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Abstract

The extracellular matrix (ECM) is dynamically involved in many aspects of cell growth and 

survival, and it plays an active role in cancer etiology. In comparison to healthy ECM, 

tumor associated ECM shows high collagen deposition and remodeling activity, which results 

in an increased amount of denatured collagen strands in tumor tissues. Capitalizing on this 

distinguishing feature, we developed tumor-localizing polymeric carriers that selectively bind 

to denatured collagen in the tumor ECM. We synthesized N-(2-hydroxypropyl)methacrylamide 

(HPMA) copolymers with their side chains conjugated to collagen hybridizing peptides (CHPs). 

HPMA copolymer-CHP conjugates exhibited selective affinity to denatured collagen and localized 

to tumors in an orthotopic MDA-MB-231 murine breast cancer model. The conjugates had 

increased tumor localization compared to copolymers with scrambled peptides in the side chains, 

as well as increased retention compared to free CHPs. Such conjugates show promise as carriers 

for ECM-acting drugs and imaging agents in the management of diseases characterized by high 

ECM remodeling activity.
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1. Introduction

Cancer progression is accompanied by extensive changes in the tumor extracellular matrix 

(ECM) [1–4]. The ECM, the complex non-cellular environment surrounding cells [5], is 

an active player in cell growth and survival, and it influences many types of disease 

etiology [1,2,5]. ECM is composed largely of cell-adhesive structural proteins, including 

collagen, laminin, elastin, and fibronectin, as well as glycosaminoglycans, proteoglycans, 

and various signaling molecules and growth factors [6–8]. It provides structural support for 

tissue organization and regulates signaling to cells [9,10]. In cancer, the ECM undergoes 

morphological and biochemical changes that distinguish it from healthy tissues [11,12], 

including an increased breakdown and restructuring of ECM molecules [3].

Collagen is the most abundant protein in the human body [13–15]. There are 28 types of 

collagen, all of which are trimers with some or all portions of the trimer folded into a 

triple helical super-secondary protein structure comprised of three super-coiled polyproline 

II helices [16], stabilized by inter-strand hydrogen bonds [17]. Collagen is remodeled as 

a part of normal tissue maintenance through collagenolytic proteases, specifically matrix 

metalloproteinases (MMP) and cathepsins [18,19]. These proteases cleave collagens at 

specific sites, leading to their immediate denaturation at physiological temperature and 

presentation of unfolded collagen strands [13]. At tumor sites, there is increased ECM 

remodeling activity, attributed in part to an increased expression of these degradative 

enzymes [13]. The proteolytic breakdown of collagen in tumors results in an increased 

availability of denatured (monomeric) collagen in the tumor ECM tissue [17]. Furthermore 

there is also increased deposition of newly synthesized collagen (desmoplasia) in tumors 

[20]. This offers an opportunity for selective targeting to tumor tissue and retention at the 

tumor site through binding to denatured collagen.

Current strategies for polymer-mediated drug delivery (such as targeting of cell surface 

receptors) are often limited due to restricted diffusion through the dense ECM [21,22]. An 

alternative approach is to intentionally target the ECM to disrupt remodeling that is essential 

for tumor growth in many cancers. This reduces the need for polymeric carriers to overcome 

a dense stroma and the interstitial fluid pressure characteristic of tumors [21], both of which 

limit the diffusion of therapeutics from the vasculature to the interstitial tissue and ultimately 

uptake by cancer cells [22,23]. Targeting collagen is particularly advantageous because it 

is the most abundant constituent of the ECM [21], and it is present immediately upon 

extravasation. Targeting and anchoring to remodeling collagen also allows for specific and 

sustained delivery to the ECM of drugs which therapeutically act on the matrix components 

to slow tumor growth and metastasis. This has potential applications in cancers where 

the ECM plays a particularly important role, including pancreatic, ovarian, and breast 

cancer [20,24,25]. Furthermore, there are many cancer drugs (e.g. monoclonal antibodies 

(mAbs), MMP inhibitors, etc.) [26,27] that work outside the cell, which would benefit from 

extracellular anchoring. Additionally, the primary means of drug resistance in cancers is 

through cell efflux pumps on the cell membrane [28]. Targeting therapeutics outside the 

cell can evade this mechanism of drug resistance. Attachment of ECM-targeting moieties to 

polymeric carriers provides the opportunity for multi-valency, alters biodistribution, and 

enables conjugation of imaging agents simultaneously with drug molecules. Therefore 
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ECM-targeting using polymeric carriers offers several advantages for anticancer drugs. 

There are several publications regarding the utility of targeting ECM molecules, including 

collagen (intact and denatured), for localization and targeted delivery of therapeutics [4,29–

31].

Collagen hybridizing peptides (CHPs) comprise a class of peptides rationally designed to 

mimic the native collagen structure and have been shown to specifically bind to denatured 

(monomeric) collagen strands through triple helical hybridization [29,32,33]. They have 

been shown to bind to several different types of collagens denatured by MMP activity, 

heat, denaturants, or mechanical damage [14,29,32,34]. CHPs have been widely explored for 

their utility in interrogating the properties of damaged collagens in musculo-skeletal tissues 

[32,34,35].

In this work, we conjugated CHPs to N-(2-hydroxypropyl)methacrylamide (HPMA) 

copolymers and evaluated them for binding to denatured collagen in vitro and tumor 

localization in vivo. Fig. 1 depicts the rationale for the use of HPMA copolymer-CHP 

conjugates (HPMA-CHP) in tumor ECM targeting. HPMA copolymers are water-soluble 

polymers, which are generally recognized as non-toxic and non-immunogenic [36–40]. They 

can confer multifunctionality through synthetically adaptable side chains, in particular by 

incorporation of targeting moieties, imaging agents, and releasable drugs [36,40]. Because 

they exhibit size-dependent accumulation in the tumor site via the enhanced permeability 

and retention (EPR) effect [37,38,40–43], HPMA copolymers have been studied extensively 

for targeted drug delivery [36,37,39,44].

Here we report the synthesis of the copolymer-peptide conjugates, their physicochemical 

properties including triple helix refolding propensity and collagen binding, and their 

accumulation and retention in tumors of an orthotopic murine breast cancer (MDA-MB-231) 

model.

2. Materials and methods

2.1. Materials

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

International (Wood Dale, IL). All other Fmoc-amino acids were purchased from VWR 

International (Radnor, PA). Collagen Type I (rat tail) was purchased from BD Sciences 

(Franklin Lakes, NJ). Nunc Black 96-well Maxisorp coated plates, N,N-dimethylformamide 

(DMF), and N,N-diisopropylethylamine (DIPEA) were purchased from Thermo Fisher 

Scientific (Waltham, MA). Cyanine5.5 N-hydroxysuccinimide (NHS) ester reactive dye 

was purchased from Lumiprobe (Hunt Valley, MD). All other materials for this study were 

acquired from Sigma Aldrich (St. Louis, MO).

2.2. Synthesis of comonomers

N-(2-hydroxypropyl)methacrylamide (HPMA) and N-methacryloylglycylglycine (MA-GG-

OH) comonomers were synthesized according to previously published methods [45]. MA-

GG-OH was prepared for incorporation into copolymers as a carboxylic acid attachment site 
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for CHPs. Comonomers were characterized using electrospray ionization mass spectrometry 

(ESI-MS) and nuclear magnetic resonance (NMR) spectroscopy.

2.3. Synthesis of HPMA copolymer precursors

HPMA copolymer precursors were synthesized using free radical copolymerization of the 

comonomers HPMA and MA-GG-OH. The feed ratio was 85:15 (HPMA:MA-GG-OH) 

molar ratio, and azobisisobutyronitrile (AIBN) was used as an initiator in a solvent mixture 

of DMSO: methanol (2:3), with total monomer concentration of 1 M. Specifically, 240 mg 

(1.70 mmol) of HPMA was combined with 60 mg (0.30 mmol) of MA-GG-OH in 2 mL 

of DMSO/methanol in a 5 mL glass ampule (Thomas Scientific, Swedesboro, NJ), and 12 

mg of AIBN was added. The reaction mixture in an ampule was purged with nitrogen using 

five freeze-thaw cycles, and the glass ampule was sealed. The reaction was stirred under an 

inert N2 atmosphere at 50 °C in a temperature-controlled oil bath for 24 h. To terminate the 

reaction, the ampule was opened, and the reaction mixture was added to an 80-fold excess 

volume of acetone to precipitate the solid product. The precipitates were isolated through 

centrifugation followed by washing twice with acetone and air drying.

2.4. Synthesis of CHP

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

amino acid abbreviations are used) was synthesized by standard Fmoc-mediated solid 

phase peptide synthesis (SPPS) using an automated peptide synthesizer with some 

manual modifications. Cyanine5.5 (Cy5.5) was incorporated for in vivo fluorescence 

detection. Specifically, the peptide sequences K(Boc)GGG(GfO)9 were grown from 

TentaGel-R-RAM resin using HBTU (2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium 

hexafluorophosphate, hexafluorophosphate benzotriazole tetramethyl uronium) coupling 

chemistry. Cy5.5 NHS ester was added to the N-terminus of the peptide on resin in 

DMF in the presence of DIPEA. Cleavage from the resin using a standard cleavage 

cocktail [trifluoroacetic acid (TFA):water:triisopropyl silane (TIPS) = 95:2.5:2.5 by volume] 

produced free peptides, with an amide at the C-terminus, and a deprotected lysine side 

chain. The lysine residue serves as a bifunctional linker to incorporate both Cy5.5 (via 
N-terminus) and to provide a primary amine for attachment to the copolymer (via side chain 

amine). The Gly-Gly-Gly is a flexible spacer intended to decouple peptide from polymer 

backbone. Peptides were purified by reverse phase high performance liquid chromatography 

(HPLC) [Agilent SD-1 Prepstar HPLC Pump and a Zorbax 300SB-C18 column (Agilent)]. 

Peptide identities were confirmed using MALDI-ToF (Bruker UltrafleXtreme) mass 

spectrometry (MW = 3449 g/mol). Control peptide of scrambled sequence (SCHP: Cy5.5-

KGGGOfGGOfGfGfOfOGOfGOOfGGOOffG) having amino acid composition identical to 

targeted CHP was synthesized in a similar manner. The control scrambled peptide lacks 

triple helical folding propensity and is unable to bind to denatured collagen [13].

2.5. Conjugation of peptide to HPMA copolymer precursors

CHPs were conjugated to copolymer precursors using 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC) coupling chemistry. For the targeted peptide, the 

peptide and copolymer precursor were separately dissolved in 10% DIPEA in DMF and 

heated to 55 °C. EDC (12 μmol) was added to the copolymer solution (1.2 mM, 1 mL) 
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and stirred for 5 min. The peptide solution (6 mM, 1 mL) was then added, and the reaction 

was stirred for 24 h at 55 °C. The reaction mixture was added to excess ether to precipitate 

the product, which was isolated through centrifugation and decanting. The solid precipitates 

were dissolved in water and dialyzed at 50 °C for 2 d to dissociate and remove any 

unreacted CHP which may have bound to pendant CHPs of the HPMA-CHP. The dialyzed 

solution was lyophilized to yield the final copolymer-peptide conjugate. A schematic of the 

HPMA-CHP synthesis, including peptide structure, is shown in Fig. 2.

2.6. Characterization of HPMA-CHP

Size exclusion chromatography (SEC) (Akta Fast Protein Liquid Chromatography, Superose 

6 column, 10 × 300 mm, phosphate buffered saline (PBS), pH 7.4, eluent) connected to a 

refractive index detector (OptiLab Rex, Wyatt Technologies Corporation, Santa Barbara, Ca) 

was used to determine the molecular weight and polydispersity of copolymer precursors. 

The peptide content of the conjugates was calculated using UV-VIS spectrophotometry.

2.7. Circular dichroism

The circular dichroism (CD) melting temperature of HPMA-CHP was measured on a 

JASCO J-1500 CD spectrophotometer, using quartz cells with a path length of 1 cm. All 

samples were dissolved in deionized (DI) water at a concentration of 4 mg/mL. Thermal 

melting point curves were generated by monitoring the CD ellipticity at 225 nm from 4 °C 

to 90 °C at a heating rate of 0.5 °C/min. The melting temperature (Tm) was determined 

as the minimum of the first derivative of the melting curve. Additionally, a kinetic study 

was done to measure the refolding rate of HPMA-CHP at 4 °C and at 37 °C. For 

refolding kinetics, polymer solutions (same concentration as above) in CD cuvette were 

incubated in 90 °C water for 10 min. The cuvette was then immediately placed in the CD 

spectrophotometer set at 37 °C or 4 °C. The ellipticity at 225 nm was monitored over 3 h. A 

smoothing curve was used prior to the analysis of CD data.

2.8. Collagen binding

Wells of 96-well Nunc black Maxisorp plates (Thermo Fisher Scientific, Waltham, MA) 

were coated with either denatured or intact type I collagen. For intact collagen, 50 μL type 

I collagen (rat tail, 4 mg/mL, 0.02 N acetic acid) was added directly to the wells. For 

denatured collagen, the collagen solution was heated at 70 °C for 15 min prior to adding to 

wells. The wells were allowed to dry completely under a fan. The wells were then washed 

with PBS to neutralize, followed by DI water, and then allowed to dry completely.

To each collagen-coated well, 75 μL of HPMA-CHP or HPMA-SCHP in PBS (1 mg/mL) 

was added. Prior to addition to the wells, solutions were heated to 70 °C for 10 min, then 

cooled in ice for 30 s. The well plates were covered and placed at 4 °C for 1 h. Excess 

solution was pipetted out, and wells were washed with 200 μL of PBS, followed by 200 

μL of DI water. Fluorescence intensity of the wells was measured on a SpectraMax M-2 

Microplate Reader (Molecular Devices, LLC, San Jose, Ca) at excitation of 630 nm and 

emission of 710 nm. All samples were measured in triplicate.
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For studying retention after washing, 200 μL of PBS was added to each well prepared as 

above, and the plate was placed in an incubator at 37 °C and shaken for 5 min. The solution 

was pipetted out from the wells, and the wells were washed with DI water and allowed to 

dry completely. The fluorescence was read as above, and the percentage of the fluorescence 

was calculated compared to the initial fluorescence. The procedure was repeated for a total 

of five times. All samples were tested in triplicate.

2.9. Animal experiment

All experiments were approved by and performed in accordance with the University of 

Utah’s Institutional Animal Care and Use Committee (IACUC) guidelines (IACUC #21–

10,007), with the assistance of the Preclinical Research Resource (PRR) at the Huntsman 

Cancer Institute (HCI). In order to generate an orthotopic breast cancer murine model, 

non-obese diabetic/scid (NOD/SCID) mice were implanted with MDAMB-231 cells (0.5 × 

106 cells/tumor) suspended in Matrigel in the mammary fat pad of the mice. Tumors were 

allowed to grow for 7 wk. until they were between 150 and 300 mm3, measured by calipers. 

Mice were fed a non-alfalfa-containing diet to avoid interference during fluorescence 

imaging.

Mice were treated with hair remover (Nair) to reduce auto-fluorescence and divided into 

three experimental groups, with tumor sizes spread similarly in the three groups. Mice were 

tail-vein injected with 7.5 nmol (in terms of CHP content and Cy5.5 content, which were 

equivalent) of HPMA-CHP, HPMA-SCHP, or CHP in 175 uL of PBS solution. Fluorescence 

of the injected compound from the animal was imaged using an In Vivo Imaging System 

(IVIS) Spectrum (Caliper Life-Sciences) using wavelengths of 675 nm for excitation and 

720 nm for emission, at t = 0 (before injection), 0.2 (immediately after injection), 6, 12, 

24, 48, 72, and 168 h. Regions of interest (ROIs) of identical area encompassing the 

tumors were selected, and total radiant efficiency was quantified for analysis. Animals were 

euthanized after 168 h, using CO2 inhalation and cervical dislocation, and organs (heart, 

lung, liver, kidneys, spleen, and stomach/intestines) and tumors were harvested and imaged 

for biodistribution. ROIs, identical across each type of organ, were selected, and total radiant 

efficiency was quantified for analysis.

2.10. Statistical analysis

Significance was determined using unpaired t-test between groups, using GraphPad Prism 

Software. A significance level of α = 0.05 was used for all statistical tests.

3. Results and discussion

3.1. Synthesis and characterization of HPMA-CHPs

HPMA copolymer precursors were synthesized by free radical copolymerization of 

HPMA and MA-GG-OH using AIBN initiator with a mol percent feed ratio of 85:15 

(HPMA:MA-GG-OH). Weight average molecular weight, number average molecular 

weight, and polydispersity as determined by SEC were 85 kDa, 47 kDa, and 1.8, 

respectively. Fluorescently labeled collagen hybridizing peptide [targeted CHP: Cy5.5-

KGGG(GfO)9; f: (2S, 4S)-4-fluoroproline); O: 4-hydroxyproline] and scrambled peptide 
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(SCHP: Cy5.5-KGGGOfGGOfGfGfOfOGOfGOOfGGOOffG) were synthesized on solid 

support, and purified peptides were conjugated to the copolymer precursor using 1-

ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC)-mediated coupling chemistry. After 

purification of HPMA-CHP conjugates, peptide contents were measured using UV–Vis 

spectrophotometry. On average, HPMA-CHP had 1.8 peptides per polymer chain, and 

HPMA-SCHP had 3.7 peptides per polymer chain.

Under identical reaction conditions, fewer targeted peptides were conjugated to polymers 

compared to scrambled peptides. Increasing the targeted peptide concentration during the 

conjugation reaction did not result in conjugation of additional peptides per polymer. 

Despite this difference, all experiments showed significantly more collagen binding for the 

targeted conjugates compared to scrambled conjugates. The large peptide size (~3.5 kDa) 

compared to smaller peptides often used in other HPMA conjugate systems [38,41] may 

have resulted in low conjugation yield. We note that the number of peptides per polymer 

chain determined by UV–Vis reflects an average value, not an absolute value.

3.2. CHP’s triple helical folding behavior allows HPMA-CHP to bind to denatured collagen 
strands at 37 °C

The CD melting temperatures of HPMA-CHP and HPMA-SCHP conjugates in DI water 

(4 mg/mL) were determined by measuring the ellipticity at 225 nm from 4 °C to 90 °C 

at a heating rate of 0.5 °C/min (Fig. 3a). HPMA-CHP exhibited a sigmoidal transition 

between 30 °C and 60 °C with a midpoint melting Tm at 48 °C which corresponded to 

the minimum of the first derivative of the melting curve. HPMA-SCHP did not exhibit a 

sigmoidal melting curve. The rate of refolding of HPMA-CHP was measured by CD (Fig. 

3b). At 4 °C, refolding was fast with refolding half-time of 7.5 min. At 37 °C, HPMA-CHP 

rapidly refolded only up to 68% folded (ellipticity of 4 °C sample after 3 h was used as 

100% folded), and then remained close to this value for the remaining 3 h.

CHPs are known to self-trimerize to form homotrimers [13], which precludes their binding 

to collagen strands. Tendency for such homo-trimerization is significantly enhanced when 

more than two CHPs are bound to a template molecule or to the same polymer backbone, 

due to neighboring group effect [46,47]. Initially, we prepared HPMA copolymer-peptide 

conjugates comprised of conventional CHP with GlyProHyp repeats which have high 

triple helical propensity. These conjugates exhibited fast refolding and high Tm of 62 

°C, indicative of homotrimerization of CHPs templated to the HPMA backbone. In fact, 

when tested, these compounds showed low affinity to denatured collagen due to fast 

self-homotrimerization in both plate binding assay and in vivo mouse experiments (data 

not shown). These results suggested that, to make polymer-conjugated CHPs with active 

collagen binding, CHPs with low tendency for self-trimerization were needed such as those 

with GfO repeats reported previously [32]. The CD refolding data indicated that the melted 

HPMA-CHP (which has the GfO repeats) only fold partially even when incubated at 37 °C 

for >1 h. This suggests that at body temperature, a portion of CHPs displayed on HPMA 

backbone are not trimerized and are able to bind to denatured collagen strands present in 

tumor ECMs (Fig. 3c).
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3.3. HPMA-CHP binds to denatured collagen strands by triple helical folding

Binding assay using collagen coated plates (Fig. 4) demonstrated that HPMA-CHP showed 

more binding to thermally denatured type I collagen compared to intact type I collagen. 

HPMA-SCHP showed negligible binding to both collagens with no difference between the 

two.

HPMA-CHP binding to denatured collagen validates that tethering of CHPs to HPMA 

copolymer side chains did not restrict their binding to collagen strands. There was low but 

measurable binding to intact collagen (likely due to a small amount of denatured collagen 

in the rat tail collagen solution); however, the binding was three-fold higher for denatured 

collagen, demonstrating the selectivity for denatured collagen as previously reported [13]. 

The lack of collagen binding for the HPMA-SCHP confirms that the binding was due to 

CHP’s triple helical hybridization to collagen strands and not a result of polymer entrapment 

in a gelatin matrix or non-specific polymer adhesion to denatured collagen.

3.4. HPMA-CHP and CHP bound to denatured collagen exhibited similar retention against 
washing

HPMA-CHP and CHP which were bound to gelatin-coated wells were subjected to washing 

with blank PBS to test and compare their affinity to denatured collagen. After five washes, 

HPMA-CHP and CHP showed no difference in retention to denatured collagen (Fig. 5).

These results indicate that both HPMA-CHP and CHP show similar binding strength to 

collagen strands and that the strength of CHP binding is not reduced by conjugation to 

the HPMA backbone. The results also suggest that there was no multivalency-mediated 

enhancement of gelatin binding for HPMA-CHP, likely due to low CHP conjugation number 

(1.8 CHPs per HPMA polymer chain). In vivo, various factors such as local concentrations 

of the degraded collagens and HPMA-CHP conjugates, potential enzymatic degradation of 

peptides, and renal clearance may affect the relative sustained binding of HPMA-CHP and 

CHP.

3.5. HPMA-CHP exhibited higher accumulation and longer retention in murine breast 
tumors compared to HPMA-SCHP as a result of denatured collagen binding

An orthotopic breast cancer model, induced through injecting MDA-MB-231 cells into 

the mammary fat pad of NOD/scid mice, was employed to provide a representative 

tumor and collagen microenvironment. Tumor-bearing mice were administered HPMA-CHP, 

HPMA-SCHP, or CHP via tail-vein injection, and fluorescence was measured at t = 0 

(pre-injection), 0.2 (post-injection), 6, 12, 24, 48, 72, and 168 h using an IVIS Spectrum 

(Caliper LifeSciences). Mice within each experimental group (HPMA-CHP, HPMA-SCHP, 

and CHP) were given identifiers prior to injection of experimental compounds [#1–5, from 

left to right in images shown in supplemental data (Figs. S1–S3)] and animal #3 in each 

group was chosen for all representative images shown. Fluorescent signal in mice over time 

showed accumulation at the breast tumor indicated by a black dashed oval in pre-injection 

mouse (Fig. 6). Radiant efficiency over time at the tumor site showed that HPMA-CHP has 

a higher accumulation compared to HPMA-SCHP at each timepoint throughout the 168 h, 

and a higher area under the curve (AUC) (Fig. 7a and b). The half-lives were not statistically 

Subrahmanyam et al. Page 8

J Control Release. Author manuscript; available in PMC 2024 January 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



different between HPMA-CHP and HPMA-SCHP. Semi-quantitative pharmacokinetic data 

(non-compartmental analysis) at the tumor as a function of fluorescent signal indicated that 

HPMA-CHP and HPMA-SCHP had areas under the curve (AUC) of 1.68 × 1013 and 9.09 

× 1012 radiant efficiency units (rad eff) × hr, respectively, and maximum concentrations 

(Cmax) of 1.74 × 1011 and 8.80 × 1010 rad eff units, respectively (Table 1). Both had a time 

to maximum concentration (tmax) of 24 h. The tumor half-lives (t1/2) of HPMA-CHP and 

HPMA-SCHP were 74.2 and 66.5 h, respectively.

The AUC for HPMA-CHP was 1.8 times that of HPMA-SCHP, and the Cmax of HPMA-CHP 

was higher than that of HPMA-SCHP, suggesting that if a drug molecule was conjugated 

to the HPMA copolymer, HPMA-CHP would allow 1.8 times the total drug exposure 

(compared to HPMA without CHP) at the tumor over 168 h and potentially a greater 

therapeutic effect of a given dose of drug with fewer side effects. The greater concentration 

of HPMA-CHP compared to HPMA-SCHP at every point shows potential for utility of this 

carrier to improve efficacy and reduce systemic toxicity of therapeutics.

3.6. HPMA-CHP exhibited higher retention in murine breast tumors compared to CHP 
without polymer backbone

While CHP and HPMA-CHP showed similar Cmax in the tumor, with time to maximum 

level (tmax) of ~6 h for CHP and ~ 24 h for HPMA-CHP, CHP was eliminated faster. While 

at the 168 h timepoint, the difference between HPMA-CHP and CHP was not significant, 

HPMACHP showed greater accumulation than CHP up to the 72 h timepoint, indicating 

greater retention. This is also corroborated by the longer tumor half-life of HPMA-CHP 

compared to CHP. The tumor half-life of the targeted peptide was 59.8 h compared to 74.2 h 

for the targeted polymer.

Larger molecular weight of the conjugates leading to reduced rate of elimination from 

the tumor and potential multivalency may account for some of the differences observed. 

Though the HPMA-CHP and CHP exhibit similar accumulations at the 168 h timepoint, the 

conjugate offers advantages over the peptide alone. In addition to the increased retention 

provided by the HPMA-CHP compared to CHP, the polymer offers opportunities for 

multifunctionality through incorporation of drugs and imaging agents in the side chains 

for sustained and targeted delivery of ECM-acting therapeutics, combination drug delivery, 

as well as for diagnostic and theranostic applications.

3.7. Organ distribution showed differential accumulation at 168 h

To better assess biodistribution, mice were euthanized after 168 h, and lung (lg), heart (h), 

liver (lv), kidneys (k), spleen (s), stomach and intestines (s&i), and breast tumor (tumor) 

were collected to measure fluorescent signal (Fig. 8a). Fluorescence images of all organs 

are shown in supplemental data (Figs. S4–S6). Percentage of signal in each organ or tumor 

out of total signal in all organs/tumor indicated that HPMA-CHP and HPMA-SCHP have 

a higher proportion of the signal in the liver and stomach, while CHP showed a higher 

proportion in the lungs and kidneys (Fig. 8b). The percentage of total signal in tumors 

is similar for all three. Comparing the total signal in each organ or tumor between the 

three groups (Fig. 8c), there was more accumulation in the tumor for the targeted polymer 
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compared to the non-targeted polymer. There was also more accumulation of HPMA-CHP 

in the lungs, heart, kidneys, spleen, and liver compared to HPMA-SCHP. The difference 

was not significant for the stomach and intestines. HPMA-CHP and CHP had similar 

accumulation in the tumor at this timepoint. HPMA-CHP accumulated more in the spleen, 

liver, and stomach and intestines compared to CHP, while CHP accumulated more in the 

lungs and kidneys compared to HPMA-CHP. The difference in accumulation in the heart for 

these was not significant.

Collagen is ubiquitous in the body, and a basal level of remodeling occurs as a part of 

normal tissue maintenance [1,19]. The higher signal in all organs, except the stomach and 

intestines, of HPMA-CHP compared to HPMA-SCHP may be due to binding and retention 

at the remodeling collagen at these sites. For the stomach and intestines, the organs were 

harvested together and the total signal quantified, and we believe that the signal primarily 

comes from the intestines rather than the stomach. The similar accumulation between the 

targeted and non-targeted polymers, and the difference in accumulation between targeted 

polymer and peptide, suggests that localization in the intestines may be due to excretion 

through hepatic route followed by biliary clearance [48,49], rather than the result of collagen 

binding. The higher accumulation of the CHP compared to HPMA-CHP in the kidneys 

supports renal excretion as the excretion route of the CHP, likely due to the smaller size of 

CHP. However, as CHP is expected to be eliminated more quickly due to its smaller size, 

the continued presence in the kidneys at this timepoint may suggest binding to collagen, 

rather than solely clearance route. The higher accumulation of HPMA-CHP compared 

to HPMA-SCHP in the kidneys further supports HPMA-CHP and CHP binding to basal 

collagen remodeling known to be present in the kidneys [50]. Additionally, the copolymers 

contain a significant amount of terminal COOH groups in the side chains, which ionize 

to COO– in vivo, and are thus highly negatively charged. Kidney accumulation of HPMA 

copolymers with high COO- content in the side chains has been observed, and negative 

charge has been proposed as a potential cause [51,52], and this may have also contributed to 

the overall kidney accumulation of both copolymers in our study. Polymer charge has been 

reported to influence biodistribution, due to its influence on glomerular permeability and 

clearance [53,54], which may have contributed to the observed organ accumulations. Further 

studies are needed to investigate the mechanisms of kidney accumulation of these constructs.

The higher HPMA-CHP accumulation in the spleen, liver, and stomach and intestines, 

compared to CHP may be due to the increased size of the polymeric constructs compared to 

free peptides and contribution of macrophage uptake [55]. Accumulation of HPMA-CHP in 

the liver and spleen may be due to leakiness in the endothelium and basement membranes 

in the blood vessels of these organs, as has been observed in the past for other HPMA 

copolymers [56]. Additionally, the difference in hepatic extraction ratios between peptides 

and polymers may also play a role. Although there is a higher signal of HPMA-CHP 

compared to HPMA-SCHP at the heart, potentially reflecting a higher level remaining in 

circulation, the total level at the heart is very low (>1 order of magnitude lower) compared 

to other sites. It is possible that the HPMA-SCHP was excreted earlier due to less retention 

at the tumor and other sites, and that the HPMA-CHP and CHP were retained in the body 

longer due to collagen binding. The signal from the harvested tumor corroborates the result 

seen in the in vivo imaging at the 168 h timepoint. In the lungs, both the accumulation of 
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CHP and the difference between HPMA-CHP and HPMA-SCHP suggest a role of binding 

to collagen, present in the alveolar interstitium [57]. Previous studies have compared HPMA 

copolymers bound to two different targeting peptides (RGD4C and RGDfK) with different 

binding affinities to the same receptor and found that when bound to HPMA copolymers the 

overall biodistributions and tumor accumulations were similar, indicating a greater influence 

of the polymer [58]. In this study, accumulation at nontarget organs may have been caused 

by the CHP and the high prevalence of collagen throughout the body to which CHP can 

bind.

4. Summary and further discussion

The ECM is intricately involved in cell life through complex soluble and insoluble 

signaling interactions [3,5]. In the tumor-associated ECM, these signaling mechanisms are 

appropriated to promote tumor growth and metastasis [59]. This results in more deposition 

of collagen in the tumor ECM by the cancer cells, resulting in a dense matrix that is difficult 

for chemotherapeutics to penetrate, which limits the efficacy of cancer targeting strategies 

that involve binding to cell surface receptors [21,22]. Targeting the surrounding collagen 

matrix provides a strategy that potentially circumvents this problem. One of the changes in 

the ECM during tumor progression is an increased expression of ECM degradative enzymes, 

specifically cathepsins and MMPs, which alter the tumor ECM and its signaling dynamics 

by remodeling the collagens [60]. The increased availability of remodeling collagen was 

used in this work as a target for tumor selectivity of our polymer delivery vehicle.

We developed HPMA copolymer-CHP conjugates that can bind selectively to denatured 

collagen and demonstrated their targeted and sustained localization in breast tumor tissue 

in a mouse model. Targeted conjugates demonstrated an advantage over both non-targeted 

polymers and collagen hybridizing peptides alone. Compared to CHP, for tumor targeting, 

the incorporation of the polymer alters pharmacokinetics. We observed an increased AUC 

for HPMA-CHP compared to HPMA-SCHP, and an increased tumor half-life for HPMA-

CHP compared to CHP. These characteristics would allow for greater drug exposure when 

utilizing HPMA-CHP for drug delivery.

Compared to cell surface-targeted HPMA copolymer conjugates reported in the literature, 

such as αvβ3 integrin-targeting [41,56,61,62], HER2-targeting [63], HS receptor GRP78-

targeting [44], and others, targeting the ECM collagen is not limited by the tumor cell 

heterogeneity [64], and might be less limited by diffusion across the stroma [21]. The 

involvement of collagen in many cancers and the flexibility to attach different drugs and 

imaging agents makes this polymer a versatile delivery platform.

In addition to increasing tumor localization for drug delivery, targeting and anchoring 

at the extracellular matrix opens opportunities for delivery of drugs that specifically 

act on the ECM. The involvement of the ECM in cancer progression has led to many 

therapeutic strategies, such as MMP inhibitors, that focus on suppressing ECM signaling 

activity [4], which has a critical role in instigating metastasis [65]. While MMP inhibitors 

(e.g., batimastat, marimastat), have undergone clinical trials, they failed due to delivery 

limitations (including water insolubility) and side effects (such as peritonitis when delivered 
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intraperitoneally and joint pain) [66,67]. A water-soluble polymeric carrier that anchors in 

the tumor ECM may improve efficacy and reduce toxicity of such drugs, which may enable 

successful clinical use, as well as a new theranostic approach through incorporation of 

imaging agents and drugs. Further, pursuing extracellular targets could enable a combination 

therapy, simultaneously treating both tumor cells and the environmental contribution of 

dynamic remodeling.

5. Conclusion

This study demonstrates the utility of a collagen-targeted water-soluble copolymer conjugate 

for targeted accumulation in a model of breast cancer. The copolymer-peptide conjugate 

exhibited an increased accumulation at the tumor compared to the non-targeted conjugate 

as well as an increase in retention over the peptide alone. In future studies, comparison 

of HPMA copolymers targeting cell surface receptors against collagen-targeting HPMA 

copolymers could elucidate advantages of extracellular matrix targeting, limitations imposed 

by stromal diffusion, and potential reduction of off-site toxicities. The important next step 

in this study is to explore the use of this targeting strategy in other desmoplastic cancer 

models, as well as to utilize it as a carrier for the delivery of ECM-acting agents and other 

therapeutics.
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Fig. 1. 
Overview of HPMA-CHP targeting denatured collagens of tumor ECM in breast tumor-

bearing mice.
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Fig. 2. 
Synthetic scheme of HPMA-CHP conjugates.
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Fig. 3. 
HPMA-CHP exhibits a broad melting curve associated with CHP self-trimerization with Tm 

around 48 °C. (A) CD melting curves of HPMA-CHP and HPMA-SCHP, (B) CD refolding 

curves of HPMA-CHP at 4 °C and 37 °C, and (C) schematic illustration of folding behavior 

of HPMA-CHP at different temperatures: CHPs are unfolded at 55 °C, partially folded at 37 

°C, and fully folded at 4 °C.
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Fig. 4. 
HPMA-CHP conjugates bind selectively to denatured collagen over intact collagen, and 

significantly more than HPMA-SCHP conjugates. HPMA-SCHP showed no difference in 

binding between intact and denatured collagen. (Mean ± SD, N = 3, *p < 0.05, **p < 0.01, 

***p < 0.001).
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Fig. 5. 
HPMA-CHP and CHP are similarly retained to gelatin-coated plates after washing with PBS 

with ~50% remaining after 5 washes. (Mean ± SD, N = 3, *p < 0.05, **p < 0.01, ***p < 

0.001).
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Fig. 6. 
In vivo near-IR fluorescence images of breast tumor-bearing mice at t = 0 (pre-injection), 

0.2, 6, 12, 24, 48, 72, and 168 h after tail-vein injection of Cy5.5-labeled HPMA-CHP, 

HPMA-SCHP, or CHP. Black dashed oval indicates location of breast tumor.
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Fig. 7. 
(A) Radiant efficiency at breast tumor over time of Cy5.5-labeled HPMA-CHP, HPMA-
SCHP, and CHP administered to breast tumor-bearing mice over 168 h, and (B) comparison 

of breast tumor accumulation at timepoints t = 6, 12, 24, 48, 72, and 168 h, areas under the 

curve (AUC), and half-lives. (Mean ± SD, N = 5, *p < 0.05, **p < 0.01, ***p < 0.001).
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Fig. 8. 
(A) Fluorescence images of harvested lung (lg), heart (h), liver (lv), kidneys (k), spleen 

(s), stomach and intestines (s&i), and breast tumor (tumor) from mice 168 h after tail-vein 

injection of Cy5.5-labeled HPMA-CHP, HPMA-SCHP, or CHP, (B) percent of signal in 

each organ or tumor out of total signal in organs and tumor at 168 h, with comparison 

between percentage in tumors between the three groups, and (C) fluorescent signal in radiant 

efficiency units in each organ or tumor in HPMA-CHP, HPMA-SCHP, and CHP. (Mean ± 

SD, N = 5, *p < 0.05, **p < 0.01, ***p < 0.001).
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Table 1

Non-compartmental pharmacokinetic analysis of HPMA-CHP, HPMA-SCHP, and CHP at the tumor, showing 

area under the curve (AUC), maximum concentration (Cmax), time to maximum concentration (tmax), and half-

life (t1/2), determined using fluorescent signal in radiant efficiency (rad eff) units.

HPMA-CHP HPMA-SCHP CHP

AUC (rad eff × hr) 1.68 × 1013 9.09 × 1012 1.26 × 1013

Cmax (rad eff) 1.74 × 1011 8.80 × 1010 1.97 × 1011

tmax (hr) 24 24 6

t1/2 (hr) 74.2 66.5 59.8
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