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Abstract

Osteosarcoma (OS) is the most common form of primary malignant bone cancer in adolescents. 

Over the years, OS prognosis has greatly improved due to adjuvant and neoadjuvant (preoperative) 

chemotherapeutic treatment, increasing the chances of successful surgery and reducing the need 

for limb amputation. However, chemotherapeutic treatment to treat OS is limited by off-target 

toxicities and requires improved localization at the tumor site. Collagen, the main constituent of 

bone tissue, is extensively degraded and remodeled in OS, leading to an increased availability 

of denatured (monomeric) collagen. Collagen hybridizing peptides (CHPs) comprise a class of 

peptides rationally designed to selectively bind to denatured collagen. In this work, we have 

conjugated CHPs as targeting moieties to water-soluble N-(2-hydroxypropyl)methacrylamide 

(HPMA) copolymers to target OS tumors. We demonstrated increased accumulation of collagen-
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targeted HPMA copolymer–CHP conjugates compared to nontargeted HPMA copolymers, as well 

as increased retention compared to both nontargeted copolymers and CHPs, in a murine intratibial 

OS tumor model. Furthermore, we used microcomputed tomography analysis to evaluate the 

bone microarchitecture and correlated bone morphometric parameters (porosity, bone volume, 

and surface area) with maximum accumulation (Smax) and accumulation at 168 h postinjection 

(S168) of the copolymers at the tumor. Our results provide the foundation for the use of HPMA 

copolymer–CHP conjugates as targeted drug delivery systems in OS tumors.
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INTRODUCTION

Osteosarcoma (OS) is the most common form of primary malignant bone cancer in 

adolescents,1–3 which typically occurs in the long bones of the appendicular skeleton, most 

commonly the femur, tibia, or humerus.3,4 Current therapy includes surgical resection in 

combination with chemotherapy, but treatment is hampered by systemic side effects and 

inoperable tumors.5,6 Neoadjuvant (preoperative) chemotherapy to reduce the tumor size 

followed by resection has greatly increased the chances of a successful surgery and reduced 

the need for limb amputation.7 Adjuvant and neoadjuvant chemotherapy have together 

brought the 5 year survival rate to 60–70%;8 however, off-target toxicities severely impact 

the quality of life.9 OS treatment would greatly benefit from localized delivery of drugs 

to the osteoid extracellular matrix tissue to reduce systemic side effects and toxicities. 

Targeting the extracellular matrix has been increasingly explored for tumor drug delivery.10

The bone tissue is composed of a mineralized matrix, in which the organic component is 

predominantly collagen type I but also includes noncollagenous proteins.11–13 OS forms 

in the collagen-rich metaphysis of bone near the growth plate14 and is accompanied by 

extensive bone degradation, remodeling, and invasion into surrounding tissues.15 OS tumors 

are characterized by upregulated activity of osteoclasts, causing increased bone resorption, 

followed by compensatory deposition of osteoid ECM by reactive osteoblasts.16 OS tumors 

thus involve a complex interplay of lytic (bone resorptive) and blastic (bone building) 

activity.17 The high bone remodeling activity of OS is associated with elevated collagenase 
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activity,18 which leads to an increased presentation of denatured (monomeric) collagen in 

OS tumors. Furthermore, the increased bone deposition creates an excess of collagen at the 

osteoid ECM which is remodeled during mineralization.19

Collagen molecules are made up of three individual protein strands folded into a signature 

triple helix, which is a supercoiled helix of three polyproline II helices.20 Collagen 

hybridizing peptides (CHPs) are a class of synthetic peptides with strong triple helical 

folding propensity similar to naturally occurring collagen and can selectively hybridize to 

denatured collagen strands by folding into a triple helix. Since conventional CHPs can self-

trimerize, losing their ability to target collagen,21 a new form of CHP-incorporating (4S,2S)-

fluorinated proline ,was developed which has a weaker propensity to self-trimerize at 

physiological temperature because fluorine causes steric clashes within the homotrimers.20 

In our work, we explored this new form of CHP as a targeting moiety to facilitate delivery to 

OS tumors.

Water-soluble N-(2-hydroxypropyl)methacrylamide (HPMA) copolymers have been 

extensively studied for tumor targeting and drug delivery.22–27 They are generally 

considered to be nontoxic and nonimmunogenic,23,24 display size-dependent accumulation 

in solid tumors attributed to the enhanced permeability and retention (EPR) effect,24,28 and 

can confer multifunctionality through attachment of drugs, imaging agents, and targeting 

moieties to synthetically adaptable side chains.23,29 The use of such water-soluble polymers 

can improve the pharmacokinetics and delivery of drugs conjugated to the polymer, and 

attachment of targeting moieties has been shown to improve the binding and localization of 

polymer conjugates at the target site.25,26,29

In this work, we conjugated CHPs to the side chains of HPMA copolymers (HPMA–CHP) 

and examined HPMA–CHP’s localization in tumors in a murine model of intratibial OS 

(Figure 1). We used polymers with size above the renal threshold to allow for passive 

accumulation via the EPR effect. Vasculature near the bone has been shown to have 

fenestrations large enough to accommodate bone extravasation of circulating nanoscale 

macromolecules such as these.30,31 We used microcomputed tomography (μ-CT) and 

bone microarchitecture analysis to extract bone morphometric parameters. We correlated 

the morphometric parameters in the cortical and trabecular bone with HPMA–CHP 

accumulation at its maximum tumor accumulation (Smax) and its tumor accumulation at 168 

h postintravenous administration of experimental compounds in mice bearing established 

tumors (S168) in order to determine which parameters are potentially associated with 

accumulation. This study provides the foundation for the use of collagen-targeted HPMA 

copolymer–CHP conjugates as drug delivery vehicles for OS tumors. The reported μ-CT-

based bone morphometric parameters and their correlations with HPMA–CHP accumulation 

can be further explored in future to inform personalized treatment strategies.

EXPERIMENTAL SECTION

Materials.

(2S,4S)-Fmoc-4-fluoro-pyrrolidine-2-carboxylic acid was acquired from Chem Impex 

International (Wood Dale, IL). All other Fmoc-amino acids were acquired 
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from VWR International (Radnor, PA). N,N-Dimethylformamide (DMF) and N,N-

diisopropylethylamine (DIPEA) were acquired from Thermo Fisher Scientific (Waltham, 

MA). Phosphate-buffered saline (PBS) was acquired from ATCC (Manassas, Va). 

Cyanine5.5 N-hydroxysuccinimide (NHS) ester reactive dye was acquired from Lumiprobe 

(Hunt Valley, MD). All other materials for this study were acquired from Sigma-Aldrich (St. 

Louis, MO).

Synthesis and Characterization of Copolymer–Peptide Conjugates.

Copolymer conjugates were synthesized according to previously published procedures.32 

Briefly, the comonomers N-(2-hydroxypropyl)methacrylamide (HPMA) and N-

methacryloylglycylglycine (MA-GG-OH) were synthesized according to previously 

published methods22 and characterized by electrospray ionization mass spectrometry (ESI-

MS) and/or nuclear magnetic resonance (NMR) spectroscopy. Copolymer precursors were 

synthesized by free-radical copolymerization using azobisisobutyronitrile (AIBN) as an 

initiator. HPMA (240 mg, 1.70 mmol) and MA-GG-OH (60 mg, 0.30 mmol) were dissolved 

in 2 mL of DMSO/methanol (2:3) at a molar feed ratio of 85:15 (HPMA/MA-GG-OH) and 

a total monomer concentration of 1 M. AIBN (12 mg, 0.073 mmol) was added, and the 

solution was transferred to a 5 mL glass ampule (Thomas Scientific, Swedesboro, NJ). The 

solution was degassed using freeze–thaw cycles. The ampule was sealed, and the reaction 

solution was stirred under an inert N2 atmosphere for 24 h at 50 °C using a temperature-

controlled oil bath. The reaction mixture was added to an 80-fold excess volume of 

acetone to precipitate the product. The precipitates were isolated through centrifugation 

and decantation, washed twice with acetone, and allowed to dry.

CHP [Cy5.5-KGGG(GfO)9; f: (2S, 4S)-4-fluoroproline; O: 4-hydroxyproline] and 

control scrambled peptide SCHP (Cy5.5-KGGG-OfGGOfGfGfOfOGOfGOOfGGOOffG) 

(single amino acid abbreviations used) lacking in collagen binding affinity21 were 

synthesized by automated Fmoc-mediated solid-phase peptide synthesis (SPPS) using 

the 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU) 

coupling reagent and TentaGel-R-RAM resin and some manual modifications. Cy5.5 NHS 

ester in 10% DIPEA/DMF solution was added to the resin for attachment to the N-terminus 

of the peptide. Peptides were cleaved from the resin and deprotected using a standard 

cleavage cocktail [trifluoroacetic acid (TFA)/water/triisopropyl silane (TIPS) = 95:2.5:2.5 

by volume], which produced unreactive amide at the C-terminus. The deprotected lysine 

side chain provides a primary amine for conjugation to the side chains of the HPMA 

copolymers. Cleaved peptides were purified using reverse-phase high-performance liquid 

chromatography (HPLC) [Agilent SD-1 PrepStar HPLC pump and a Zorbax 300SB-C18 

column (Agilent)]. The molecular mass of the peptides (MW = 3449 g/mol) was confirmed 

using a matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF; Bruker 

UltrafleXtreme) mass spectrometer. Cyanine5.5 (Cy5.5) is a fluorophore for in vivo 

fluorescence detection, and Gly-Gly-Gly was used as a flexible spacer to decouple the 

peptide from the polymer backbone.

CHPs were conjugated to the side chains of HPMA copolymer precursors using 1-

ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) coupling chemistry at 55 °C in a 
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temperature-controlled oil bath. Peptides (6 mM, 1 mL) and copolymer precursor (1.2 

mM, 1 mL) were separately dissolved in 10% DIPEA/DMF and heated to 55 °C. EDC (12 

μmol) was added to the copolymer solution, and the mixture was stirred for 5 min. The 

peptide solution was added, and the reaction was stirred for 24 h at 55 °C. To stop the 

reaction, the solution was added to an 80-fold excess volume of ether to precipitate the crude 

product, which was then isolated through centrifugation and decantation. To purify, the 

product was dialyzed against water at 50 °C for 2 days and lyophilized to produce the final 

conjugates HPMA–CHP and HPMA–SCHP. A schematic of the HPMA–CHP synthesis is 

shown in Figure 2. The weight-average molecular weight (MW), number-average molecular 

weight (MN), and dispersity (MW/MN) were estimated using size exclusion chromatography 

(SEC) (Akta fast protein liquid chromatography system, Superose six-column, 10 × 300 

mm, PBS eluent) coupled with a differential refractive index detector (OptiLab Rex, Wyatt 

Technologies Corporation). UV–vis spectrophotometry was used to quantify the peptide 

content.

Osteosarcoma Model Generation.

Animal experiments were approved by and performed in accordance with University 

of Utah’s Institutional Animal Care and Use Committee (IACUC) guidelines (IACUC 

#21-10007), with assistance from the Huntsman Cancer Institute’s Preclinical Research 

Resource. Mice were acquired from Charles River Laboratories. To generate an intratibial 

orthotopic osteosarcoma murine model, NOD scid gamma (NSG) mice were implanted with 

Saos-2 cells (2.0 × 106 cells/tumor) suspended in 20 μL of PBS in the right proximal tibia. 

Tumors were grown for 4 weeks to allow for the development of established tumors prior 

to polymer administration. Mice were given an alfalfa-free diet to reduce interference during 

fluorescence imaging.

Polymer Administration and Imaging.

The right legs of mice were treated with depilatory cream (Nair) to reduce autofluorescence 

and maximize the detection of the fluorescent signal. Four weeks post-tumor-cell injection, 

mice (n = 6 per group) were administered via tail vein injection 10 nmol equivalent of CHP 

content (as determined by Cy5.5 concentration) as HPMA–CHP, HPMA–SCHP, or CHP in 

200 μL of PBS solution. Fluorescence imaging was done in mice at t = 0 (preinjection of 

polymers or peptides), 0.1 (immediately postinjection), 6, 12, 24, 48, 72, 96, 120, 144, and 

168 h using an in vivo imaging system IVIS Spectrum (Caliper LifeSciences, Waltham, 

MA), using an excitation wavelength of 675 nm and an emission wavelength of 720 nm. 

Regions of interest (ROIs) surrounding the proximal tibia, which were equivalent for all 

animals, were selected and used to quantify the total radiant efficiency and accumulation of 

compounds at the tumor. Mice were also imaged, using planar X-ray imaging, 1 day prior to 

sacrifice for tumor growth and bone condition using a Faxitron UltraFocusDXA small-animal 

dual-energy X-ray system (Hologic, Tucson, AZ).

Necropsy and Organ Accumulation.

Mice were euthanized at the 168 h time point using CO2 inhalation and cervical dislocation. 

The organs (heart, lungs, liver, spleen, stomach and intestines, and kidneys) and the tumor-

bearing right leg were harvested. The right leg was removed from the femoral head to the 
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foot. The skin was removed, but the remaining soft tissue was left intact. Organs and legs 

were imaged for fluorescence using an IVIS as described above. ROIs of equivalent area 

for a given organ or leg were selected, and the total radiant efficiency was measured and 

quantified for comparison of organ accumulation. The tumor-bearing legs were fixed in 10% 

neutral buffered formalin for 24 h, rinsed in PBS for 5 min, and stored in 70% ethanol at 4 

°C.

μ-CT Imaging.

Ex vivo μ-CT imaging was performed on fixed tumor-bearing legs using a small animal 

Quantum GX μ-CT scanner (PerkinElmer, Waltham, MA). Bone μ-CT images were acquired 

using 4 min scans at 90 kV and 88 μA current and reconstructed at a 50 μm voxel 

size. Reconstructed images were processed using Analyze 14.0 software (AnalyzeDirect, 

Overland Park, KS).

Bone Microarchitecture Analysis.

To extract bone morphometric parameters related to porosity, surface area, and volume, 

images were processed using Analyze 14.0 software with a Bone Microarchitecture Analysis 

add-on (AnalyzeDirect). Images were oriented to align the transaxial plane perpendicular 

to the length of the tibia. The object was segmented to isolate the tibia. Segmented tibial 

bone maps were further separated into the cortical bone, trabecular bone, and intratrabecular 

space. Bone morphometric parameters of the whole tibia were extracted using the software 

described above. Pearson’s correlation coefficient r was used to assess correlations between 

parameters and maximum accumulation (Smax) or accumulation at 168 h (S168) values for 

HPMA–CHP, HPMA–SCHP, and CHP, and p values were used to assess the significance of 

the correlations.

Statistical Analysis.

The significance of experiments comparing fluorescent signals and pharmacokinetic 

parameters was determined using the unpaired t-test between groups, with a significance 

level of α = 0.05. For correlation experiments, Pearson’s correlation coefficient r was 

used to assess the correlation, and p values were used to determine the significance of the 

observed correlation, with a presentation of weak correlations at a significance of α = 0.1.

RESULTS

Synthesis and Characterization of HPMA–CHP, HPMA–SCHP, and CHP.

HPMA copolymer precursors were synthesized by free-radical copolymerization of 

comonomers HPMA and MA-GG-OH using the initiator AIBN. MW, MN, and dispersity 

(MW/MN) were 85, 47 kDa, and 1.8, respectively. CHP and scrambled peptide (SCHP) were 

synthesized by SPPS with on-resin manual addition of Cy5.5. Peptides were conjugated to 

copolymer precursors using EDC coupling chemistry. Purified conjugates, HPMA–CHP and 

HPMA–SCHP, contained on average 1.8 and 3.7 peptides per polymer chain, respectively. 

Selective binding of HPMA–CHP to denatured collagen was verified previously.32 Although 

the conjugation efficiency was lower for targeted peptides than scrambled peptides, collagen 
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binding experiments demonstrated significantly more collagen binding for HPMA–CHP 

conjugates than for HPMA–SCHP conjugates.32

HPMA–CHP Had Higher Accumulation and Retention Compared to HPMA–SCHP in Murine 
Tumor-Bearing Tibia.

NSG mice bearing osteosarcoma tumors, induced by injecting Saos-2 cells into the right 

proximal tibia, were administered with Cy5.5-labeled HPMA–CHP, HPMA–SCHP, or CHP 

(N = 6 mice per group) via tail vein injection. Fluorescent signals (ex: 675 nm; em: 720 

nm) were measured at t = 0 (preinjection), 0.1 (postinjection), 6, 12, 24, 48, 72, 96, 120, 

144, and 168 h postinjection (Figure 3). One mouse from each group was randomly selected 

at the start of the study and used in all representative images. The remaining five mice in 

each group were imaged groupwise. All images are presented in the Supporting Information 

(Figures S1–S4). The fluorescent signal (in radiant efficiency) at the tibia was quantified 

over time (Figure 4a). Semiquantitative noncompartmental pharmacokinetic analysis showed 

the area under the curve (AUC, radiant efficiency × h) of HPMA–CHP to be 1.8 × 1012, 

which was 1.6 times higher than that of HPMA–SCHP, which was 1.1 × 1012 (Figure 4b and 

Table 1). The tumor half-lives (t1/2) of HPMA–CHP and HPMA–SCHP were 97.9 and 77.8 

h, respectively. The maximum accumulation (Smax) values of HPMA–CHP and HPMA–
SCHP corresponded to 1.9 × 1010 and 1.1 × 1010 radiant efficiency units, respectively, with 

time to maximum accumulation (tmax) values of ~6 and ~24 h, respectively. HPMA–CHP 

compared to HPMA–SCHP showed higher accumulation at most time points (Figure 4c).

HPMA–CHP Showed Greater Retention in Osteosarcoma Tumors than CHP.

Compared to CHP, HPMA–CHP had similar accumulation at the tumor through the 120 h 

time point but higher accumulation at t = 144 and 168 h (Figure 4c). HPMA–CHP also 

showed a significantly longer half-life than CHP, with 97.9 h for HPMA–CHP and 67.5 h for 

CHP (Figure 4b and Table 1). HPMA–CHP and CHP had Smax values of 1.9 × 1010 rad eff 

and 2.3 × 1010 rad eff, respectively. Both had tmax values of ~6 h. The difference in AUC 

was not significant: 1.8 × 1012 rad eff × h for HPMA–CHP compared to 1.5 × 1012 rad eff × 

h for CHP.

Organs Harvested at 168 h Show Differences in Accumulation between HPMA–CHP, 
HPMA–SCHP, and CHP.

To better measure organ accumulation, mice were euthanized at 168 h, and the heart (h), 

lungs (lg), liver (lv), spleen (s), stomach and intestines (s&i), kidneys (k), and the tumor-

bearing right leg (leg) were harvested, and the fluorescent signal was measured (Figure 5a). 

Fluorescence images of organs of all mice are shown in the Supporting Information (Figures 

S5–S7). HPMA–CHP showed higher accumulation in all organs and the tumor compared to 

HPMA–SCHP (Figure 5b). HPMA–CHP showed higher accumulation in the liver and spleen 

and lower accumulation in the kidneys, compared to CHP, with no significant differences in 

other organs and the tumor-bearing leg.
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μ-CT and Bone Microarchitecture Analysis Show Cortical Porosity Is Directly Correlated 
with Polymer Accumulation.

Ex vivo tibias of mice were scanned by μ-CT, and resulting 3D reconstructions were 

segmented and analyzed using the Bone Microarchitecture Analysis tool of AnalyzeDirect 

14.0 software. Bone morphometric parameters, listed in Table S1, were extracted for the 

total bone, cortex, intratrabecular region, trabecular bone, total trabecular tissue, and whole 

tissue. Pearson’s correlation coefficient r values were calculated for each compound’s S168 

and Smax, in radiant efficiency, with respect to each parameter using the GraphPad Prism 

(Table S1). One tibia replicate in the HPMA–SCHP experimental group was degraded 

too extensively for software to resolve tissue boundaries and extract parameters. Values 

associated with this replicate have been excluded, and the HPMA–SCHP has n = 5.

Values associated with cortical porosity, bone volume, and bone surface area with Pearson’s 

r greater than 0.7 were graphed against S168 values (Figure 6), along with p values and 95% 

confidence intervals. α = 0.1 was used to assess significance. Cortical porosity parameters 

showed a correlation with HPMA–CHP and HPMA–SCHP accumulation. Other parameters 

showed high correlations but were not significant, likely due to a small sample size.

DISCUSSION

The organic component of bone is composed of more than 90% of type I collagen.13,33,34 

During physiological bone remodeling, beginning with bone resorption, an acidic 

environment is induced by osteoclast activity which dissolves hydroxyapatite, the inorganic 

component of bone, and exposes type I collagen.13,34,35 The acidity also promotes the 

activity of cysteine proteases, such as cathepsin K, which degrade the collagen.35 Following 

this, during bone formation, osteoblasts produce and deposit more osteoid ECM including 

collagen which is further remodeled for mineralization.35 Additionally, another type of cells, 

reversal cells, support the removal of collagen fragments from the degraded bone surface, 

also through collagenolytic activity. These processes are enhanced and dysregulated during 

OS tumor progression, which is accompanied by extensive bone remodeling and leads 

to an increased presentation of the degraded bone surface and monomeric collagen.15,36 

Additionally, Saos-2 OS tumors are associated with increased expression of type I 

collagen.37 The bone degradation processes that occur in osteosarcoma are similar to those 

that occur in bone metastasis. Overall, although OS tumors are generally lytic, they exhibit 

osteoblast activity and increased deposition of the osteoid matrix.

In this study, we found that our denatured collagen-targeting polymer (HPMA–CHP) 

showed a higher sustained residence at the tumor compared to both the nontargeted polymer 

(HPMA–SCHP) and the peptide (CHP) itself (Figure 4). Furthermore, the targeted polymer 

had a similar tmax as the peptide (~6 h), while the nontargeted polymer had a tmax 

(~24 h) at a later time point (Table 1). The vasculature surrounding a bone is known to 

have fenestrations up to 80 nm30 (larger than the hydrodynamic diameter of the polymer 

constructs used here). While changes in vasculature and fenestrations due to tumor growth 

likely played a substantial role in extravasation, the earlier tmax for HPMA–CHP (similar 

to CHP) compared to HPMA–SCHP suggests that binding to degraded collagen in the 

bone appears to have played a major role in retention. Previously, we administered these 
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three compounds in breast tumor-bearing mice and found that both polymers, targeted and 

nontargeted, had similar tmax values of ~24 h while the peptide had a tmax of ~6 h,32 which 

may reflect a difference between the vasculature and extravasation at the bone versus the 

breast tumor tissue. In the OS tumors, the targeted polymer had a higher AUC than the 

nontargeted polymer (Figure 4B), indicating that targeting remodeling collagen may elicit 

a higher potential drug exposure if used as a drug delivery vehicle. Between the targeted 

polymer and the peptide, the accumulations at the tumor until the 144 h time point were 

similar (Figure 4C). From 144 h onward, the accumulation of the targeted polymer was 

higher, indicating that the CHP was cleared faster than HPMA–CHP. Between the targeted 

polymer and the nontargeted polymer, the targeted polymer had higher accumulation at 

initial and later time points, while the accumulations at middle time points were not 

statistically different. The targeted polymer consistently had higher accumulation than the 

nontargeted polymer, and likely the fluctuation of statistical significance could be due to the 

small sample size.

For organ distribution analysis, the targeted polymer had a higher accumulation in all organs 

and the tumor-bearing leg compared to the nontargeted polymer (Figure 5). Collagen is 

remodeled as a part of normal tissue maintenance, and the higher level of binding of the 

targeted polymer may be due to a basal level of denatured collagen. The relative distribution 

of signal (which is semiquantitative given the differences in tissue penetration of signal) 

between organs is comparable to what has been seen in our previous work in a breast cancer 

model.32 While the signal at the heart is very low in all three, the higher level seen in 

the heart for HPMA–CHP compared to HPMA–SCHP may be due to a higher amount in 

circulation at the 168 h time point, which may have only been washed away from the tumor 

and other organs at a later time point and thus remains in the bloodstream at this time. The 

higher levels of accumulation in the kidneys and liver compared to organs could be related 

to excretion. Additionally, the differences between targeted and nontargeted polymers in 

these organs may be related to the timing of excretion, that is, the targeted polymer was 

still present due to prolonged binding at the tumor, while the nontargeted polymer was 

excreted prior to this 168 h time point. Increasing the CHP content may serve as a strategy 

to promote retention at the tumor and further improve localization in the tumor compared to 

healthy organs. Between HPMA–CHP and CHP, the accumulation in the leg, heart, lungs, 

and stomach and intestines were similar. This supports that collagen binding plays a role in 

off-target binding to remodeling collagen. HPMA–CHP had a higher accumulation in the 

liver and spleen, while CHP had a higher accumulation in the kidneys. The differences in 

liver and kidney values are likely related to the excretion mechanisms of the two constructs, 

while that in spleen might be related to the high vascularity of the spleen, allowing increased 

accumulation with increased circulation, coupled with increased retention of HPMA–CHP.

Osteosarcoma tumors are heterogeneous14 and both intra-tumoral and intertumoral 

heterogeneities make targeting difficult.14 Osteosarcoma causes changes in the structural 

integrity of bone,16 which might contribute to the degree of polymer or peptide extravasation 

or retention at the bone as well as the amount of denatured collagen. Bone is composed of a 

hard outer bone called the cortex and an inner porous spongy bone called the trabeculae.16 

Several bone remodeling changes, and consequently, measurable bone properties, are known 

to be associated with osteosarcoma. These include weakening of cortical integrity associated 
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with enzyme digestion and tumor penetration into the soft tissue surrounding the bone and 

changes in the trabecular bone tissue.37,38 Correlating the specific bone parameters, which 

can be obtained using CT imaging, a common and noninvasive medical imaging technique, 

with the likelihood of targeting and polymer accumulation could inform a personalized 

treatment strategy and predict the utility of a polymer-based system. In this study, with 

limited power to conclude the significance of correlations due to the small sample size, we 

found that several parameters showed a correlation with accumulation. Cortical porosity, the 

fraction of void volume within the cortical bone,39 is highly linked with bone remodeling40 

and displayed a correlation with the accumulation of targeted polymer at 168 h (S168) 

(Figure 6). The p values indicate that it is weakly significant (using α = 0.1). Cortical 

porosity appears to be correlated (albeit weakly, due to a small sample size) with polymer 

accumulation (targeted and nontargeted) but not with peptide accumulation (Table S1). This 

would suggest that a larger study varying the cortical porosity and measuring the polymer 

accumulation could help elucidate a relationship that might inform treatment strategies.

There are several bone-targeted delivery systems that have been explored.41–44 Some 

well-known examples of moieties employed to target nanoplatforms to bone include 

bisphosphonates, tetracyclines, and bone sialoproteins,45,46 which, like in most strategies 

currently used, bind to hydroxyapatite minerals in the bone matrix.30 Several of these 

moieties have been associated with toxicities, including pediatric growth inhibition 

and osteonecrosis of the jaw.47–49 Polymers have been employed to target the bone 

predominantly through binding to hydroxyapatite.41,42,46,50,51 HPMA copolymers have been 

targeted to the bone using the hydroxyapatite-binding moieties Asp8 and alendronate. 

HPMA copolymer–Asp8 conjugates showed improved polymer accumulation compared 

to HPMA alone.52 Furthermore, the study showed that higher-molecular-weight HPMA 

copolymers demonstrated higher accumulation than lower-molecular-weight polymers due 

to extended circulation time and discontinuous blood vessels in the bone marrow.52 Another 

study showed that the medium-molecular-weight HPMA–alendronate polymer conjugates 

(50–100 kDa) showed the most binding compared to larger or smaller polymers.53 PEG 

has also been explored as a polymer carrier to target the bone.46 Additionally, it has 

been shown that there is higher accumulation in regions of high bone turnover in the 

metaphyseal region,54 which is the common site of osteosarcoma. The targeted system in 

this study binds to collagen, which makes up a high proportion of bone tissues including 

nonmineralized bones such as the cartilage.33,35 Since bone destruction involves extensive 

collagen degradation and demineralization, targeting collagen instead of bone minerals 

could be an advantage. Its lack of toxicity and adaptability also provide an advantage as a 

versatile platform.

CONCLUSIONS

This study extends the applicability of collagen-targeted water-soluble copolymer 

conjugates in primary bone cancer. The copolymer–peptide conjugate showed an increased 

accumulation and retention at the tumor compared to the nontargeted conjugate as well as an 

increase in retention over the peptide alone. In future studies, expanding the μ-CT analysis 

to measure relationships between bone parameters, polymer accumulation in the bone tumor 

at different time points, and tumor stages could help elucidate mechanisms that promote 
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targeting and retention at the bone. Furthermore, this conjugate can be employed as a drug 

delivery vehicle or diagnostic tool for the management of OS.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

μ-CT microcomputed tomography

AIBN azobisisobutyronitrile

AUC area under the curve

CHP collagen hybridizing peptide

SCHP scrambled CHP

CI confidence interval

CT computed tomography

Cy5.5 Cyanine5.5

DIPEA N,N-diisopropylethylamine

DMF dimethylformamide

ECM extracellular matrix

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

ESI-MS electrospray ionization mass spectrometry

HBTU 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium 

hexafluorophosphate

HPLC high-performance liquid chromatography

HPMA N-(2-hydroxypropyl)-methacrylamide

HPMA–CHP HPMA copolymer–CHP conjugate

HPMA–SCHP HPMA copolymer-scrambled CHP conjugate

IACUC Institutional Animal Care and Use Committee
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http://biorender.com/


IV intravenous

IVIS in vivo imaging system

M N number-average molecular weight

M W weight-average molecular weight

MA-GG-OH N-methacryloylglycylglycine

MALDI-ToF matrix-assisted laser desorption ionization time-of-flight

NHS N-hydroxysuccinimide

NMR nuclear magnetic resonance

NOD nonobese diabetic

NSG NOD scid gamma

OS osteosarcoma

PBS phosphate-buffered saline

ROI region of interest

S 168 accumulation at 168 h

S max maximum accumulation

SD standard deviation

SPPS solid-phase peptide synthesis

t 1/2 tumor half-life

t max time to maximum accumulation

UV–vis ultraviolet–visible
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Figure 1. 
Schematic of experimental design for HPMA copolymer–CHP conjugates targeting 

denatured collagen in a murine model of intratibial osteosarcoma.
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Figure 2. 
Schematic of synthesis of HPMA–CHP and HPMA–SCHP conjugates, where S(GfO)9 refers 

to the scrambled (GfO)9 sequence.
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Figure 3. 
(A) X-ray images of contralateral and tumor-bearing tibias of osteosarcoma tumor-bearing 

NSG mice, implanted with Saos-2 cells in the right proximal tibia, each showing the bone 

alone in the left image and the soft tissue along with the bone in the right image; arrows 

indicate the tumor site; (B) fluorescence images at t = 0 (preinjection), 0.1 (immediately 

postinjection), 6, 12, 24, 48, 72, 96, 120, 144, and 168 h of intravenously administered 

HPMA–CHP, HPMA–SCHP, and CHP, with tumor region indicated by the yellow dashed 

Subrahmanyam et al. Page 18

Mol Pharm. Author manuscript; available in PMC 2024 January 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



circle in t = 0 preinjection time point image and the rectangular dashed box indicates the 

cropped region shown in the time point data with the arrow indicating tumor.
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Figure 4. 
(A) Postinjection time point radiant efficiencies of tumor region of osteosarcoma tumor-

bearing NSG mice after tail vein injection of Cy5.5-labeled HPMA–CHP, HPMA–SCHP, 

or CHP; (B) AUC and t1/2 of compounds at the tumor, calculated using noncompartmental 

pharmacokinetic analysis; and (C) radiant efficiencies at postinjection time points with 

corresponding comparative p values (mean ± SD, N = 6, *p < 0.05, **p < 0.01, and ***p < 

0.001).
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Figure 5. 
(A) Fluorescence images of the heart (h), lung (lg), liver (lv), kidney (k), spleen (s), stomach 

and intestines (s&i), and tumor-bearing leg (leg) harvested at 168 h from tumor-bearing 

NSG mice implanted with Saos-2 cells in the right proximal tibia and administered with 

Cy5.5-labeled HPMA–CHP, HPMA–SCHP, and CHP via tail vein injection; (B) comparison 

of radiant efficiency at each organ and right leg of the three compounds (mean ± SD, N = 6, 

*p < 0.05, **p < 0.01, ***p < 0.001).
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Figure 6. 
Correlation of cortical porosity, bone volume, and bone surface area parameters extracted 

from μ-CT images against tumor accumulation at 168 h (S168) in radiant efficiency, 

including Pearson’s correlation coefficient (r), sample size (n), p-value (p), and 95% 

confidence interval (95% CI) for tumor-bearing NSG mice implanted with Saos-2 cells 

in the right proximal tibia and administered with Cy5.5-labeled HPMA–CHP and HPMA–
SCHP via tail vein injection.
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Table 1.

Noncompartmental Pharmacokinetic Analysis of HPMA–CHP, HPMA–SCHP, and CHP in Intratibial 

Osteosarcoma Tumors, with Area under the Curve (AUC), Maximum Accumulation (Smax), Time to 

Maximum Accumulation (tmax), Tumor Half-Life (t1/2), and the Ratio of Accumulation at 168 h to Maximum 

Accumulation (S168/Smax)a

HPMA–CHP HPMA–SCHP CHP

AUC (rad eff × h)   1.8 × 1012   1.1 × 1012 1.5 × 1012

Smax (rad eff)   1.9 × 1010   1.1 × 1010 2.3 × 1010

tmax (h)   6   24 6

t1/2 (h)   97.9   77.8 67.5

S168/Smax   0.29   0.27 0.16

a
Parameters are determined using quantification of radiant efficiency (rad eff) from IVIS fluorescence imaging.
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