCP-IMn gradient copolymers after 24 

h (Figure 3A). Gradient copolymers accumulated preferentially in liver and, to a lesser 

extent, kidney. Accumulation in liver is likely due to uptake by Kupffer cells.61 Due to 

lysine residues in peptides, polymers are positively charged at physiological pH. Cationic 

polymers have been shown to adsorb serum proteins such as opsonins, leading to increased 

liver accumulation relative to kidney, lung, and spleen, as the liver is the main organ in the 

RES.62, 63 Despite liver accumulation, there were no significant changes in liver enzymes 

ALT and AST (Figure 3C), suggesting the polymers were well-tolerated.

The biodistribution profile of SCP-IMn random copolymers was similar to those of gradient 

copolymers, with the greatest accumulation in liver, followed by kidney (Figure 3B). 

However, there were significant differences in targeted random copolymer accumulation. 

TBP-LMn and TBP-IMn random copolymers exhibited significantly lower liver 

accumulation than TBP-HMn and SCP-IMn random copolymers and lower liver 

accumulation than comparable gradient copolymers. In contrast, TBP-LMn and TBP-IMn 

random copolymers exhibited significantly more kidney accumulation than TBP-HMn and 

SCP-IMn random copolymers, as well as greater kidney accumulation than the 

corresponding gradient copolymers. This behavior is similar to that of linear dextran 

polymers, where up to 35% of lower Mn (20-40 kDa) polymers is processed by kidney, and 

only 5-7% of higher Mn (70-150 kDa) polymers is excreted in urine.64 Nanoparticles, which 

are commonly used drug delivery platforms accumulate predominantly in liver, lung, and 

spleen.62 Here, neither gradient nor random copolymers showed appreciable spleen 

accumulation, likely due to the much smaller hydrodynamic radius of polymer unimers (<5 

nm) relative to nanoparticles (>50 nm), and the fracture-to-liver and fracture-to-lung 

accumulation ratios were significantly greater for targeted copolymers relative to scrambled 

polymers.

Gradient copolymers were cleared from bone one week after administration (Figure 4A 

inset). In contrast, there was no change in bone accumulation of random copolymers (Figure 

4B inset), suggesting >1 week persistence of targeted polymers and demonstrating a role for 
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ILD in target accumulation. Gradient copolymers likely exhibit ILD of <10 angstroms, but 

TRAP has a crystal structure measuring 36×42×54 angstroms,65 suggesting multivalent 

binding is not achievable for gradient copolymers. In contrast, TBP-HMn random 

copolymers exhibit ILD of ~120 angstroms, which is permissive of multivalent binding. It is 

possible the smaller ILD of TBP-LMn and TBP-IMn random copolymers, which were ~10 

and ~40 angstroms, respectively, were not permissive of multivalent binding due to 

interference with neighboring ligands and led to lower persistence.66

Notably, TBP-HMn random copolymer persistence meets or exceeds other bone targeting 

systems in literature: the bone accumulation of poly(aspartic acid)-functionalized N-(2-

hydroxypropyl)methacrylamide polymers is approximately unchanged between one and 

three days,67 the concentration of poly(aspartic acid)-conjugated estradiol in bone decreases 

by two magnitudes within one week,38 and the retention of bisphosphonate-conjugated 

protein decreases by ~60% in osteoporotic bone68 and ~30% in healthy bone69 between one 

and three days following injection. While the interactions between hydroxyapatite bone 

mineral and poly(aspartic acid)70 or bisphosphonates70, 71 are charge-based and dependent 

on crystallinity,72 the interaction between TBP and TRAP is specific.41 Hydroxyapatite is 

ubiquitous in bone, and though poly(aspartic acid) may exhibit greater accumulation in areas 

of high bone turnover,19, 70 TRAP is found only in remodeling bone, giving TBP greater 

selectivity to fractured bone, which may underpin superior targeting and persistence. With 

greater persistence, TBP-HMn random copolymers may address the limitations of current 

non-specific delivery systems. While TRAP is present in naïve bone because of consistent 

low-level bone remodeling, there is significantly greater TRAP deposition in acutely 

remodeling fractured bone.73 TBP-HMn random copolymers showed two times greater 

fracture accumulation relative to naïve bone after 24 h, although the difference is not 

significant after one week.

Liver accumulation was reduced for the majority of copolymers (Figure 4A-B), which is 

consistent with bisphosphonate-conjugated albumin and lysozyme.69 Kidney accumulation 

for TBP-LMn and TBP-IMn random copolymers decreased to levels more similar to those of 

TBP-HMn and SCP-IMn random copolymers, but more kidney accumulation of TBP-LMn 

random copolymers was observed relative to TBP-LMn gradient copolymers. Finally, 

persistence increased with ILD for random copolymers, as TBP-HMn exhibited a lower 

clearance rate than TBP-LMn random copolymers and TBP-HMn gradient copolymers.

3.4 In Vitro TRAP Affinity

To determine if bone persistence of targeted polymers is related to binding affinity, 

association of TBP-functionalized polymers and TRAP as a function of multivalency and 

ILD was investigated by varying number and percent peptide in gradient and random 

copolymers. Dissociation constants (KD) of peptides and polymers were quantified using 

Langmuir binding models under the assumption of 1:1 TBP:TRAP binding (Figure S14). 

Soluble TBP was the positive control for binding and exhibited KD of 2 mM, which was far 

greater than identified via phage display of TBP (KD of 0.1 nM).41 This dramatic difference 

is likely due to structural differences between soluble peptides and phage display of 

peptides. Specifically, the M13 phage displays five copies of peptide on pIII capsid proteins 
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and is connected to the peptide C-terminus (whereas the N-terminus of TBP is conjugated to 

polymer).74 Thus, a limitation to ligand identification by phage is the potential decrease in 

affinity when the peptide is chemically synthesized and incorporated into a drug delivery 

carrier.

For polymers, data exhibited poor fits with binding models, likely due to the complexity of 

multivalent binding.75, 76 Therefore, alternative analyses were used to compare polymer 

binding: the peak association value (PAV), the stable binding value (SBV), the end 

dissociation value (EDV), and the change in value from PAV to SBV (% Drop) (Figure S14).

For gradient copolymers (Figure 5A) used in biodistribution studies, TBP-IMn gradient 

copolymers exhibited the greatest fractured bone accumulation and the lowest % Drop 

(−15%, compared to −45% for TBP-LMn, −56% for TBP-HMn, and indeterminable for 

SCP-IMn), despite having the lowest PAV, SBV, and EDV. Regarding multivalency of 

gradient copolymers (Figure 5B), PAV, SBV, and EDV linearly increased relative to peptide 

number per polymer, indicating that greater TBP incorporation led to greater copolymer 

association to TRAP (Figure 5C, Table S4). However, upon dissociation, % Drop increased 

with peptide incorporation (Figure 5D). The increase in % Drop suggests that polymer is 

more loosely bound to TRAP with greater peptide incorporation, potentially due to steric 

hindrance from neighboring peptides. It is likely that dense peptide packing limits maximal 

multivalent binding in gradient copolymers, although some degree of multivalent binding 

still occurs, as soluble TBP control exhibited up to 3.3-fold loss in binding relative to 

targeted copolymers.66

In contrast to gradient copolymers, TBP-LMn, the random copolymer with the lowest 

fracture biodistribution, exhibited the lowest % Drop (−16%, compared to −31% for TBP-

IMn and −38% for TBP-HMn) (Figure 6A). TBP-HMn, the random copolymer with greatest 

fractured bone accumulation, demonstrated the lowest PAV, SBV, and EDV. To explain this 

phenomenon and further investigate the interplay of ILD and multivalency, random 

copolymers were synthesized with various combinations of ILD and peptide incorporation. 

10% TBP random copolymers with ILD of ~30 angstroms (Figure S16A) exhibited modest 

changes in PAV, SBV, and EDV, while 15% TBP random copolymers with ILD ~20 

angstroms (Figure 6B) showed robust decreases in PAV, SBV, and EDV with increases in 

peptide number per polymer (Figure 6D-F, Table S5). However, similar to gradient 

copolymers, 20% TBP (Figure 6C) and 40% TBP (Figure S16B) random copolymers with 

smaller ILD of ~10 angstroms exhibited increases in PAV, SBV, and EDV with increases in 

peptide number per polymer (Table S5). Despite the theoretical increase in binding 

probability with decreased peptide density and increased ILD,66 increased peptide density 

enhanced multivalent binding for random copolymers. This paradox may be explained by 

considering that as peptide number per polymer increases, OEG number per polymer also 

increases. The water hydration and steric repulsion of OEG prevents protein adsorption.77, 78 

Our data suggest that at 85% and greater OEG incorporation, OEG-TRAP repulsive forces 

dominate. However, at 80% and lower OEG incorporation, TBP-TRAP attractive forces 

dominate and increase with additional TBP per polymer. Moreover, there was a decreasing 

relationship between % Drop and number of peptides for 20% and 40% TBP random 

copolymers (Figure 6G, Table S6), whereby TBP-TRAP interaction allowed less 
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dissociation with additional peptide per polymer. Conversely, there was a positive correlation 

between % Drop and number of peptides for 15% TBP random copolymers, indicating that 

additional polymer associated to TRAP was not well bound due to OEG-TRAP repulsion. 

Interestingly, 10% TBP random copolymers did not follow the same trend, possibly due to 

small ILD and reduced probability that additional peptide binds without competition.66 

These observations explain why TBP-LMn random copolymers exhibited greater in vitro 

binding than TBP-HMn: TBP-LMn is only 77% OEG, while TBP-HMn is 98% OEG. While 

TBP-HMn exhibits ILD permissive of multivalent binding to TRAP, TBP-TRAP attraction 

could not overcome OEG-TRAP repulsion. It is also meaningful to note that in vitro binding 

analyses do not recapitulate the complex in vivo environment. In opposition to in vitro 

analysis where polymers are instantaneously exposed to TRAP-functionalized surfaces, in 

vivo biodistribution is complicated by polymer extravasation from systemic circulation into 

tissue. High molecular weight polymers exhibit greater circulation times than low molecular 

weight polymers,79 allowing more opportunities for ligand-target binding. Thus, increased 

opportunities for binding may have allowed TBP-TRAP attractive forces of TBP-HMn 

random copolymers to accumulate in bone and remain bound as a result of strong 

multivalent interactions.

4. CONCLUSIONS

This work demonstrates two versatile copolymerization strategies that yield gradient and 

random peptide-functionalized polymer architectures to improve the design of drug delivery 

systems. We exploited heterogeneous comonomer reactivities (e.g. methacrylate and 

methacrylamide53) to form gradient copolymer architectures and post-polymerization 

“click” chemistries80, 81 to form random copolymer architectures. TBP, the targeting 

peptide, retains TRAP binding (Figure 5–6) despite chemical modification and polymer 

incorporation. While previous groups have used precisely defined systems of monomer feed 

ratios, solvents, and conversions to avoid compositional drift,82 the described two-step 

approach avoids tedious experimentation to form homogenously distributed targeting 

groups. Moreover, this approach may enable new copolymer combinations that were 

previously unattainable due to reactivity mismatches.

The greatest fracture accumulation was achieved with the targeted high Mn (65 kDa) (TBP-

HMn) random copolymer. Since peptide functionalization was consistent, and peritoneal-to-

plasma transport of polymers injected intraperitoneally is independent of Mn,64 the 

differences in bone accumulation are likely due to changes in circulation time and targeting 

ligand accessibility. Higher Mn polymers avoid rapid renal clearance, leading to longer 

circulation time and greater delivery to bone via the bloodstream. Binding is then facilitated 

by targeting peptides with ILD that accommodate target density,66 and stronger binding 

leads to slower dissociation and enables greater persistence.83, 84 Therefore, careful design 

of multivalent polymer therapeutics regarding ligand density and Mn is essential for 

successful targeting.

The benefit of multivalency has been demonstrated in the development of inhibitor peptides,
85 vaccines,86, 87 and immunomodulators,88 as well as controlled adhesion domain 

accessibility on surface-modified scaffolds.18, 89, 90 For example, surfaces modified with 

Newman et al. Page 15

Biomacromolecules. Author manuscript; available in PMC 2018 June 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



fibronectin-derived FN7-1017, 18 and RGD15, 16 must present appropriate ligand density to 

induce integrin clustering on the surface of cells. Similar to random copolymers, while 

ligand-receptor binding occurs regardless of peptide arrangement, lower density leads to 

greater cell motility.15, 18 Analogous to gradient copolymers, greater density increases cell 

adhesion.16 Binding motif distribution on surfaces,91 as well as nanoparticles,92 is controlled 

by conjugating peptides to monomers pre-assembly or “clicking” peptides into 

macrostructures post-assembly. While pre-assembly modification provides greater control 

over degree of functionalization,93 post-assembly modification provides more homogeneous 

spatial distribution of targeting moieties.92 Thus, one-step and two-step polymerizations may 

also be applied to synthesizing polymeric micelle unimers.

Both one-step and two-step polymerizations are amenable to drug incorporation directly. For 

example, methacrylate/methacrylamide-functionalized drug monomers or “clickable” 

monomers, such as azide-based monomers, allows for versatile drug incorporation. 

Importantly, successful bone targeting of quinolone94 and prostaglandin E167 modified 

acidic oligopeptide polymer conjugates has been achieved while maintaining drug activity, 

but analysis of drug release from gradient and random polymers is necessary to ensure 

interference does not occur due to peptide incorporation.95 Alternatively, agonists of bone 

formation may be loaded into nanoparticles formed from peptide-functionalized polymers96 

or nanoparticles modified by peptides post-assembly.97 When combined with these or other 

osteoanabolic compounds, the described bone-targeting polymer may enhance bone 

regeneration in fractures and other disease states exhibiting increased osteoclast deposition 

of TRAP, such as osteoporosis and osteomyelitis.
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ABBREVIATIONS

α–CHCA α-cyano-4-hydroxycinnamic acid

α-MEM Minimum Essential Medium Alpha Medium

AIBN azobisisobutyronitrile
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ALT alanine transaminase

AST aspartate transaminase

DCM dichloromethane

ddH2O distilled deionized water

DIEA N,N-diisopropylethylamine

DMEM Dulbecco’s Modified Eagle Medium

DMF N,N-dimethylformamide

DMPA 2,2-dimethoxy-2-phenylacetophenone

DMSO dimethylsulfoxide

DODT 3,6-dioxa-1,8-octanedithiol

DPBS Dulbecco’s phosphate-buffered saline

EDC 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide

EDV end dissociation value

FBS fetal bovine serum

Fmoc fluorenylmethyloxycarbonyl

HBTU O-Benzotriazole-N,N,N’,N’-tetramethyl-uronium-hexafluoro-phophaste

HCl hydrochloric acid

HMn high molecular weight

ILD interligand distance

IMn intermediate molecular weight

IVIS in vivo imaging system

KD dissociation constant

LiCl lithium chloride

LMn low molecular weight

M-CSF macrophage colony-stimulating factor

MeOH methanol

Mn molecular weight

MSC mesenchymal stem cell

NaCl sodium chloride
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NaHCO3 sodium bicarbonate

NaOH sodium hydroxide

NEAA non-essential amino acids

NHS N-hydroxysuccinimide

NMP N-methyl-2-pyrrolidone

OEG oligo(ethylene glycol)

PAV peak association value

PEG poly(ethylene glycol)

PSF penicillin-streptomycin-fungizone

PTH parathyroid hormone

RAFT reversible addition-fragmentation chain transfer

RANKL receptor activator of nuclear factor κB ligand

RES reticuloendothelial system

SBV stable binding value

SCP scrambled control peptide

SPR surface plasmon resonance

sulfo-NHS N-hydroxysulfosuccinimide

TBP TRAP-binding peptide

TCEP tris(2-carboxyethyl)phosphine hydrochloride

TEA triethylamine

TFA trifluoroacetic acid

THF tetrahydrofuran

TIPS triisopropylsilane

TRAP tartrate-resistant acid phosphatase

XAN xanthate-based methacrylate monomer
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Figure 1. 
Degree of polymerization controls molecular weight (Mn) of (A) gradient copolymer 3 and 

(B) random copolymer 7. (C) Mn of 3 increases non-linearly over time. (D) Incorporation of 

TBP-methacrylamide 2 decreases over time, indicating formation of gradient copolymer 3. 

(E) Mn of 7 increases linearly over time. (F) Incorporation of xanthate monomer 6 is 

consistent over time, indicating formation of random copolymer 7.
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Figure 2. 
Cytocompatibility of peptides 1, p(OEG), peptide-functionalized gradient copolymers (3), 

unfunctionalized random copolymers p(OEG-co-6) (7), and peptide-functionalized random 

copolymers (9). Mesenchymal stem cells (MSCs) were treated for 24 h (A) and 1 week (B), 

then evaluated using alamarBlue. Osteoclasts were treated for 24 h (C), then stained with 

TRAP and enumerated. All treatments were significantly greater than 70% viability relative 

to untreated cells by two-way ANOVA with Bonferroni post-hoc testing, p<0.05. For (C), 
*p<0.05 between peptide concentrations. Data + SD, n=3.
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Figure 3. 
24 h biodistribution of (A) gradient and (B) random copolymers. Significance determined by 

two-way ANOVA at p<0.05 with * vs SCP-IMn, & vs TBP-LMn, % vs TBP-IMn, # vs TBP-

HMn, and ^ between fracture and naïve. Data+SD, n=4. All other organs, see Figure S13. 

(C) Fold changes (relative to saline vehicle-treated control) in liver enzymes alanine 

transaminase (ALT) and aspartate transaminase (AST) 24 h after polymer injection are not 

significantly different by one-way ANOVA (p>0.05) Data+SD, n=3-5 pooled samples.
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Figure 4. 
1 week biodistribution of (A) gradient and (B) random copolymers. Statistical symbols are 

consistent with Figure 3. Data+SD, n=4.
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Figure 5. 
Binding curves and analysis of gradient polymers using surface plasmon resonance (SPR) 

spectroscopy. Response units are normalized to polymer Mn. (A) Gradient copolymers used 

in biodistribution studies. (B) Gradient copolymers with increasing number of peptides. (C) 

Peak association value (PAV), stable binding value (SBV), and end dissociation value (EDV) 

of polymers in (B). Linear regression, see SI. (D) % Drop of TBP and polymers in (B). 

White circle is peptide only.
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Figure 6. 
SPR spectroscopy for random copolymers. (A) Random copolymers used in biodistribution 

studies. (B) 15% random copolymers with increasing number of peptides separated by 6 

OEG chains. (C) 20% random copolymers with increasing number of peptides separated by 

4 OEG chains. (D) PAV, (E) SBV, (F) EDV, and (G) % Drop of 10%, 15%, 20%, and 40% 

random copolymers. Linear regression, see SI.
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Scheme 1. 
Synthesis and Functionalization of TBP-methacrylamide 2 to Give p(OEG-co-TBP) 

Gradient Brush Copolymers 3
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Scheme 2. 
Synthesis and Functionalization of TBP-acrylamide 4 and Xanthate Monomer 6 to Give 

p(OEG-co-TBP) Random Brush Copolymers 9
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