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1. Introduction

Ovarian cancer is the seventh most common cancer in women worldwide. Approximately 239, 

000 cases were recorded in 2012, accounting for nearly 4 per cent of all new cases of cancer in 

women (2 per cent overall) [1]. This cancer is fatal, as the disease is usually diagnosed in 

advanced stages. In the United States, ovarian cancer remains the deadliest gynecologic 

malignancy, with estimated 15,500 deaths in the United States in 2012 [2]. The treatment of 

ovarian cancer comprises a surgical cytoreductive procedure followed by postoperative 

combination chemotherapy. While surgery is an important component of initial therapy, most 

patients cannot be cured by surgery alone due to residual microscopic and macroscopic 

peritoneal lesions. Ovarian cancer is a chemosensitive disease and numerous 

chemotherapeutic agents have been shown to produce objective responses following surgery. 

Current treatment with combination chemotherapy results in a clinical complete remission rate in 

approximately 75% of all patients with advanced ovarian cancer. The 5-year survival remains 

44% for all stages and 27% for advanced stages [2]. Despite aggressive primary therapy and 

high initial response rates, relapse and development of drug-resistance have led to a dismal 5-

year survival rate, which highlights the crucial need to develop better therapeutic agents and 

strategies. The purpose of this project is to draw on the recent advances in polymer science, 

chemotherapy and molecular imaging to develop a new therapeutic modality, which will be 

potentially more effective than existing therapeutic agents for the treatment of ovarian cancer. 

This project proposes to develop a new biodegradable polymeric drug delivery system capable 

of non-invasive assessment of therapeutic efficacy by using Fluorescence (Förster) Resonance 

Energy Transfer (FRET) imaging. This strategy can provide information on biodistribution of the 

polymer-drug conjugate, biodegradation of polymer carrier, and drug release at the cellular, 

tissue and whole-body levels. Thus, the outcome of this project is to provide a powerful tool for 

tracking and screening biodegradable nanomedicines in preclinical evaluation. Moreover, this 

real-time monitoring technique will permit to gain a deep insight into the structure-efficacy 

relationship and identify factors impacting effectiveness. Ultimately, optimized polymer-drug 

conjugates with significant efficacy toward ovarian cancer will be produced. More importantly, 

the results from the current research project may be broadly applicable not only to the treatment 

of other cancer types, but also to other drug delivery systems. 
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2. Keywords

FRET imaging; biodegradable HPMA copolymer carriers; epirubicin; ovarian cancer; long-

circulating nanomedicines; cathepsin B. 

3. Overall Project Summary

In general, small molecule anticancer drugs quickly distribute throughout the body after 

intravenous injection, with no selectivity towards the tumor, which to a great extent confines 

their therapeutic efficacy and increase non-specific toxicity. To address this issue, the concept 

of polymer-based drug delivery systems is advocated and has been introduced into clinical trials 

[3-6]. Our group has been working on N-(2-hydroxypropyl)methacrylamide (HPMA) copolymer 

conjugates for years since the first HPMA copolymers were developed in our laboratory. The 

HPMA copolymer-based drug formulations have superior properties over small molecule drugs, 

such as a) enhanced drug bioavailability; b) improved pharmacokinetics [7]; c) increased drug 

accumulation in the tumors by passive or active targeting effect [8-10]; d) decreased non-

specific toxicity [5]; e) potential to overcome multidrug resistance [11]; and f) decreased 

immunogenicity of the targeting moiety [12]. The “1st generation” (HPMA) copolymer conjugate 

containing doxorubicin (DOX) was the first synthetic polymer-based anticancer conjugate to 

enter a clinical trial [13, 14]. In humans, this DOX conjugate showed a 4 to 5-fold increase in the 

maximum tolerated dose (MTD) over free DOX (320 mg/m2 vs. 60-80 mg/m2 DOX equivalent). 

This remarkable improvement in clinical toxicity is mainly due to less effective accumulation and 

endocytosis of polymer conjugates in heart tissue [13]. Subsequently, other “1st generation” 

HPMA copolymer-drug conjugates were also investigated in clinical trials [15-19].   

However, the therapeutic performance of the 1st generation HPMA copolymer-drug conjugates 

in human did not match the results obtained from animal studies. The most likely reason is that 

the molecular weight (Mw) of the conjugates used in the trials was about 25 kDa - not large 

enough to ensure sufficient circulation time in human body and sufficient extravasation of the 

conjugates at the tumor by the EPR (enhanced permeability and retention) effect [20]. 

Consequently, tumors were not exposed to effective drug concentrations. Molecular weight and 

molecular weight distribution are important factors in the design of effective macromolecular 

therapeutics. The higher the molecular weight of the polymer carrier, the higher the 

accumulation of the polymer-drug conjugates in the tumor tissue with concomitant increase in 
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therapeutic efficacy. For prolonged plasma circulation and enhanced tumor accumulation, it is 

imperative to employ polymeric carriers with increased molecular weight. Therefore, high-

molecular weight degradable polymer conjugates are considered as the most attractive 

candidates for next clinical applications [21]. 

Our design employs a cathepsin B-sensitive linker GFLG, which is not only inserted into the 

polymer backbone for degradation, but also incorporated into the side chain as drug 

attachment/release site. This GFLG linker is stable during transport but able to be released by 

cathepasin B in the lysosomal compartment of the target cells at a predetermined rate. The 

cysteine proteinase, cathepsin B, normally locates in the cellular lysosomes, and contributes to 

degradation and regulation of proteins [22]. However, in malignant tumors, such as melanoma 

[23], breast [24], ovarian [25, 26], lung [27], stomach [28], and colon [29] tumors, cathepsin B is 

secreted extracellularly and acts as an important proteinase of matrix materials to degrade 

surrounding proteins and other tissue components so that cancer cells can invade and 

metastasize. It has been reported that cathepsin B level is much higher in malignant ovarian 

tumor than in normal ovary tissues [25] and its expression is regarded as a marker for ovarian 

cancer prognosis [30]. In our design, the 2nd generation enzyme-responsive carriers can 

release drug in the same organ, tissue, or cells with a high level of cathepsin B, like ovarian 

tumors, so as to enhance the uptake ratio of tumor-to-nontumor. 

Epirubicin (Pharmorubicin®), the 4’-epimer of the anthracycline DOX, is an antineoplastic agent 

that inhibits DNA replication, transcription and repair by binding to nucleic acids [31]. Epirubicin 

has been regarded as one of the most active drugs for the patients with cancer, particularly with 

metastatic disease. It has shown equivalent cytotoxic effects to DOX in human ovarian cancer 

cells, but decreased cardiotoxicity and myelotoxicity than DOX at equimolar doses [31]. Thus, 

epirubicin is thought to have a better therapeutic index than DOX. In this project, we propose to 

use HPMA copolymer-epirubicin conjugates as a “proof-of-concept” model for the development 

of new imaging strategy. It should be noted that other chemo agents could be easily used to 

substitute for epirubicin. 

In order to investigate the in vitro and in vivo performance of the new drug delivery system, 

FRET imaging has been applied in this study. FRET is a process in which energy is transferred 
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non-radiatively from a fluorophore in an electronic excited state serving as a donor, to another 

chromophore or acceptor by long-range dipole-dipole coupling [32]. It is unique in generating 

fluorescence signals sensitive to molecular conformation, association, and separation in less 

than 10 nm distance. Over the past decade, FRET imaging has been proven to be an extremely 

useful tool to visualize protein-protein interactions and protein conformational changes with high 

spatial resolution in microscopy. To date, the advances in optical imaging technology, coupled 

with the development of new fluorescent probes and the increasing capability of computer 

software for image acquisition and analysis, have enabled FRET to elucidate molecular 

interactions inside living animals with improved sensitivity and spatial/temporal resolution. In 

particular, the development of near-infrared fluorescence (NIRF) probes plays a vital role in real-

time imaging of dynamic molecular events in vivo [33]. Thus, FRET imaging has a great 

potential for gaining insight into the function-mechanism relationship. 

In summary, the major goal of the proposed project is to develop a novel FRET imaging 

strategy, which permits visualizing the backbone degradation and drug release of copolymer-

drug conjugates at the body, tissue and cell levels. The information will enhance the 

understanding of in vivo behavior of biodegradable polymer carrier and help to shape the design 

of highly efficient delivery systems with decreased adverse effects. We anticipate that the 

success of this project will accelerate the translation of this new drug delivery system from 

bench to clinic and ultimately spark a breakthrough for the treatment of ovarian cancer and 

other diseases. 

4. Key Research Accomplishments

The major goal of the project is to develop a novel FRET imaging strategy, which permits 

visualizing the drug release and backbone degradation of copolymer-drug conjugates at the 

body, tissue and cell levels in real time. To reach this goal, the following studies were 

accomplished. 

4.1 Design and Synthesis of FRET-trackable HPMA Copolymer Conjugates 
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To visualize the payload release and backbone degradation process of HPMA copolymer carrier 

by FRET imaging, two chromophores need be included in our delivery system, one donor and 

one acceptor, and their relative position is crucial. As shown In Figure 1, we present two 

designs for investigation of backbone degradation and drug release from FRET-trackable 

polymers.  

Figure 1. Design of FRET-trackable HPMA copolymer conjugates for monitoring backbone degradation 
(Design A) and drug release (Design B). 
 

In both designs, one chromophore will be conjugated to the main chain polymer segment, and 

the other will be incorporated into an enzyme-sensitive peptide linker. Upon exposure to 

lysosomal cathepsin B or a similar protease, the peptide will be cleaved, thereby leading to the 

separation of the fluorophore pair.  It has been reported that the hydrodynamic radius of 

polyHPMA is 2~4 nm when molecular weight is 20-45 kDa [34]. Therefore, in both designs (Fig. 

1), FRET occurs when the polymer is in its native state, prior to enzymatic degradation, because 

of intimate distance between the donor and the acceptor (“FRET ON”). However, subsequent 

detachment of one chromophore from the backbone by enzymatic cleavage will result in a loss 

of energy transfer (“FRET OFF”).  The two designs differ in regards to the placement of the 

fluorophores within the polymer. In both cases, one fluorophore is conjugated directly to the 

polymer backbone via a non-degradable bond for constitutive tracking. In Design A, the second 

fluorophore is conjugated to a degradable sequence within the polymer backbone, linking 

energy transfer to backbone integrity. In Design B, the second fluorophore in the FRET pair is 
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anchored to the polymer via a degradable sequence incorporated as a side chain, simulating a 

stimuli-sensitive drug release system. Each design enables us to ascertain complementary 

knowledge for polymer optimization along the lines of backbone degradation (Design A) and 

drug release (Design B).  Here, we will present the data of design A and B separately, as 

follows.  

4.1.1 Synthesis of FRET Pair-labeled HPMA Copolymer Conjugates for Tracking 

Backbone Degradation (Design A) 

In order to synthesize the polymer presented in Figure 1, Design A, a two-step approach was 

utilized (Fig. 2) [35]. First, alkyne telechelic polymers containing the FRET donor fluorophore 

were synthesized using RAFT polymerization.  Then, click chemistry and a diazido “chain 

extender” containing the FRET acceptor fluorophore was used to linearly conjoin the polymers.  

Cy3 and Cy5 were selected for the donor and acceptor, respectively, due to their high degree of 

spectral overlap (encouraging significant energy transfer) and extensive use as a FRET pair in 

literature [36]. 

Figure 2. Illustration demonstrating the process of chain extension to generate dual-labeled, backbone-
degradable HPMA copolymers for tracking backbone degradation. 
 

Synthesis of Alkyne-Terminated HPMA Copolymer-Cy3 Conjugates. An α,ω-dialkyne chain 

transfer agent for RAFT polymerization was synthesized as described previously [37]. As the 

CTA forms the active radical during the RAFT polymerization reaction, the termini of the 

polymer product is defined by the CTA end functional groups, enabling telechelic polymers to be 

produced in a single reaction step.  As described in Figure 3, this CTA was used to 

copolymerize HPMA with N-(3-Aminopropyl)methacrylamide (APMA) as a comonomer (3 mole 

percent), using 4,4’-Azobis(4-cyanovaleric acid) (V-501) as the initiator.  The comonomer 

provided reactive amine sidechains for subsequent dye attachment to the polymer.  After 

removal of the unreacted monomer via dialysis against acidified deionized water, the side chain 

amino content of the polymer was analyzed via ninhydrin assay.  Cy3-NHS was then used to 

attach the dye to the polymer backbone via the amine sidechains. Unreacted dye was removed 

via column chromatography (LH20 resin stationary phase, methanol mobile phase).  The 

Cu(I)-Catalyzed Azide-Alkyne  
“Click” Reaction 

!"#$%& #$'"()*+,+-&
#.)/0&123+0-+4&
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content of Cy3 in the polymer chain was determined via UV-Vis spectroscopy (Varian Cary 400 

Bio UV–visible spectrophotometer).   

Figure 3. Synthesis of HPMA copolymer conjugate containing Cy3 fluorophore (P-Cy3). 

Figure 4. Synthesis of enzymatically degradable chain extender containing Cy5 fluorophore (Di-(Azido-

GFLG)-K-Cy5). 

Synthesis of Azide-Terminated, Cy5-Labeled, Degradable Chain Extender (Di-(Azido-GFLG)-K-

Cy5). The Cy5-labeled, α,ω-azido chain extender was synthesized in three steps (Fig. 4).  First, 

solid phase peptide synthesis (Fmoc protection chemistry, HBTU/HOBt coupling agents, 2-

chlorotrityl chloride resin) was used to synthesize Nα,Nε-di-((4-

azidobutanoyl)glycylphenylalanylleucylglycyl)lysine (Di-(Azido-GFLG)-K-COOH, diazido chain 

extender).  Fmoc-Lys(Fmoc)-OH was loaded onto the resin as the first residue.  The two amine 

functional groups were then used to synthesize two symmetric Gly-Leu-Phe-Gly (GLFG) 

oligopeptide arms via stepwise coupling of the amino acid residues.  The terminal amines were 

then capped with 4-azidobenzoic acid to generate two azide termini.  Following cleavage from 

the resin by a solution of 30% trifluoroethanol in dichloromethane, the peptide was isolated by 

precipitation in precooled diethyl ether, followed by drying under vacuum. The C-terminus of the 

peptide was then modified using an excess of N-Boc-ethylenediamine using HOBt and DIPEA 

as coupling agents. Unreacted N-Boc-ethylenediamine was removed via precipitation and 

washing in diethyl ether. The peptide was then dissolved in chilled trifluoroacetic acid to remove 

the protecting group. The reaction was allowed to proceed for 30 minutes on ice, followed by 

precipitation in precooled diethyl ether and drying under vacuum. The crude product was then 

purified via RP-HPLC (Agilent 1100 series, Zorbax C18 column 9.4 x 250 mm). The newly 

deprotected primary amine was then used attach the Cy5-NHS acceptor dye. Unreacted dye 

was removed via column chromatography (LH20 resin stationary phase, methanol mobile 

phase). Identity of the final product was confirmed via ESI MS (Q-ToF-II, Micromass/ Waters) 
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([M2+ 846.7]) and purity was validated via RP-HPLC (Agilent 1100 series, Zorbax C18 column 

4.6 x 250 mm) (Fig. 5). 
 

Figure 5. RP-HPLC profiles of (A) Di-(Azido-GFLG)-K-NH2 and (B) Di-(Azido-GFLG)-K-Cy5 

 

Chain Extension of P-Cy3 with Cy5-lableled Chain Extender. After synthesis of the Cy3-labeled 

polymer (P-Cy3), and the Cy5-labeled chain extender, click chemistry was used to conjugate 

the two sets of molecules together in an alternating block fashion to generate high molecular 

weight backbone degradable polymer incorporating both dyes (mP-Cy3-Cy5).  The Cy3-labeled 

polymer and the Cy5-labeled chain extender were dissolved in an equimolar ratio in a Cu(I)-rich 

aqueous solution and allowed to react for 24 hours under nitrogen atmosphere. The Cu(I) ion 

catalyzed a azide-alkyne Huisgen cycloaddition, forming a covalent bond between polymer and 

chain extender, positioning the degradable peptide sequence between each polymer unit 

(“unimer”) in the chain to form multimeric linear polymers.  Unreacted peptide was removed via 

column chromatography (LH20 resin stationary phase, methanol mobile phase) and complete 

removal was confirmed via HPLC.  Chain extension was confirmed by comparing the product’s 

size exclusion chromatograph against the profile of the consistent unimer.  The SEC data was 

obtained on an ÄKTA FPLC system (GE Healthcare) equipped with miniDAWN and OptilabEX 
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detectors (Wyatt) with acetate/30% acetonitrile (pH 6.5) as mobile phase and Superose 6 

HR10/30 column.  The shift in the profile indicated a higher molecular weight product 

characteristic of successful multimerization.  Incorporation of Cy5 dye into the polymer was 

confirmed via the emergence of a second absorbance peak at 646 nm (corresponding to the 

λmax of Cy5) that was not present in the unimer spectra (Fig. 6B).   

Figure 6. Analysis of the products of the click reaction via (A) size exclusion chromatography and (B) 
absorbance to confirm macromolecular chain extension and incorporation of both dyes into the backbone. 

4.1.2 FRET ON/OFF of Conjugates in the Presence of Enzyme 
Here, we establish that the co-localization of Cy3 and Cy5 in the polymer backbone gives rise to 

a distinct shift in the fluorescence profile as a result of fluorescence resonance energy transfer 

(FRET) between the dye pair (Fig. 7). Furthermore, this link between fluorescence and 

backbone integrity enables fluorescence to serve as a surrogate measure to obtain real-time 

information on the biodegradation of the polymer [35].   

Characterization of FRET in mP-Cy3-Cy5.  The fluorescence profile of the dual-labeled multimer 

was analyzed using a Teacan Infinite M1000 PRO Microplate Spectrophotometer and compared 

against the fluorescence profile of its two components (the Cy3-labeled unimer and the Cy5-

labeled chain extender) (Fig. 8). When controlling for the intensity in the Cy3 channel, the 

emission in the FRET channel was significantly greater than could be accounted for by the 

simple sum of the two components.  Furthermore, mixing the two components in a copper-free 

solution at similar concentration (as determined by absorbance at 546 and 646 nm) did not give 

rise to an equivalent FRET channel intensity.  Therefore, this phenomenon is an emergent 

property of successful chain extension and the resulting proximity of the dye pair.     
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Figure 7. Illustration of FRET ON/OFF tracking of polymer degradation, with multimers (mP-Cy3-Cy5) 
enabling energy transfer between the dyes, which is subsequently terminated upon enzymatic 
degradation.   

Figure 8. Comparison of fluorescence emission profile for the mono-labeled components, a simple 
mixture of the two, and their clicked multimer product.  All samples were excited at 546 nm to obtain the 
above profile. 
 

The multimer was then exposed to papain (a thiol protease with similar specificity to lysosomal 

cathepsin B) which acts on the oligopeptide substrate Gly-Phe-Leu-Gly (GFLG).  After 2 h of 

incubation with 8 µM papain, the size exclusion chromatograph of the polymer matched the 

profile of the unimer product, indicating complete degradation of the oligopeptide links (Fig. 9A).  

Furthermore, after exposure to papain, the emission in the FRET channel is significantly 

reduced and the fluorescence profile also converges back to that of the constituent Cy3-labeled 

unimers (Fig. 9B).  This result indicates that the energy transfer between the Cy3 and Cy5 dye 

is severed upon enzymatic cleavage of the backbone.   
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Figure 9: A) SEC profiles of Cy3-labeled unimers (black), click-extended multimers containing both Cy3 
and Cy5 dyes in their backbone (purple), and multimers after exposure to 8 µM model lysosomal enzyme 
papain for 2 h (purple dashed). B) Comparison of fluorescence emission profiles for dual-labeled multimer 
after exposure to 8 µM papain for 2 h (purple dashed) with the constituent Cy3-labeled unimer (red solid). 
All samples were excited at 546 nm.  

Figure 10. Evolution of fluorescence emission profile over the course of degradation.  Times correspond 
to length of incubation with 0.08µM of papain before inhibition.  All profiles are the result of excitation at 
546 nm and measurement of the emission from 555 to 675 nm.    

Table 1: Summary of Fluorescence Channels Analyzed 

Channel 
Excitation 

(nm) 

Emission 

(nm) 
Interpretation 

Cy3 546 567 Emission from the Cy3 dye resulting from its direct excitation 

Cy5 646 669 Emission from the Cy5 dye resulting from its direct excitation 

FRET 546 669 
Emission from the Cy5 dye arising from direct excitation of 

Cy3 followed by nonradiative energy transfer to Cy5 
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Correlation between Fluorescence Signal and Extent of Polymer Degradation.  Now that we 

have validated the FRET ON/OFF property of this dual-labeled polymer design, we exploit this 

change in the fluorescence profile to extract information on the extent of degradation.  The dual-

labeled multimer (concentration 3 mg/mL) was incubated in a 0.08 µM papain solution. At 

predetermined time points, a sample was withdrawn from the reaction, added to an inhibitor 

solution (methanol solution of iodoacetic acid sodium salt (100 µM) acidified with 0.02% v/v 

acetic acid) to inactivate the enzyme, and stored at -20 oC until analysis.  At each time point, the 

fluorescence emission profile of the sample was analyzed in addition to its size exclusion 

chromatograph. As shown in Figure 10, the fluorescence profile is observed to gradually 

transition from the bimodal spectra of the initial mP-Cy3-Cy5 to the single peak of the 

constituent P-Cy3.  In order to quantify this transition, we define three fluorescence channels in 

Table 1, each consisting of an excitation and emission wavelength pair. The trends in each 

channel as a function of digestion time are presented in Figure 11.   

Figure 11. Fluorescence intensity in each channel as a function of incubation time with papain.  Controls 
were incubated in identical buffer conditions without enzyme present. Each point corresponds to the 
mean of three samples, each taken from a different stock.  Error bars indicate standard error of the mean.  
Each channel was measured independently. 
 

As expected, the intensity in the Cy3 channel gradually increases and the intensity in the FRET 

channel gradually decreases as energy transfer between additional donor-acceptor pairs is 

terminated.  The decrease in the Cy5 Channel over time is likely the result of a difference in 

quantum yield of the Cy5 dye when incorporated into the polymer backbone versus free peptide.  

This is also supported by the observed shift in the Cy5 emission maxima from 669 to 664 nm 

upon cleavage and release of the free peptide.  In addition, the size exclusion chromatograph of 

a sample at each time point was obtained on an ÄKTA FPLC system (GE Healthcare) equipped 

with miniDAWN and OptilabEX detectors (Wyatt) with acetate/30% acetonitrile (pH 6.5) as 

mobile phase and Superose 6 HR10/30 column.  As seen in the chromtographs (Fig. 12), longer 

digestion times resulted in an increase in lower molecular weight polymers, represented by a 

shift in signal intensity to higher elution volumes.  These spectra were then used to calculate 
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average molecular weight of the sample at each time point as a standard measure of extent of 

degradation. These molecular weights were mapped against their corresponding FRET channel 

intensity. Both number-average (Mn) and weight-average (Mw) molecular weights showed 

strong linear correlation with the fluorescence intensity (r2 = 0.969 and 0.989, respectively).  The 

weight-average has higher correlation due to the Cy3-labeling process for the polymers, in 

which the dye content (and therefore number of fluorophores contributing to FRET) is 

proportional to the mass of polymer.  As a result of this strong linearity between these values, 

the degree of FRET provides significant insight into the extent of degradation of mP-Cy3-Cy5, 

enabling us to monitor the process of enzymatic degradation in real time using only 

fluorescence data.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 13. FRET Channel intensity (normalized to Cy3 channel intensity to account for small variations in 
concentration) plotted against weight-average molecular weight values calculated from the SEC profiles.  
Normalized FRET channel intensity is represented as the mean of three samples, each taken from a 
different stock.  Error bars indicate standard error of the mean.  Molecular weights were calculated from 
size exclusion chromatographs.   
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4.1.3  Synthesis of FRET Pair-labeled HPMA Copolymer Conjugates for Tracking Drug 

Release (Design B)  

In order to visualize the process of drug release at the cell, tissue, and whole-body levels, a 

series of FRET-trackable HPMA copolymer-conjugates bearing different FRET pairs were first 

designed (Figure 1, Design B), including 1) P-Cy3-Cy5 conjugate with the commonly used 

FRET pair Cy3/Cy5, which was mainly employed for in vitro evaluation [38]; 2) P-Cy5-Cy7 

conjugate with near-infrared FRET pair Cy5/Cy7, which was suitable for in vivo and ex vivo 

studies [39]; 3) P-EPI-Cy5 conjugate with new FRET pair EPI/Cy5, as a new concept, which 

allowed to specifically investigate the relationship between the drug EPI and HPMA-copolymer 

backbone [38].  

Figure 14. List and structure of the monomers synthesized in this study. 

Synthesis of Monomers. Prior to polymerization, a series of the monomers were synthesized 

first. Figure 14 shows the list and structure of monomers. N-(2-Hydroxypropyl)methacrylamide 

(HPMA) was synthesized by acylating 1-aminopropan-2-ol with methacryloyl chloride in 

acetonitrile as previously described [40]. M.p. 69-71 °C; N-

methacryloylglycylphenylalanylleucylglycine (MA-GFLG-OH) [41], N-methacryloyltyrosinamide 

(MA-Tyr-NH2) [42], N-methacryloylglycylglycine thiazolidine-2-thione (MA-GG-TT) [43], 3-(N-

methacryloylglycylphenylalanylleucylglycyl)thiazolidine-2-thione (MA-GFLG-TT) [43], 2-(N-

methacryloylglycylphenylalanylleucylglycine)-N′-Boc-ethylenediamine (MA-GFLG-NH-Boc) [44], 
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and RAFT agents, 4-cyanopentanoic acid dithiobenzoate (CPA) [45] and Peptide2CTA (Nα,Nε- 

bis(4-cyano-4-(phenylcarbonothioylthio)pentanoylglycylphenylalanylleucylglycyl)lysine) [46], 

were synthesized as previously described. 

Figure 15. (A) Synthesis of the epirubicin monomer MA-GFLG-EPI. (B) RP-HPLC profile of free drug EPI 
and monomer MA-GFLG-EPI. 

 

Synthesis of polymerizable derivative of epirubicin (MA-GFLG-EPI). Beside the aforementioned 

monomers, polymerizable derivative of drug epirubicin (EPI) was also prepared in this study 

[38]. In brief, N-(methacryloylglycylphenylalanylleucylglycyl) epirubicin (MA-GFLG-EPI) was 

A

B
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synthesized by the reaction of MA-GFLG-OH with EPI in DMF using HATU/DIPEA as coupling 

agent (Fig. 15). In brief, EPI (54 mg, 0.1 mmol) was first dissolved in 0.2 mL DMF. MA-GFLG-

OH (50 mg, 0.11 mmol) was dissolved in 0.5 mL DMF, followed by addition of HATU (38 mg, 

0.1 mmol) and DIPEA (45 µL, 0.25mmol). After activation at room temperature for 2 min, MA-

GFLG-OH/HATU/DIPEA solution was added to the vial containing EPI solution. The system was 

kept stirring in dark overnight. The reaction solution (10 µL, diluted with methanol) was then 

loaded onto an analytical column (Zorbax C18, 4.6 × 250 mm) and checked by HPLC. The peak 

of free EPI (15.34 min) disappeared, whereas a new peak showed up (20.14 min) indicating the 

reaction had finished. The solvent was removed by rotary evaporator under vacuum. The crude 

product was purified by column chromatography (silica gel 60 Å, 200-400 mesh) with elution 6:1 

dichloromethane/methanol. A dark red powder was obtained after removal of the solvents with a 

yield of 70 mg (70%). The structure of the monomer (MA-GFLG-EPI) was confirmed by MALDI 

ToF MS (LTQ-FT, ThermoElectron) ([M + Na]+ 1024.43), and the purity was verified by HPLC 

(Agilent 1100 series). 

 

4.1.4 Synthesis of FRET Pair-labeled HPMA Copolymer Conjugates for Imaging 

Synthesis of HPMA copolymer conjugates containing fluorophore Cy3 and/or Cy5. To 

synthesize polymer conjugates suitable for FRET evaluation, P-Cy3-Cy5/2P-Cy3-Cy5, the 

polymer precursor containing side chain thiazolidine-2-thione (TT) and GFLG linker terminated 

with protected amino group was first synthesized by RAFT copolymerization of the amino-

protected monomer (MA-GFLG-NH-Boc) [45], HPMA and MA-GG-TT (Fig. 16A). After chain 

end-modification, the content of TT groups in the copolymer was determined by UV (ε305 = 

10,900 M−1 cm−1 in methanol). Cy5-NH2 was dissolved in DMSO and reacted with polymer 

precursor. Unbound dye was removed using PD10 column. To incorporate the second dye, 

Cy3, the polymer was dissolved in water followed by addition of trifluoroacetic acid. The sample 

was kept stirring in ice-bath for 30 min, then condensed under reduced pressure and 

precipitated in precooled ether/acetone. The side-chain amino content in the deprotected 

polymer was analyzed by ninhydrin assay. Cy3-NHS was used to attach Cy3 to the polymer 

backbone via GFLG enzyme-cleavable linker. The content of Cy3 and Cy5 in the polymer chain 

was determined via UV–vis spectroscopy. As control, HPMA copolymers containing fluorophore 

Cy3 or Cy5 (P-Cy3 or P-Cy5) were synthesized by polymer analogous reaction of HPMA 

polymer precursor containing pendant amino groups with Cy3-/Cy5-NHS ester (Fig. 16B). Free 

dye was removed using PD10 column (Amersham Biosciences). The content of Cy3/Cy5 in 
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polymer conjugates was determined via UV–vis spectroscopy (Varian Cary 400 Bio UV–visible 

spectrophotometer). 

Figure 16. Synthesis and characterization of HPMA copolymer conjugates containing fluorophores 
Cy3/Cy5 or Cy5/Cy7. 

 

Synthesis of HPMA copolymer conjugate containing fluorophore Cy5 and Cy7. Similarly as 2P-

Cy3-Cy5, 2P-Cy5-Cy7 conjugate was also synthesized for in vivo study (Fig. 16A) [39]. In brief, 

the polymer precursor containing side chain thiazolidine-2-thione (TT) and GFLG linker 

terminated with protected amino group was first synthesized by RAFT copolymerization of the 

monomers HPMA, MA-GG-TT and MA-GFLG-NH-Boc (Fig. 16A). The polymer precursor 2P-

Mw (kDa) Mw/Mn Cy3 (nmol/mg) Cy5 (nmol/mg) Ex (nm) Em (nm)
P-Cy3 41 1.10 294 548 562
P-Cy5 41 1.10 284 646 664

P-Cy3-Cy5 61 1.09 332 268 520 500-750
2P-Cy3-Cy5 86 1.27 112 143 520 500-750

A

B

C

for	  in	  vitro

for	  in	  vivo
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GG-TT-GLFG(NH-BOC) characterization: Mw = 115,500; Mn = 87,800; PDI (Mw/Mn) = 1.31; 

content of side-chain functional groups in nmol/mg – TT = 143 and NH2 = 195. 

After end-modification, Cy5-NH2 was dissolved in DMSO and reacted with polymer precursor. 

Free Cy5 dye was removed using PD10 column. To incorporate the Cy7 dye, the polymer was 

dissolved in water followed by addition of trifluoroacetic acid. The sample was kept stirring in 

ice-bath for 30 min, then condensed under reduced pressure and precipitated in precooled 

ether/acetone. Cy7-NHS was added to attach Cy7 to the polymer backbone via GFLG enzyme-

cleavable linker.  

Synthesis of HPMA copolymer-EPI conjugate containing fluorophore Cy5. FRET polymer P-EPI-

Cy5 was synthesized in two steps (Fig. 17) [38]: First, RAFT copolymerization of HPMA (134 

mg, 0.94 mmol), MA-GFLG-EPI (33 mg, 0.035 mmol) and MA-GG-TT (7.5 mg, 0.025 mmol) was 

conducted in methanol at 40 °C as described above. The dithiobenzoate end group was 

removed by addition of 40× V65 to the polymer solution at 55 °C for 2 h. The TT group was then 

aminolyzed by Cy5-NH2. The free dye was removed using PD10 column. The final contents of 

EPI and Cy5 were determined by UV–vis spectroscopy. 

Figure 17. Synthesis of HPMA copolymer conjugate containing drug EPI and fluorophore Cy5 (P-EPI-
Cy5).  

 

4.1.5 Synthesis of HPMA Copolymer-Epirubicin Conjugates (P-EPI/2P-EPI and P-Tyr-

EPI/2P-Tyr-EPI) for Pharmacokinetics, Biodistribution and Therapeutic Efficacy 

HPMA copolymer-epirubicin conjugates (P-EPI and 2P-EPI) were synthesized by the 

copolymerization of HPMA with MA-GFLG-EPI using VA044 as initiator and 4-cyanopentanoic 

acid dithiobenzoate (CTA) or Peptide2CTA as chain transfer agent [38]. As an example, HPMA 

(138 mg, 0.965 mmol) and MA-GFLG-EPI (35 mg, 0.035mmol) were dissolved in 0.3 mL 

methanol under N2 atmosphere. Peptide2CTA (60 µL with conc. 8.5 mg/mL in methanol, [M] / 

[CTA] = 1400) and VA044 at a molar ratio of 3:1 were added using a syringe. The ampoule was 
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bubbled with N2 in ice bath for 5 min then sealed and polymerization was carried out at 40 °C for 

24 h. The copolymer was precipitated in acetone. The resultant orange-color copolymer was re-

dissolved in methanol and re-precipitated in acetone to remove unreacted monomers. The 

dithiobenzoate end group was replaced by radical-induced end-modification using excess of V-

65 in methanol at 55 °C for 2 h. The final product (2P-EPI) was isolated by precipitation and 

dried under vacuum at room temperature with yield of 80 mg (50%). Similarly, P-EPI was 

obtained when CTA was used as RAFT agent with [M] / [CTA] = 550 (Fig. 18A). The molecular 

weight and molecular weight distribution of the conjugates were determined by size-exclusion 

chromatography (SEC) on an ÄKTA FPLC system (GE Healthcare) equipped with miniDAWN 

and OptilabEX detectors (Wyatt) with acetate/30% acetonitrile (pH 6.5) as mobile phase (Fig. 

18B & 18C). Superose 6 HR10/30 column was used. The drug content in conjugates was 

determined by enzyme cleavage of free drug from polymer side chain GFLG linker using papain 

according to the procedure described previously (Fig. 18C) [46].  

Figure 18. Synthesis and characterization of HPMA copolymer-EPI conjugates (P-EPI and 2P-EPI, P-Tyr-
EPI and 2P-Tyr-EPI). (A) Synthesis scheme of conjugates. (B) Normalized SEC profile of 2P-EPI and P-
EPI. Superose 6 HR10/30 column with mobile phase 0.1 M sodium/30% acetonitrile (pH 6.5), flow rate 
0.4 mL/min. (C) Molecular weight and drug content of the conjugates. 
 

 

Mn (kDa) Mw	  (kDa) Mw/Mn EPI	  %	  (wt)
P-‐EPI 39 43 1.10 7.4

P-‐Tyr-‐EPI 26 28 1.08 6.5

2P-‐EPI 76 106 1.39 5.9

2P-‐Tyr-‐EPI 61 84 1.38 6.4

A

B

C
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To synthesize a 125I-labeled conjugate, comonomer MA-Tyr-NH2 (1.5% molar ratio in feed) was 

added and the same procedure shown above was used to produce P-Tyr-EPI/2P-Tyr-EPI 

(Fig.18). 

4.1.6 FRET ON/OFF of the Conjugates in the Presence of Enzyme  

Here, we used FRET ON/OFF strategy to monitor drug release from HPMA copolymer 

conjugates [38]. As mentioned above, we designed and prepared HPMA copolymer conjugates 

containing a popular FRET pair Cy3/Cy5 or a new FRET pair EPI/Cy5 - the donor fluorophore 

Cy3 or EPI was attached to HPMA polymer backbone as a payload via a cleavable (by 

lysosomal proteases) tetrapeptide linker Gly-Phe-Leu-Gly (GFLG), while the acceptor Cy5 was 

directly labeled on the HPMA backbone as a tag (Fig. 19A). After polymerization, the FRET 

property of the conjugates was determined using fluorescence spectrometry before and after 

exposure to papain, a thiol proteinase with specificity similar to lysosomal cathepsin B. For P-

Cy3-Cy5 conjugate, excitation wavelength 520 nm was selected to minimize direct emission of 

Cy5. As shown in Figure 19B, detectable FRET occurred in the original non-treated conjugate 

(Red), but not in the same conjugate incubated with papain (Blue). Loss of FRET was due to the 

A

C

FRET on

Cy5

Cy3/EPI

GFLG

Papain,	  pH	  6

Cy3/EPI

Cy5GFLG

OH
FRET off

Ex, nm Em, nm

Cy3 548 562
EPI 445 551
Cy5 646 664

P-‐Cy3-‐Cy5	  or	  P-‐EPI-‐Cy5 P-‐Cy5

Figure 19. Illustration of FRET principle of dual-labeled enzyme-cleavable polymer conjugates 
containing Cy3/EPI (donor) and Cy5 (acceptor). (B) Fluorescence spectra of conjugate P-Cy3-Cy5 
before and after cleavage by papain. The mixture of conjugates P-Cy5/P-Cy3 was measured as 
control (excitation 520 nm using methanol as solvent). Fluorescence spectra of FRET conjugate P-
EPI-Cy5 compared with P-EPI, P-Cy5 and their mixture P-Cy5 + P-EPI. 
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cleavage of the linker GFLG by enzyme, and consequently, the release of Cy3 from backbone. 

Similarly, due to the cleavage of papain, P-EPI-Cy5 conjugate lost FRET signal (Fig. 19C), 

indicating the release of EPI from the backbone. In sum, both conjugates showed the FRET 

ON/OFF effect in the presence of enzyme.  

 

4.2.  Evaluation of FRET Pair-labeled HPMA Copolymer Conjugates (FRET ON/OFF) in 

Cultured Cells 

In vitro FRET measurement.  After evaluation under the enzyme condition, the FRET property of 

conjugates (P-Cy3-Cy5 and 2P-Cy3-Cy5) was further elucidated in living cells [38, 39]. Human 

ovarian cancer A2780 cells that overexpress cathepsin B were incubated with the FRET 

conjugates, and NIH3T3 mouse fibroblast cells (low cathepsin B expression) were used as a 

control. The release of model drug Cy3 will result in decrease of FRET intensity that can be 

investigated via cell lysis using fluorescence spectrometry. According to the previous reports 

[47-49], the ratio, ICy3/IFRET, was calculated to quantify the FRET change, where ICy3 and IFRET are 

the fluorescence intensity at 562 nm and 664 nm, respectively (excitation 520 nm). For the 

conjugate P-Cy3-Cy5, the ratio in medium alone was 2.35, and in initial stock was 1.97. When 

the conjugate was incubated with A2780 cancer cells, the ratio increased to 2.71 at 4 h, then 

gradually increased to 3.99 at 12 h and 5.25 at 24 h, whereas in NIH3T3 cells, the ratio only 

increased to 2.73 at 24 h (Fig. 20A). A similar FRET change in the 2nd generation conjugate 

(2P-Cy3-Cy5) was also observed (Fig. 20B). There was significant difference in the release 

efficacy between cancer and normal cells. This observation suggests an effective release of 

Cy3 from the conjugate, which is highly dependent on the cathepsin B level. Following the same 

principle, we synthesized the conjugates P-Cy5-Cy7 and P-EPI-Cy5. The conjugates were 

characterized using FRET spectra. The payload Cy7/EPI release were determined by FRET 

intensity changes (Fig. 20C,D). For 2P-Cy5-Cy7 conjugate, three different cell lines were used, 

including cathepsin B-negative NIH/3T3 normal cells, and cathepasin B-positive human ovarian 

cancer cells (A2780 and OVCAR-3). Obviously, conjugate had faster Cy7 release in cancer 

cells, as compared to that in normal cells (Fig. 20C). For P-Cy5-EPI conjugate, the FRET ratio 

in A2780 cancer cells increased from 0.12 (initial stock) to 0.19 at 4 h and gradually to 0.28 at 

24 h (Fig. 20D). The increase of FRET ratio indicated that drug EPI molecules could be 

released from the conjugate inside A2780 cancer cells over the time. Taken together, the 

aforementioned results from those three conjugates showed potential to use FRET as a tool for 

future in vivo real-time monitoring drug delivery, tracking chain scission of HPMA copolymer-
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drug conjugates, and for improved cancer diagnostics and therapy. Compared to normal cells, 

cathepsin B level is much higher in malignant tumors, such as ovarian cancer, breast cancer, 

and melanoma. It acts as an important proteinase of matrix materials to degrade surrounding 

proteins and other tissue components so that cancer cells can invade and metastasize [26]. 

Therefore, high expression of cathepsin B in tumor cells can induce a fast release of drugs from 

conjugates and thereby mediates a relatively high concentration of active free drug inside the 

tumor cells. 

Figure 20. FRET changes of different FRET-trackable conjugates in normal and cancer cells at different 
time intervals. (A) FRET ratio of P-Cy3-Cy5 conjugate in normal NIH3T3 mouse fibroblast cells (low 
cathepsin B expression) and A2780 ovarian cancer cells (high cathepsin B expression). (B) FRET ratio of 
2P-Cy3-Cy5 conjugate in normal NIH3T3 and A2780 ovarian cancer cells. (C) FRET ratio of 2P-Cy5-Cy7 
conjugate in NIH3T3, A2780, and OVCAR-3 cells. (D) FRET ratio of P-EPI-Cy5 conjugate in A2780 
cancer cells. The cells were incubated with conjugates at 37 °C first for 4 or 8 h and then cultured in fresh 
medium for additional time. Then cell lysate was measured by fluorescence spectroscopy. FRET 
ratio = Idonor/IFRET, was calculated to quantify the FRET change, where Idonor and IFRET are the fluorescence 
intensity, respectively (using donor excitation wavelength). Increase of the ratio revealed effective 
payload release following enzyme exposure. 
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In vitro FRET imaging. The conjugate P-Cy3-Cy5 was further evaluated using FRET confocal 

microscopy [38], which is a more straightforward approach for performing FRET. In this 

experiment, pre-bleach and post-bleach images were collected. To do the photo-bleaching, the 

cells were exposed to high excitation intensity at an excitation wavelength of 646 nm (Ex of 

Cy5) for a 20 min period. After high-energy laser treatment, there was a dramatic reduction of 

Cy5 intensity in the bleached regions (Fig. 21). It was found that bleaching the acceptor Cy5, in 

the cells immediately following 4 h incubation, resulted in FRET intensity significantly 

decreased, and donor Cy3 fluorescence substantial increase, because the acceptor can no 

longer accept energy from the donor. However, those intensity changes did not occur in the 

same batch of cells after additional 20 h culture (Fig. 21).  

Figure 21. Visualization of payload Cy3 release from conjugate P-Cy3-Cy5 in cathepsin B over-
expressing A2780 human ovarian cancer cells by comparison of FRET images of pre- and post-
bleaching. The cells were first incubated with P-Cy3-Cy5 at 37 °C for 4 h and then were washed. Half of 
the cells were fixed immediately, while the other half were incubated with fresh medium at 37 °C for 
another 20 h and fixed. The fixed cells were observed under confocal microscope using the standard 
acceptor Cy5 photobleaching method. Bleached areas are indicated by red boxes.  
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These results indicated that the model drug Cy3 had been released from the backbone after 

cellular internalization and lysosomal cleavage. The microscopic result confirmed the previous 

findings from FRET measurement. 

 

4.3 FRET ON/OFF of the Conjugates in Mice Tumor Model 

To obtain better in vivo imaging, 2P-Cy5-Cy7 conjugate was used. The far-red fluorescent donor 

Cy5 and near-infrared acceptor Cy7 have relatively large gap between the excitation and 

emission maxima, which can significantly reduce the background. In addition, both of them have 

enhanced penetration ability, which are suitable for animal studies. The Cy5 is absorbed by Cy7 

and reemitted until enzymatic cleavage of the peptide sequence GFLG by cathepsin B. As we 

mentioned above, increased cathepsin B level has been shown to be associated with many 

different types of cancer, particularly in ovarian carcinoma. Upon cleavage by cathepsin B, 

tissue retention of the Cy5 containing fragment occurs, while uncleaved conjugates continue to 

emit fluorescence signal at Cy7 wavelength. In order to compare the drug release speed in 

different tissues, FRET ratio Icy5/IFRET was measured, where Icy5 and IFRET are the fluorescence 

intensity at 680 nm and 760 nm, respectively (excitation 640 nm). Here, the ratiometric 

approach is relatively independent of interindividual difference in pharmacokinetics such as total 

probe uptake and washout, as well as thresholding. In this study, female nude mice bearing 

subcutaneous A2780 human ovarian carcinoma xenografts were used. 2P-Cy5-Cy7 conjugate 

was intravenously injected into the tumor-bearing mice via tail vein. The mice were imaged 

using IVIS (in vivo imaging system) at 12 h, 24 h, 48 h, and 144 h after administration. Figure 22 

showed the fluorescence images of the mice. Following intravenous injection of the conjugate, 

mice showed greater Cy5/Cy7 ratio in tumor. In addition, the tumor and major tissues were 

harvested at different time intervals, and their fluorescence images were immediately taken by 

IVIS camera (Fig. 22A). We found higher Cy5/Cy7 ratiometric fluorescence in A2780 tumor as 

compared to normal tissues (Fig. 22B&22C). The rapidity of ratiometric change in tumors is 

likely due to their high cathepsin B level. In parallel, we also measured the fluorescence signal 

intensity of Cy7 at the same time. As shown in Figure 22D, there was high accumulation of Cy7 

in tumor. At 48 h after administration, the Cy7 uptake in the tumor reach the highest value, due 

to the EPR effect. In contrast, the Cy7 in the kidney and liver, was cleared significantly from 24 

h to 72 h. 
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Figure 22. FRET Change in the mice bearing A2780 human ovarian tumor. (A) Whole-body FRET 
images of mice at different time intervals (24, 48, 72, and 144 h p.i.) after i.v. administration of 2P-Cy5-
Cy7 conjugate. (B) Ratiometric images of ex vivo tissues at different time intervals. Ratiometric images 
were derived from the division of the Cy5 image by the FRET image in the same mouse. (C) FRET ratio 
of 2P-Cy5-Cy7 conjugate in the tumor and major tissues over the time. FRET ratio = ICy5/IFRET, was 
calculated to quantify the FRET change, where ICy5 and IFRET are the fluorescence intensity at 680 nm 
and 760nm, respectively (using Cy5 excitation wavelength 640 nm). (D) Cy7 fluorescence signal of 2P-
Cy5-Cy7 conjugate in the tumor and major tissues over the time (excitation 740 nm/ emission 800 nm). 
The tumor-bearing mice were intravenously injected with the 2P-Cy5-Cy7 conjugate. At 24, 48, 72, and 
144 h after administration, the tissues and tumor were harvested and imaged using IVIS. The fluorescent 
images were taken using different filter settings. The data are presented as mean ± standard deviation 
(n = 4-5). 
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4.4 Cell Uptake and In Vitro Cytotoxicity of the Conjugates P-EPI and 2P-EPI 

The cell uptake of the conjugates (P-EPI and 2P-EPI) was analyzed using flow cytometry with 

EPI fluorescence signal (Fig. 23A) [38]. The free drug EPI was used as a control. A2780 human 

ovarian cancer cells were incubated with different EPI formulations, respectively. Free EPI 

showed a higher cell uptake than the two conjugates (P-EPI and 2P-EPI). This difference is 

likely due to their distinct entry pathways - diffusion (free drugs) vs. endocytosis (conjugates). In 

addition, the cytotoxicity of free EPI and its HPMA copolymer conjugates (P-EPI and 2P-EPI) 

against A2780 human ovarian cancer cells was determined. Figure 23B shows the 

representative cell growth inhibition curves. Overall, free drug EPI and its conjugates (P-EPI, 

2P-EPI) showed a dose-dependent cytotoxicity against A2780 cells. On the basis of the IC50 

values (Fig. 23B), both HPMA copolymer-EPI conjugates possessed lower in vitro cytotoxicity 

than free EPI, due to the different mechanisms of cell uptake. 

 

4.5 Pharmacokinetic Study of 125I-labeled HPMA Copolymer-EPI Conjugates 

It has been reported that conjugation of free drug to HPMA polymer carrier markedly slows its 

blood clearance [50]. For example, the fast initial clearance of DOX (t1/2) is 4 min, however, 

there was still 55% polymer-bound drug in circulation 1 h after injection of P-DOX (Mw 25 kDa) 

[50]. In this study, we compared pharmacokinetic profiles of 1st generation conjugate (P-(Tyr)-

EPI, Mw 28 kDa) and 2nd generation conjugate (2P-(Tyr)-EPI, Mw 84 kDa) to highlight the 

Figure 23. Cell uptake and cytotoxicity of free drug EPI and its conjugates (P-EPI, 2P-EPI) in A2780 
human ovarian cancer cells. (A) Flow cytometry analysis of cell uptake in the A2780 cells incubated 
with medium alone (non-treated), free EPI, or its conjugates (P-EPI, 2P-EPI) at 37 °C for 6 and 24 h. 
MFI, mean fluorescence intensity. (B) In vitro cytotoxicity of free drug EPI and its HPMA conjugates 
(P-EPI, 2P-EPI) toward A2780 human ovarian carcinoma cells. The data are presented as 
mean ± standard deviation (n = 3-4). 



	   30 

effect of molecular weight on plasma concentration and circulation time [38]. Tyrosine moiety 

was inserted into the conjugates for radiolabeling (125I) in order to enhance accuracy and 

sensitivity of the analysis. The blood radioactivity-time profiles were determined and illustrated 

in Figure 24. The pharmacokinetic parameters of the two conjugates in mice are listed in Figure 

24, and the previously reported half-lives of 2P-PTX/P-PTX and 2P-GEM/P-GEM are cited here 

for comparison [44].  

.  

 

 

 

 

 

 

 

 

 

Higher Mw 2P-EPI conjugate showed a longer terminal half-life (33.22 h) than low Mw conjugate 

P-EPI (7.55 h). 2P-EPI (AUC = 1060.48%ID/mL) had a 10-fold higher systemic exposure than 

P-EPI (110.10%ID/mL) (p < 0.001). The increased exposure of 2P-EPI is mainly attributed to its 

significantly slower systemic clearance (CL) (2P-EPI: 0.09 mL/h vs. P-EPI: 0.91 mL/h) (p < 

0.001). Taken all together, the 2nd generation conjugate 2P-EPI with increased Mw possesses 

an improved pharmacokinetic profile. Although individual drugs (EPI, PTX, and GEM) have 

Figure 24. Pharmacokinetic profiles of 125I-labeled conjugates P-EPI and 2P-EPI in mice, and the 
summary of PK parameters of 1st generation and 2nd generation of HPMA copolymer-drug conjugates. 
T1/2,α = initial half-life; T1/2,β = terminal half-life; AUC = total area under the blood concentration versus 
time curve; %ID = percentage of injected dose; CL = total body clearance; MRT = mean residence 
time; Vss = steady-state volume of distribution.  The data represent the mean radioactivity expressed 
as a percentage of the injected dose per gram of blood (n=5) 
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different metabolism and clearance time, the new generation conjugate 2P-EPI showed 

significant improved pharmacokinetics with parameters similar to 2P-PTX and 2P-GEM, such as 

terminal half-life, total body clearance, and steady-state volume of distribution [44], which 

indicates that conjugation of drug to polymer carrier can improve its stability in plasma, and the 

elimination rate of the conjugates is primarily determined by the polymer carrier. 

 

In summary, the in vitro results demonstrated that our designed FRET-trackable conjugates 

possessed FRET ON/OFF effect when applied on cells in the presence of enzyme. Next, we 

evaluated the in vivo performance of the conjugate.  

 

4.6 In Vivo Anti-tumor Activity 

The therapeutic potential of the backbone degradable long circulating HPMA copolymer-EPI 

conjugate (2P-EPI) was evaluated in female nude mice bearing A2780 human ovarian 

carcinoma xenografts [38]. Briefly, subcutaneous injection of 5x106 A2780 human ovarian 

cancer cells into the right flank led to the development of tumors with a diameter of 3-4 mm after 

3 to 4 weeks. Then, the mice were intravenously injected with three doses of 5 mg/kg EPI 

equivalent on days 0, 4, and 8. Free drug EPI and the 1st generation conjugate P-EPI were also 

administered for comparison. Tumor growth was closely monitored during and after treatment. 

On day 20, complete tumor regression was achieved in the five mice treated with conjugate 2P-

EPI (Fig. 25); the tumors treated with P-EPI shrank to 80 ± 37% of the initial size. In contrast, 

free drug EPI at equivalent doses only slightly delayed tumor growth when compared with saline 

(control), and mice had to be sacrificed on day 20 as the tumor had reached 1772±840% of the 

baseline. However, there was no significant difference between treatment with 2P-EPI and P-

EPI until day 35 when tumor started regrowth in P-EPI group, and four of the tumors grew back 

to ~1200% at day 80 (p < 0.01) (Fig. 25B,C). On the contrary, no observable tumor was 

detected in the mice treated with 2P-EPI at day 100. These results demonstrate the importance 

of long-term experiments for evaluation of tumor growth inhibitory effect. The results also 

indicated that 2P-EPI is highly superior to both P-EPI and free EPI. The complete tumor 

regression and long-term inhibition of tumorigenesis by 2P-EPI treatment are attributed to long 

circulation time and sufficient extravasation of the conjugates at the tumor site by the enhanced 

permeability and retention (EPR) effect. In addition, this result also suggests that 2P-EPI 

conjugate may be able to arrest both tumor progenitor cells and differentiated cells as we 
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observed in another scenarios. For safety concern, body weight of the mice was closely 

recorded during and after treatment (Fig. 25D). The body weights of the mice temporarily 

decreased (less than 10%) when P-EPI and 2P-EPI were administered as multiple dosages but 

recovered gradually and remained stable after withdrawal, which suggests the doses used were 

tolerable. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 25. Comparison of in vivo anti-tumor activity on female nude mice bearing A2780 human 
ovarian carcinoma xenografts. (A) The mice were intravenously injected with 3 doses of EPI or HPMA 
copolymer-EPI conjugates (P-EPI and 2P-EPI). Free drug and untreated groups were stopped on day 
20 due to large size of tumors. (B) Long-term monitoring of tumor growth in conjugate treatments. (C) 
The tumor size in the mice treated with conjugate on day 80. (D) Body weight changes of mice during 
the treatment, and (E) End point photographs of tumor-bearing mice from various treatments. 
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5. Conclusion 

We have developed a biodegradable polymeric drug delivery system with the capacity for non-

invasive fate monitoring using FRET-based methodology. In this project, Epirubicin (EPI) served 

as antineoplastic agent. In vitro cell studies determined via FRET intensity changes clearly 

demonstrated cathepsin B levels are decisive and responsible for drug anti-tumor activity. In 

vivo FRET imaging showed that the drug can be relatively rapidly released in the tumor cells to 

cause high concentration of free drugs inside tumors. In addition, PK data provided strong 

evidence that 2nd generation backbone degradable HPMA copolymer-drug conjugates 

remarkably enhanced circulation time. As a result, the degradable diblock HPMA copolymer-EPI 

conjugate (2P-EPI) produced complete tumor remission and long-term inhibition of 

tumorigenesis (100 days) after intravenous injection into the mice bearing human ovarian 

carcinoma A2780 xenografts. In contrast, the free drug EPI and 1st generation low-Mw 

conjugate P-EPI could not achieve such progress in the trial. 
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7. Inventions, Patents, and Licenses 

• The results of therapeutic activity of HPMA copolymer-EPI conjugates contributed to the 

approval of our patent application (US Non-Provisional Patent Application “Polymeric Drug 
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Delivery Conjugates and Methods of Making and Using Thereof; Serial No. 13/583,270) that 

was a result of another grant.  We just received a Notice of Allowance. 

 

8. Reportable Outcomes 

• We developed a technique for independent monitoring of the in vivo fate of polymer carrier 

and drug. 

• FRET technique is suitable for monitoring of the degradation of both the backbone and of 

side-chains terminated in drug. 

• Second-generation backbone degradable HPMA copolymer–EPI conjugates possess high 

efficacy to treat experimental ovarian cancer - complete tumor remission and long-term 

inhibition of tumorigenesis (100 days). 
 

9. Other Achievements 

• Graduate student D. Christopher Radford submitted a F31 grant proposal to NIH for a pre-

doctoral fellowship (A Multimodal Imaging Strategy for Preclinical Optimization of Anticancer 

Nanomedicines). It was reviewed by the “Surgical Sciences, Biomedical Imaging and 

Bioengineering” review panel and received a 23 percentile; this is below the last year’s 

payline and most probably he will be awarded the fellowship early next year. 
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1. Introduction

Macromolecular therapeutics (polymeric nanomedicines, polymer–
drug conjugates) are a group of compounds that are characterized by
their large molecular weight. There is no clear definition of the term in
the literature; some authors use it in the broadest sense, including any
macromolecular system with biological activity. In this review, we
shall restrict our discussion to water-soluble polymer–drug conjugates
and macromolecules that possess biological activity without attached
low molecular weight drugs. We shall discuss the main design princi-
ples, and the novel approaches that aim to speed up the translation
into clinical practice. Finally, we will provide an outlook into the future
of this important scientific field.

2. Water-soluble polymers with biological activity

Water-soluble polymers may possess intrinsic biological activity
that relates to their structure, molecular weight, charge density, charge
distribution, conformation, and stability [1]. Macromolecules such as
dextran, poly(N-vinylpyrrolidone), and hydroxyethylstarch have been
used as blood plasma expanders to restore the blood volume following
trauma or shock [2]. Poly(2-vinylpyridine-N-oxide) has demonstrated
activity against silicosis; its effect has been explained by adsorption of
the weakly basic polymer on the weakly acidic surface of silica [1].
Polyelectrolytes stimulate interferon production in cells and living
organisms [3,4]. Stereochemistry may have an impact on activity: iso-
tactic poly(acrylic acid) possesses antiviral properties whereas atactic
poly(acrylic acid) does not [5].

Water-soluble polymers, PEG [6–13], poly[N-(2-hydroxypropyl)
methacrylamide] (polyHPMA) [14–18], polyoxazolines [19,20], poly(N-
vinylpyrrolidone) [21], polyacryloylmorpholine [21], and poly(N,N-
dimethylacrylamide) [21] have been used to modify proteins and
increase their resistance to proteolysis, reduce their antigenicity, and
prolong their intravascular half-life [22]. In addition,modification of lipo-
somes, and nanoparticles with semitelechelic (ST) polymers is a widely
used method to avoid recognition by the reticuloendothelial system
[21,23–26]. These topics are covered in a recent review [27].

3. Water-soluble polymer–drug conjugates

3.1. Historical perspective

The conjugation of drugs to synthetic and natural macromolecules
was initiated about sixty years ago — for reviews of the early work see
refs. [1,28]. Jatzkewitz used a dipeptide (GL) spacer to attach a drug
(mescaline) to polyvinylpyrrolidone in the early fifties [29] and
Ushakov's group in Leningrad (now St. Petersburg) synthesized conju-
gates of poly(N-vinylpyrrolidone) with various antibiotics in the sixties
and seventies [30–32]. Mathé et al. pioneered conjugation of drugs to
immunoglobulins, setting the stage for targeted delivery [33]. DeDuve
discovered (Nobel Prize 1974) that many enzymes are localized in the
lysosomal compartment of the cell and the lysosomotropism of macro-
molecules [34], important phenomena for the design of polymer–drug
conjugates. Finally, Ringsdorf analyzed the research results of the field
and presented a clear concept of the use of polymers as targetable
drug carriers [35].

The research on the use of HPMA copolymers as drug carriers com-
menced in the early 70s in the Kopeček laboratory in Prague. The choice
of HPMA for development as a drug carrier was not random. Based on
the detailed studies of the relationship between the structure of hydro-
philic polymers and their biocompatibility [28,36–45], N-substituted
methacrylamides were chosen as the target because the α-carbon sub-
stitution and the N-substituted amide bond ensured hydrolytic stability
of the side-chains.We synthesized a series of compounds trying to iden-
tify a crystalline monomer for easy purification and reproducible syn-
thesis. The first crystalline N-substituted methacrylamide we
succeeded in synthesizing was HPMA, and it was chosen for future de-
velopment [46,47]. In April of 1974, we filed two patent applications
[48,49] which covered the synthesis of N-substituted (meth)acrylam-
ides containing oligopeptide sequences and their application as drug
(and other biologically active compounds) carriers. The amazing devel-
opment of this polymer in the scientific community is summarized in
Table 1 and Fig. 1.Wedesigned oligopeptide spacers stable in the blood-
stream [50] and susceptible to enzymatically catalyzed hydrolysis in the
lysosomal compartment [51], demonstrated the targetability of the
HPMA copolymer system [52,53], and revealed numerous advantages
of polymer–drug conjugates over free drugs as will be described below.

3.2. Design principles

3.2.1. Water-soluble polymer carriers
There are numerous reviews that describe the design of macromo-

lecular therapeutics [1,35,54–60]; thus we shall briefly review the
important design principles. The water-soluble polymer carrier has to
be biocompatible; hence it needs to be either degradable or have a mo-
lecular weight below the renal threshold (about 50 kDa for a random
coil) to permit elimination from the organism by glomerular filtration.
To prevent nonspecific reuptake of the macromolecule after being re-
leased into the bloodstream following cell death, its structure should
warrant that internalization occurs by fluid-phase pinocytosis. The ab-
sence of nonspecific interactions with plasma membranes will mini-
mize the accumulation of the carrier in non-targeted cells thus
increasing the biocompatibility of the carrier. In addition, its structure
should provide drug attachment/release sites for the incorporation of
drugs. Different structures have been used and conjugates based on
dextran [61], carboxymethyldextran [62], poly(glutamic acid) [63–65],
poly(malic acid) [66,67], polyacetals [68,69], poly(vinyl alcohol) [70,
71], PEG [72–74], poly(L-γ-glutamyl-glutamine) [75], and polyHPMA
[76–78] have been successfully evaluated.

3.2.2. Spacers
The drug is bound to the carrier via a spacer that is stable in the

bloodstream [50] and interstitial space but enzymatically or chemically
cleavable in the lysosomal compartment of the cell. The lysosomal
membrane is not permeable to macromolecules [79]. Consequently,
the drug needs to be released from the carriers inside lysosomes. One
option is to use the pH difference between blood and lysosomes and
bind the drug via pH-sensitive bonds [80,81], using hydrazo [82],
cis-aconityl [83], or maleic [84] spacers.

The other option is to design spacers that match the specificity
of lysosomal enzymes. Based on detailed degradation studies of
oligopeptide sequences attached to HPMA copolymers [85,86] with
model enzymes [87–91] and lysosomal enzymes [92,93], the sequence
GFLG, specific for cathepsin B, was identified [51]; it has been widely
used in preclinical [94–96] and clinical settings [76,77]. Another
widely used lysosomally degradable sequence is valine–citruline
[97,98].

3.2.3. Self-immolative spacers
Elongated spacers, where the enzymatically cleavable bond is

separated from the drug by a self-eliminating group, have been
designed by several groups [99–101]. Such an approach was used for
the design of oral drug delivery systems based on HPMA copolymer–
9-aminocamptothecin conjugates [102] and for binding prostaglandin
to HPMA copolymer via a cathepsin K sensitive terapeptide (GGPNle)
and a self-eliminating 4-aminobenzylalcohol structure [103] (Fig. 2).

3.2.4. Targeting
Optionally, a targeting moiety is used that enhances the accumula-

tion of the conjugate in target cells [52,53]. Active targeting of
polymer–drug conjugates can be achieved by the incorporation of tar-
get cell specific ligands, such as peptides, carbohydrates, lectins,



Table 1
Milestones in HPMA (co)polymer research.

Year Study Publication

1973 First synthesis J. Kopeček, H. Bažilová, Poly[N-(2-Hydroxypropyl)methacrylamide]. 1. Radical polymerization and
copolymerization. Europ. Polym. J. 9 (1973) 7–14.

1974 Characterization of PHPMA solution properties M. Bohdanecký, H. Bažilová, J. Kopeček, Poly[N-(2-hydroxypropyl) methacrylamide]. II. Hydrodynamic
properties of diluted polymer solutions. Europ. Polym. J. 10 (1974) 405–410.

1974 First hydrogels J. Kopeček, H. Bažilová, Poly[N-(2-Hydroxypropyl)methacrylamide]. III. Crosslinking copolymerization.
Europ. Polym. J. 10 (1974) 465–470.

1976 First enzymatic release of ligand from a polymer
conjugate in vitro

J. Drobník, J. Kopeček, J. Labský, P. Rejmanová, J. Exner, V. Saudek, J. Kálal, Enzymatic cleavage of side-chains
of synthetic water-soluble polymers. Makromol. Chem. 177 (1976) 2833–2848.

1978 First HPMAmodified protein V. Chytrý, A. Vrána, J. Kopeček, Synthesis and activity of a polymer which contains insulin covalently bound
on a copolymer of N-(2-hydroxypropyl)methacrylamide and N-methacryloylglycylglycine 4-nitrophenyl ester.
Makromol. Chem. 179 (1978) 329–336.

1979 First HPMA–drug conjugate B. Obereigner, M. Burešová, A. Vrána, J. Kopeček, Preparation of polymerizable derivatives of
N-(4-aminobenzenesulfonyl)-N′-butylurea. J. Polym. Sci. Polym. Symp. 66 (1979) 41–52.

1981 First enzymatic release of ligand from a polymeric
substrate by a polymer-modified enzyme

J. Kopeček, P. Rejmanová, V. Chytrý, Polymers containing enzymatically degradable bonds 1.
Chymotrypsin catalyzed hydrolysis of p-nitroanilides of phenylalanine and tyrosine attached to
side-chains of copolymers of N-(2-hydroxypropyl)methacrylamide. Makromol. Chem. 182 (1981) 799–809.

1981 First enzymatic release of ligand from a polymer
conjugate in vivo

J. Kopeček, I. Cífková, P. Rejmanová, J. Strohalm, B. Obereigner, K. Ulbrich, Polymers containing enzymatically
degradable bonds. 4. Preliminary experiments in vivo. Makromol. Chem. 182 (1981) 2941–2949.

1982 First degradable hydrogels K. Ulbrich, J. Strohalm, J. Kopeček, Polymers containing enzymatically degradable bonds. VI. Hydrophilic gels
cleavable by chymotrypsin. Biomaterials 3 (1982) 150–154.

1985 First HPMA–drug–antibody conjugate B. Říhová, J. Kopeček, Biological properties of targetable poly[N-(2-hydroxypropyl)methacrylamide-antibody
conjugates. J. Controlled Release 2 (1985) 289–310.

1994 First combination therapy using polymer-bound drugs N.L. Krinick, Y. Sun, D. Jonyer, J.D. Spikes, R.C. Straight, J. Kopeček, A polymeric drug delivery system for the
simultaneous delivery of drugs activatable by enzymes and/or light. J. Biomat. Sci. Polym. Ed. 5 (1994) 211–222.

1995 First semitelechelic HPMA S. Kamei, J. Kopeček, Prolonged blood circulation in rats of nanospheres surface-modified with semitelechelic
poly[N-(2-hydroxypropyl)methacrylamide]. Pharmaceutical Res. 12 (1995) 663–668.

1999 First clinical trials P.A. Vasey, S.B. Kaye, R. Morrison, C. Twelves, P. Wilson, R. Duncan, A.H. Thomson, L.S. Murray, T.E. Hilditch,
T. Murray, S. Burtles, D. Fraier, E. Frigerio, J. Cassidy, and on behalf of the Cancer Research Campaign Phase I/II
Committee, Phase I clinical and pharmacokinetic study of PK1 [N-(2-hydroxypropyl)methacrylamide copolymer
doxorubicin]: first member of a new class of chemotherapeutic agents–drug–polymer conjugates. Clin. Cancer
Res. 5 (1999) 83–94.

1999 First ATRP polymerization M. Teodorescu, K. Matyjaszewski, Atom transfer radical polymerization of (meth)acrylamides. Macromolecules
32 (1999) 4826–4831.

1999 First self-assembly into hybrid hydrogels C. Wang, R.J. Stewart, J. Kopeček, Hybrid hydrogels assembled from synthetic polymers and coiled-coil protein
domains. Nature 397 (1999) 417–420.

2005 First RAFT polymerization C.W. Scales, Y.A. Vasilieva, A.J. Convertine, A.B. Lowe, C.L. McCormick, Direct, controlled synthesis of the
nonimmunogenic, hydrophilic polymer, poly(N-(2-hydroxypropyl)methacrylamide) via RAFT in aqueous media.
Biomacromolecules 6 (2005) 1846–1850.

2010 First self-assembly of peptide-containing hybrid HPMA
copolymers at cell surface

K. Wu, J. Liu, R.N. Johnson, J. Yang, J. Kopeček, Drug-free macromolecular therapeutics: induction of apoptosis by
coiled-coil mediated crosslinking of antigens at cell surface. Angew. Chem. Int. Ed. 49 (2010) 1451–1455.

2011 First backbone degradable HPMA copolymer carrier J. Yang, K. Luo, H. Pan, P. Kopečková, J. Kopeček, Synthesis of biodegradable multiblock copolymers by click coupling
of RAFT generated heterotelechelic polyHPMA conjugates. Reactive Functional Polym. 71 (2011) 294–302.

2012 First in vivo self-assembly of peptide-containing hybrid
HPMA copolymers resulting in tumor cure

K. Wu, J. Yang, J. Liu, J. Kopeček, Coiled-coil based drug-free macromolecular therapeutics: in vivo efficacy.
J. Controlled Release 157 (2012) 126–131.

2013 First combination therapy targeting both stem cells and
differentiated cells

Y. Zhou, J. Yang, J. Rhim, J. Kopeček, HPMA copolymer-based combination therapy toxic to both prostate cancer
stem/progenitor cells and differentiated cells induces durable anticancer effect. J. Controlled Release 172 (2013)
946–953.

2014 First in vivo self-assembly of oligonucleotide-containing
hybrid HPMA copolymers resulting in tumor cure

T.-W. Chu, J. Yang, R. Zhang, M. Sima, J. Kopeček, Cell surface self-assembly of hybrid nanoconjugates via
oligonucleotide hybridization induces apoptosis. ACS Nano 8 (2014) 719–730.
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antibodies, and antibody fragments. The specific targeting interactions
result in biorecognition at the cell surface and enhanced uptake of con-
jugates by cancer cells through receptor-mediated endocytosis with
Fig. 1. HPMA publications 1973–present.
concomitant improvement in therapeutic efficacy [59,104]. Attachment
of several targeting moieties to one macromolecule provides in a
multivalency effect resulting in enhanced avidity of the conjugate
[105]. Examples include binding several Fab′ antibody fragments
[106–108], several saccharide moieties [109,110] or several peptides
[111] per HPMA macromolecule. The multivalency effect resulted in
enhanced biological activity of the conjugates.

3.2.5. Subcellular targeting
The activity of many drugs depends on their subcellular location;

consequently, manipulation of their subcellular fate may result in more
effective conjugates. For example, mitochondrial targeting can be
achieved by exploiting the negative mitochondrial potential and use
of positively charged triphenylphosphonium ions as mitochondrial
targeting agents [112]. Steroid hormone receptors (SHRs) have been
employed to achieve nuclear targeting. SHSs are known to shuttle be-
tween the cytoplasm and nucleus of cells. Once a steroid ligand binds
to a receptor such as the glucocorticoid receptor (GR), the ligand–recep-
tor complex actively migrates to the nucleus. This concept was used for



Fig. 2. Example of self-immolative spacer. Scheme of release of unmodified PGE1 from
HPMA copolymer–PGE1 conjugate by a two-step process — rate controlling enzymatic
cleavage followed by fast 1,6-elimination.
Adapted from ref. [103].
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nuclear transport of DNA [113] or for a cortisol modified photosensitizer
bound to HPMA copolymer via a lysosomally degradable GFLG sequence
[114].

Structural factors have impact on the biocompatibility and effi-
ciency of a polymer drug carrier as well as on the cellular uptake
and subcellular trafficking. General conclusions on the relationship
between structure (charge, molecular weight, hydrophobic/hydro-
philic balance) and internalization are known [115–120]. However,
depending on the type of the cell and detailed structure of the conju-
gate the subcellular trafficking may vary. The understanding of the
endocytic pathways is important in the design of effective conju-
gates and should be individually evaluated for each design and
target.
3.2.6. Gene delivery
Most approaches for gene delivery using water-soluble polymer

carriers focus on polyelectrolyte complexes. These will be covered else-
where in this volume. However, several designs use covalent attach-
ment of DNA/RNA and will be briefly mentioned:
A) The dynamic polyconjugate technology for siRNA delivery uses
covalently attached RNA and fits the scope of this review. The de-
livery system is composed of: a) a polymeric carrier that contains
amine groups in the side chains. The latter provide attachment/
release points for masking poly(ethylene glycol) chains, covalent
attachment of siRNA via disulfide bonds (reducible in the
cytosol) and optionally a targetingmoiety. The PEG chains are at-
tached via pH-sensitive maleic amide bonds [84]. Upon internal-
ization the pH will decrease, the PEG molecule will be released
from the conjugate exposing amino groups that will destabilize
the endosomal membrane resulting in a reductible environment
that will release siRNA into the cytoplasm (Fig. 3) [121].

B) Stayton and coworkers used a diblock copolymer that contains a
hydrophilic block of HPMA and N-(2-(pyridin-2-yldisulfanyl)
ethyl)methacrylamide (poly[HPMA-co-PDSMA]) to promote
aqueous solubility and permit thiol-disulfide exchange reactions.
The second ampholytic block is composed of propylacrylic acid
(PAA), dimethylaminoethyl methacrylate (DMAEMA) and butyl
methacrylate (BuMA) [122]. This system organizes into micelles.
Thiolated siRNA was directly conjugated to the copolymer via
thiol exchange reactions with the pyridal disulfide groups pres-
ent in micelle corona. Excellent silencing activity was observed
in HeLa cells [122].

C) Comb-type PEG — siRNA conjugates. A thiol modified siRNA
targeting the green fluorescent protein gene was conjugated
with reversible addition–fragmentation chain transfer (RAFT)
polymerized pyridyl disulfide containing poly(PEG methyl
ether acrylate)s. These conjugates demonstrated enhanced
serum stability and nuclease resistance when compared with
free siRNA [123].

3.2.7. Architecture of conjugates
Polymer architecture has an important impact on the activity of the

conjugates. Szóka and Fréchet studied the impact of molecular architec-
ture (hydrodynamic volume, conformation, flexibility, and branching)
on the fate of polymers in the organism. They found that molecular
architecture has a serious impact on the elimination of the carrier via glo-
merular filtration, but amuch smaller impact on the extravasation of the
polymer into the tumor [124,125]. Ulbrich's group studied in detail the
relationship between the architecture of HPMA copolymers – linear con-
jugates, branched conjugates, grafted conjugates, self-assembled micel-
lar conjugates, and grafted dendritic star conjugates – and their
activity [126,127]. The linear conjugates with flexible polymer chains
were eliminated by glomerular filtration, faster than the highly branched
star conjugates with comparable molecular weight. Star conjugates
appeared to produce an enhanced number of long-term survivors
[128].

Intermolecular and intramolecular aggregation can impact solution
properties and activity of macromolecular therapeutics. Multifunctional
polymeric drug carriers containing several components, such as
targeting modules, drug releasing modules, and endosome disruptive
modules, have showed the potential to perform multiple functions
within a single structure [55]. Ideally, each component within the
delivery system should function independently, without affecting the
functionality of the other components. However, the physical and
biological properties of multifunctional conjugates can be expected to
exert some influence on the other components [103,128]. For example,
higher amounts of the hydrophobic drug prostaglandin E1 bound to
polyHPMA macromolecules resulted in a lower rate of drug release
[103]. Ding et al. studied the self-association of HPMA copolymers con-
taining an amphipathic CD21-binding heptapeptide (HP = YILIHRN)
using FRET, light scattering, and SEC [129]. The process of association,
largely the result of intra-polymer hydrophobic interactions, resulted
in a unimolecular micelle structure. The degree of self-association in-
creased with increased heptapeptide content. The self-association of
HPMA copolymer–peptide conjugate was disrupted by the

image of Fig.�2


Fig. 3. Design of dynamic conjugates containing siRNA bound via covalent bonds. Scheme of structure of dynamic conjugate, its cellular uptake, release of protecting PEG chains in the
endosome and release of siRNA into the cytoplasm following reduction of the disulfide bond. Carboxy dimethylmaleic anhydride (CDM) chemistry was used in the synthesis.
Adapted from ref. [121].
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incorporation of acrylic acid comonomers into the HPMA copolymer
backbone; the ionization of COOH groups along the polymer chains in-
duced a conformational change into an extended conformation. On
the other hand the formation of unimolecular micelles (in the absence
of ionizable comonomer) resulted in decreased enzyme
biorecognizability and accessibility of oligopeptide side-chains (GFLG)
by papain [129]. Formation of aggregates of HPMA copolymers by hy-
drophobic interactions played a major role in blood clearance and
body distribution [130]. A better understanding of the relationship be-
tween the self-association of polymer conjugates and biological signifi-
cance is a prerequisite for the rational design of polymeric drug delivery
systems.
3.3. Targeted- vs. non-targeted systems

Targeting of polymer–drug conjugates is mostly connected with en-
hanced biorecognition at the target cell surface mediated by a targeting
moiety complementary to a cell surface antigen/receptor. The efficiency
of this approach may depend on the type of tumor and structure of the
macromolecular therapeutics [27]. For solid tumors the extravasation of
long-circulating polymer–drug conjugates via the EPR (enhanced per-
meability and retention) effect [131,132] might be sufficient to achieve
effectiveness. Manipulation of the molecular weight [133,134] or of the
architecture [135]may provide a tool to fine-tune the biological proper-
ties and efficacy of the conjugates.

For blood tumors, the advantages of targeted conjugates are obvious.
Taking into account the limited time a conjugate remains in the blood-
stream a biorecognition system can dramatically improve target locali-
zation. Examples of treatment of non-Hodgkin lymphoma by targeting
to CD20 receptor on B cells will be discussed in Section 4.2.

Targeting may also involve the choice of a drug effective only for a
subset of cells. In the section below (Section 3.4) we shall discuss
using HPMA copolymer conjugates that target a cell phenotype due to
its mechanism of action. Additional incorporation of targeting moieties
specific for theparticular phenotypewould further improve the efficacy.

3.4. Targeting stem cells

Amajor challenge for the development of effective anti-cancer mac-
romolecular therapeutics is the heterogeneity of cancer cells. Cancer
cells are present in various differentiation statuses, such as cancer
stem cells (CSC) and differentiated cells [136,137]. Only the CSCs,
with the ability to self-renew and differentiate, have the tumorigenic
potential and are able to generate phenotypically heterogeneous
tumor cell populations that resemble the original organizations
of the parent tumor. The hierarchical CSC theory suggests that the
unsuccessful treatment of cancers is largely due to the failure of
conventional cytotoxic anti-cancer therapies to eliminate CSCs.
Therefore, targeting CSCs in combination with traditional anticancer
therapeutics represents a promising strategy to improve cancer pa-
tient survival [138,139].

Aiming to improve the outcome of prostate cancer treatments by
targeting CSCs, we designed a CSC specific nanomedicine. Cyclopamine,
a hedgehog (Hh) pathway inhibitor, was attached to the end of GFLG
(glycylphenylalanylleucylglycyl) biodegradable tetrapeptide side
chains of HPMA copolymer. To be noted, targeting Hh signaling allows
specific interference with malignant CSCs while sparing adult stem cells
[140,141]. We evaluated the CSC inhibitory effects of the HPMA
copolymer–cyclopamine conjugate in an in vitro prostate cancer
epithelial cell model, RC-92a/hTERT cells, with stem cell proper-
ties [142]. RC-92a/hTERT cells were chosen since the CD133+/integrin
α2β1hi/CD44+ putative prostate CSCs within the whole cell line could
be enriched to 5%, higher than that reported on primary prostate
cancer cells or other established prostate cancer cell lines. Follow-
ing exposure of RC-92a/hTERT cells to HPMA copolymer–
cyclopamine conjugate (P-CYP) or HPMA copolymer docetaxel con-
jugate (P-DTX), we found that P-CYP reduced the percentage of
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CD133+ cancer cells while not decreasing the general cell viability,
indicating the preferential toxic effect of P-CYP to CD133+ cell subpopu-
lation. In contrast, P-DTX could not reduce the proportion of CD133+
cells, although toxic to the bulk tumor cells [139].

An important end point for evaluating in vivo antitumor efficacy is
the tumor growth inhibitory effect in long-term. The combination of
P-CYP and P-DTX, as well as the P-CYP or P-DTX single treatment all
inhibited the PC-3 prostate tumor growth to certain extent compared
to saline group, immediately after three weeks of treatment (Fig. 4)
[143]. However, after stopping the treatment at day 21 and continuing
monitoring for longer periods, tumors in P-DTX group started to regrow
faster on average; tumors in P-CYP group continued to grow progres-
sively; strikingly, the combination of P-CYP and P-DTX showed the
most persistent tumor growth inhibition, leading to the longest mice
survival on average (Fig. 4A) [143].

We evaluated prostate CSCs in residual tumors: P-CYP and combina-
tion treatments resulted in decreased proportion of CD133+ cells
compared to saline group; on the contrary, P-DTX failed to reduce
the CD133+ cell population (Fig. 4B). Similarly, the number of
prostaspheres formed by tumor cells isolated from P-CYP and combina-
tion group was significantly smaller than that isolated from P-DTX treat-
ed group (Fig. 4C). In short, P-CYP alone or in combination with P-DTX
decreased the CD133+ cancer stem/progenitor cell population; this
may contribute to more effective long-term tumor growth inhibition.
The achievement of a durable anticancer effect by this combination treat-
ment has been reported as the “top story” in “Prostate Cell News” [144].

Obviously, the efficacy of the system could be further improved by
CD133 targeting. CD133 is usually expressed in a confined manner; it
is present only in the prostate cancer cell population and in certain
tissue stem cells [145,146]. In addition, certain epitopes of CD133 on
the surface of CSCs are glycosylated and of unique protein folding pat-
tern, different from CD133 molecules that could also be present on
other adult cells [147,148]. Thus it appears that antibodies toward gly-
cosylated CD133 epitopes could be suitable targeting moieties for CSC
targeted systems.

3.5. Tumor microenvironment as delivery barrier

The tumor microenvironment cannot be ignored when discussing
anti-cancer therapeutics and drug delivery [58]. In the past decade,
Fig. 4. Treatment of prostate PC-3 tumor bearing nude mice with a combination of two nanom
inhibition by P-CYP (CYP 40 mg/kg, twice per week, 6 doses), P-DTX (DTX 10 mg/kg, single do
doses) in PC-3 tumor-bearing nudemice. * represents statistically significant difference betwee
residual tumor cells following in vivo treatments; (C) prostasphere forming ability of the resid
Adapted with permission from ref. [143].
numerous studies have indicated the importance of tumor microenvi-
ronment in cancer growth, progression, and metastasis [149]. Cancer
cells are embedded in unique extracellular matrix (ECM) and are
surrounded by various tumor stromal cells. The whole tumor is
constantly remodeling through the reciprocal communications
between cancer cells and the various tumor microenvironment compo-
nents by cell–cell interactions, cell–matrix interactions as well as via se-
creted growth factors and/or cytokines [58]. We shall demonstrate the
importance of the microenvironment in pancreatic cancer as an
example.

While drugs, such as gemcitabine exhibit efficacy against human
pancreatic ductal adenocarcinoma (PDA) cells transplanted into immu-
nodeficient mice [150], they are far less effective in patients. One
potential explanation is the dense accumulation of activated fibroblasts
(stellate cells), immune cells and extracellular matrix that is characteris-
tic of PDA [151]. The dense stroma creates an elevated interstitial fluid
pressure (IFP) that renders the uniform delivery of therapeutics ex-
tremely difficult [152–154]. It is important to note that transplantation
and xenograft-based animal models do not reproduce this environ-
ment. Relevantmodels in genetically engineeredmice have been devel-
oped by tissue-specific manipulation of the Kras oncogene and key
tumor suppressors mutated in human PDA [155–157]. Such models re-
semble that of human patients; e.g., gemcitabine has no effect on
survival.

Provenzano et al. [153] identified hyaluronic acid (HA) as the primary
transport barrier and demonstrated that the use of PEG modified hyal-
uronidase can ablate stromal HA, normalize IFP, and re-expand the vas-
culature (Fig. 5). Using combination treatment of PEG-hyaluronidase
with gemcitabine they doubled the survival time of experimental
animals [153]. Interestingly, treatment of genetically engineered mice
with Hh pathway antagonist IPI-926 induced transient increase of
bloodflow and improved gemcitabine delivery [150]. Also, theHh antag-
onist cyclopamine was shown to be synergistic with gemcitabine in
elimination of cancer stemcells fromadirect pancreatic cancer xenograft
from patients [158].

Buckway et al. used traditional animal model of pancreatic cancer
and demonstrated that tumor targeting could be achieved when co-
administering hyaluronidase [159]. However, decisive experiments to
prove the suitability of this approach for macromolecular therapeutics
will be those using genetically engineered mouse models and
edicines, one targeting cancer stem cells, the other differentiated cells. (A) Tumor growth
se), and combination of P-DTX (DTX 10 mg/kg, single dose) and P-CYP (CYP 40 mg/kg, 6
n single and combination treatment groups (p b 0.05); (B) percentage of CD133+ cells in
ual tumor cells following in vivo treatments. *, p b 0.05.
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combination treatment including hyaluronidase and/or hedgehog path-
way inhibitors.

The design of suitable ways for macromolecular therapeutics to
overcome the transport barrier of the tumor microenvironment is one
of the great challenges waiting to be solved.

3.6. Overcoming of multidrug resistance

The appearance ofmultidrug resistance (MDR) to anticancer drugs is
one ofmajor obstacles in cancer chemotherapy [160,161]. Following ex-
posure to anticancer drugs, MDR is induced by overexpression of the
MDR1 gene that encodes the transmembrane protein, P-glycoprotein
(Pgp). Pgp is an ATP dependent efflux pump that restricts the transport
of drugs into the cell interior (Fig. 6A). Themechanismof drug exclusion
[162], i.e., partition of the drug into the Pgp drug binding pocket, ATP
binding to Pgp resulting in conformational change and release of drug
to extracellular space, indicates that nanomedicines that enter cells by
endocytosis have a potential to overcome the Pgp type of multidrug
resistance. For example, water-soluble polymer–drug conjugates will
be internalized in membrane limited organelles and the drug released
from lysosomes in the perinuclear region far from the Pgp, securing ef-
ficient intracellular concentration [163]. This hypothesis was validated
in vivo. We studied the anticancer activities of free DOX and HPMA
copolymer-bound DOX [P(GFLG)–DOX] in mousemodels of DOX sensi-
tive (A2780) and DOX resistant (A2780/AD) human ovarian carcinoma
xenografts [164]. Free DOX was effective only in sensitive tumors,
decreasing tumor size about three times, while P(GFLG)–DOX de-
creased tumor size 28 and 18 times in the sensitive and resistant
tumors, respectively (Fig. 6B).

3.7. Combination therapy with macromolecular therapeutics

We have developed a novel concept of using combination therapy
with water-soluble polymer-bound drugs. In vivo combination chemo-
therapy and photodynamic therapy (PDT) studies on two cancer
models, Neuro 2A neuroblastoma induced in A/J mice [165] and
human ovarian carcinoma heterotransplanted in nude mice [104,166,
167], demonstrated that combination therapy produced tumor cures
which could not be obtained with either chemotherapy or PDT alone.
Other combination systems were quantitatively evaluated by combina-
tion index (CI) analysis in A498 renal carcinoma cells [168] and in
OVCAR-3 ovarian carcinoma cells [169]. The results demonstrated
synergistic effects of HPMA copolymer–drug (SOS thiophene, DOX, and
chlorin e6) conjugate combinations in a wide range of concentrations.
Fig. 5. Altering physicomechanics and remodeling the stroma in pancreatic ductal adenocarcino
and convection of smallmolecules. (B) Enzymatic degradation of stromal hyaluronic acid decrea
which can reconstitute in the absence of additional therapy. (C) Combined enzymatic and cytoto
distribution of small molecules. Blue spheres represent chemotherapy molecules, vessels are sh
lagen in green, and hyaluronic acid in yellow. Pi, interstitial fluid pressure; Pv, intravascular flu
Adapted with permission from ref. [153].
Recently, the regions of synergism for the combination of backbone
degradable HPMA copolymer–gemcitabine and HPMA copolymer–
paclitaxel conjugates [170] and backbone degradable HPMA copoly-
mer–gemcitabine and HPMA copolymer–platinum conjugates [171]
have been identified.

A detailed comparison of the efficacy of combination therapy of
ovarian carcinoma with 1st and 2nd generation HPMA copolymer –
PTX and – GEM conjugates clearly demonstrated the advantage of long
circulating 2nd generation conjugates – favorable pharmacokinetics,
dramatically enhanced inhibition efficacy on tumor growth, and the
absence of adverse effects [172].

3.8. Treatment of non-cancerous diseases

Water-soluble polymer–drug conjugates are suitable for thedelivery
of drugs to other than cancer disease sites. HPMA copolymers have been
used in the treatment of musculoskeletal [173–175], inflammatory
[175,176], and infectious [177–180] diseases.

Considerable effort has been devoted to the development of macro-
molecular therapeutics for the treatment of rheumatoid arthritis.
This research was stimulated by the demonstration of profound
arthrotropism of HPMA copolymers in the adjuvant-induced arthritis
(AA) rat model [181]. Consequently, the HPMA copolymer–dexametha-
sone conjugate provided superior and sustained amelioration of AA in
rats [182]. Recently, four dexamethasone nanomedicines, namely
liposome, core-crosslinked micelle, slow releasing HPMA copolymer–
dexamethasone conjugate and fast-releasing HPMA copolymer–
dexamethasone conjugate were compared. After a single i.v. injection,
the formulations with a slower drug release kinetics (micelle and slow
releasing HPMA copolymer–dexamethasone conjugate) maintained
longer duration of AA therapeutic activity than those with fast dexa-
methasone release [183].

4. Novel approaches

New approaches are needed to achieve translation of macromolecu-
lar therapeutics into the clinics [184]. Two examples of designs that
have a potential to accomplish this task will be discussed below:
a) the synthesis of backbone degradable HPMA copolymer carriers
that overcome the molecular weight dilemma; and b) drug-free
macromolecular therapeutics, a new paradigm inmacromolecular ther-
apeutics — a system based on crosslinking of cell surface receptors,
which results in apoptosis. This design was inspired by self-
assembling biomaterials studied in our laboratory [185,186]. The
ma (PDA) to therapeutic advantage. (A) Intratumoral mechanics in PDA impede diffusion
ses interstitial fluid pressure and relieves physical constraints on smallmolecule perfusion,
xic therapies permanently remodel the tumormicroenvironment to favor thedelivery and
own in red, carcinoma cells in light blue, activated pancreatic stromal cells in brown, col-
id pressure.
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Fig. 6. Multidrug resistance (MDR). (A) Model of substrate transport by P-glycoprotein
(Pgp). (B) Efficacy of free doxorubicin (DOX) and HPMA copolymer-bound DOX on the
growth of (A) A2780 sensitive, and (B) A2780/AD resistant (expressing the MDR1 gene)
human ovarian carcinoma xenografts in mice. Untreated as control. Means ± SD are
shown.
(A) Reprinted with permission from ref. [162]. (B) Reprinted with permission from ref.
[164].
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application of biomaterial design principles on drawing a new strategy
of apoptosis induction demonstrates that a bridge between biomaterials
and nanomedicines can be created [187].

4.1. Design of backbone degradable long-circulating conjugates

It is well established that high molecular weight (long-circulating)
polymer conjugates accumulate efficiently in solid tumor tissue due to
the EPR effect [131,132]. To achieve substantial accumulation of the
polymer–drug conjugate in solid tumors (due to the EPR effect) a
sustained concentration gradient is needed. The concentration depends
on the administered dose and the circulation time depends on the mo-
lecular weight of the carrier. However, higher molecular weight drug
carriers with a nondegradable backbone deposit and accumulate in
various organs, impairing biocompatibility.

It was evident a long time ago that polymers with molecular weight
above the renal thresholdwould be advantageous (see p. 193 of ref. [1]).
However, previous attempts to design and synthesize long-circulating
conjugates produced branched, partially crosslinked copolymers with
enzymatically degradable sequences [188]. The synthetic process and
the polymer structure were difficult to control; consequently, the pro-
cess would be difficult to scale-up. Nevertheless, the results proved
that a highermolecular weight of polymer carriers transfers into higher
accumulation of drugs in the tumor tissue with concomitant enhance-
ment of efficacy [189].

The advances in controlled radical polymerization [190,191] and
click chemistry [192–194] offered new vistas for the design and synthe-
sis of long-circulating biocompatible polymer–drug conjugates. To this
end we designed new, second-generation anticancer nanomedicines
based on high molecular weight HPMA copolymer–drug carriers con-
taining enzymatically degradable bonds in the main chain (polymer
backbone) [195–197]. The proposed new design permits tailor-made
synthesis of well-defined backbone degradable HPMA copolymers.
The synthetic process consists of two main steps: first, the synthesis of
a telechelic HPMA copolymer by reversible addition–fragmentation
chain transfer (RAFT) polymerization, followed in the second step
by chain extension using alkyne-azide [195,196] or thiol–ene
[197] click reactions. In addition, we synthesized a new RAFT chain
transfer agent (CTA), Nα,Nε-bis(4-cyano-4-(phenylcarbonothioylthio)
pentanoylglycylphenylalanylleucylglycyl) lysine (Peptide2CTA), con-
taining an enzymatically degradable oligopeptide capped at both ends
with 4-cyano-4-(phenylcarbonothioylthio)pentanoate [197]. During
RAFT polymerization the HPMA monomers incorporate at both
dithiobenzoate groups of the Peptide2CTA with identical efficiency.
When the final polymer was incubated with papain, a thiol proteinase
with similar specificity as lysosomal proteinases, the molecular weight
decreased to half of the original value. Thus it is possible to prepare a de-
gradable diblock copolymer with narrowmolecular weight distribution
in one step, eliminating the chain extension reaction [197].

Multiblock polyHPMAs with Mw as high as 300 kDa and containing
degradable GFLG sequences were obtained by chain extension followed
by fractionation using size exclusion chromatography (SEC). The expo-
sure of the multiblock HPMA copolymer to model enzyme papain or ly-
sosomal cathepsin B (pH 6, 37 °C) resulted in complete degradation of
GFLG segments and decrease of the molecular weight of the carrier to
half (below the renal threshold) [195–197]. These data support our
hypothesis and bode well for the success of the proposed design of
backbone degradable HPMA copolymers composed of alternating seg-
ments of HPMA copolymer, with molecular weight below the renal
threshold, and lysosomally degradable GFLG containing oligopeptides
(Fig. 7).

The enhanced activity of 2nd generation conjugates when
compared to 1st generation conjugates (non-degradable, Mw below
the renal threshold) has been proven in vivo. Long-circulating backbone
degradable HPMA copolymer conjugates with doxorubicin [198],
paclitaxel [199], or gemcitabine (Fig. 8) demonstrated higher efficacy
in suppressing the growth of human ovarian carcinoma xenografts in
nude mice than 1st generation conjugates. Similarly, bone-targeted
long-circulating conjugates containing prostaglandin E1 had higher
accumulation on bone tissue and greater indices of bone formation in
an ovariectomized rat osteoporosismodelwhen compared to 1st gener-
ation conjugates [200]. Interestingly, in vivo experiments on animal
models of ovarian cancer have proven that the diblock structure is suf-
ficient to dramatically enhance efficacy when compared with the first
generation conjugates [172,198]. This is of importance for the scale-up
of the synthesis and translation into the clinics.

4.2. Drug-free macromolecular therapeutics — a new paradigm in
nanomedicines

An exciting new development in the nanomedicine research area is
the design of drug-free macromolecular therapeutics. The new
paradigm in drug delivery is based on the biorecognition of natural
(e.g., peptide or oligonucleotide)motifs at cell surface, formation of het-
erodimers (e.g., antiparallel coiled-coils or hybridization of complemen-
tary oligonucleotides), crosslinking of non-internalizing receptors and
initiation of apoptosis [201–203].

4.2.1. Biorecognition in hybrid polymer systems
Hybrid polymer systems are composed from at least two distinct

classes of macromolecules, for example, synthetic and biologicalmacro-
molecules. For instance, conjugation of peptide domains to synthetic
polymers produces materials with properties superior to individual
components. The peptide domain inserts a level of control over struc-
ture resulting from self-assembly at a nanometer scale; the synthetic
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partmay enhance the biocompatibility of thewhole systemby reducing
the immunogenicity of the natural domain [187].

4.2.2. Drug-free macromolecular therapeutics based on formation of
antiparallel coiled-coils

The coiled-coil is one of the basic foldingpatterns of native proteins. It
consists of two or more right-handed α-helices winding together to
form (usually) a slightly left-handed super-helix [204,205]. The primary
structure of the coiled-coil motif is characterized by a sequence of
repeating heptads (motif of seven amino acids) designated as [a, b, c,
d, e, f, g]x, in which a and d are usually hydrophobic amino acid residues,
while the others are polar. Two helices associate through a hydrophobic
interface between a and d, making b, c, and f face outward. Interhelical
electrostatic interactions between residues e and g contribute to the sta-
bility depending on their detailed structure; α-helices may associate as
homodimers, heterodimers in parallel or antiparallel alignments, or
form higher order (e.g., tetramer) aggregates [206,207]. Hundreds of
native proteins, such as muscle proteins, transcription factors, cytoskel-
etal proteins, cell and viral surface proteins, tumor suppressors, molec-
ular motors, and many disease- and organ-specific auto-antigens have
functional coiled-coil domains [208]. A distinctive feature of coiled-
coils is the specific spatial recognition, association, and dissociation of
Fig. 7.Designof backbonedegradable long-circulatingHPMAcopolymer–drug conjugates. Two
GFLGKGLFG resulting in a biodegradable RAFT agent, peptide2CTA. This permits one-step syn
HPMA copolymer–drug conjugates with different chain lengths; (B) the diblock HPMA copolym
ploy diblock conjugates with 100 kDa Mwwithout impairing their biocompatibility (the degra
eration HPMA copolymer–gemcitabine conjugates including molecular weight and drug conte
helices, making it an ideal model for protein biomaterials in which the
higher order structures may be predicted based on the primary
sequence. Various functional groups may be exactly positioned into
the coiled-coil structure, allowing specific intermolecular interactions
to occur.

Wehave designed hybrid systems composed fromhydrophilic HPMA
copolymer backbone grafted with two pentaheptad antiparallel coiled-
coil forming oligopeptide sequences with opposite charge (CCE
and CCK [209]) [185]. A mixture of equimolar solutions of P-CCK (P is
the HPMA copolymer backbone) and P-CCE self-assemble into
hydrogels. This process is mediated by the recognition of CCE and CCK
peptide grafts — they fold into antiparallel coiled-coils [185,186].
The excellent biorecognition of the CCE and CCK peptides [185,210]
was an inspiration for the design of new nanomedicines; this created a
bridge between the design of biomaterials and the design of
nanomedicines.

4.2.2.1. Design. CCK and CCE peptides were engaged in the design of a
new CD20+ cell apoptosis induction system, called drug-free macro-
molecular therapeutics [201,202]. CD20 is an ideal target for immuno-
therapies. It is an integral membrane protein [211] that is expressed
from pre-B cells to terminally differentiated plasma cells and is present
dithiobenzoate chain transfer agentswere linkedwith lysosomal enzyme cleavable peptide
thesis of diblock copolymers. (A) Post-polymerization click reaction produces multiblock
er–drug conjugates degraded into half of their initial Mw, indicating the potential to em-
dation products are below the renal threshold); (C) characterization of 1st- and 2nd gen-
nt [195–197].
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Fig. 8. Comparison of backbone degradable long circulating (second-generation) HPMA copolymer–gemcitabine conjugates (diblock 2P-GEM and multiblock mP-GEM) with lowmolec-
ular weight (first generation) HPMA copolymer–gemcitabine conjugate (P-GEM): in vivo antitumor activity against A2780 human ovarian xenografts in nude mice.
Unpublished data from Kopeček laboratory.
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on greater than 90% of B-cell malignancies [212]. CD20 is not shed from
the cell surface nor is it present in serum under standard physiological
conditions. It is a cell cycle regulatory protein [213] that either controls
or functions as a store operated calcium channel. The protein forms dy-
namic dimers and tetramers [214] constitutively associated in lipid rafts
of the cell membrane [215].

Indeed, the biorecognition of CCE/CCK peptide motifs at the cellular
surface was able to induce apoptosis of CD20+ B cells. Exposure of Raji
B cells to a 1F5 anti-CD20 Fab′–CCE conjugate decorated the cell surface
with CCE (CD20 is a non-internalizing receptor) through antigen–
antibody fragment recognition. Further exposure of the decorated
cells to P-CCK (grafted with multiple copies of CCK) resulted in the
formation of CCE/CCK coiled-coil heterodimers at the cell surface. This
second biorecognition induced the crosslinking of CD20 receptors and
triggered the apoptosis of Raji B cells in vitro [201] and in a non-
Hodgkin lymphoma animal model in vivo [202]. High degrees of
apoptosis could be achieved in vitro [201] and long-term survivors pro-
duced in Raji B lymphoma mice model [202]. This is a new concept,
where the biological activity of drug-free macromolecular therapeutics
is based on the biorecognition of peptide motifs.

4.2.3. Drug-free macromolecular therapeutics based on hybridization of
morpholino oligonucleotides

After we proved the concept of the new paradigm in nanomedicine
by employing a pair of pentaheptad coiled-coil forming peptides, we fo-
cused our attention on a hybrid system where the biorecognition is
mediated by the hybridization of complementary morpholino
oligonucleotides.

4.2.3.1. HPMA copolymer–oligonucleotide hybrids. A recent new design
was based on the biorecognition (hybridization) of a pair of morpholino
oligonucleotides with complementary sequences [203]. The system is
composed of a 1F5 anti-CD20 Fab′ antibody fragment, a pair of comple-
mentary phosphorodiamidate morpholino oligomers (MORF1 and
MORF2 [216]), and a linear polymer (P) of HPMA. We hypothesized
that [203]: (1) the exposure of malignant CD20+ B-cells to the anti-
CD20 Fab′-MORF1 conjugate (Fab′-MORF1) decorates the cell surfaces
with MORF1; and (2) further treatment of decorated B-cells with
HPMA copolymer grafted with multiple copies of MORF2 (P-MORF2)
results inMORF1–MORF2hybridization at the cell surfacewith concom-
itant CD20 crosslinking, which triggers apoptosis. Indeed, this system
produced high levels of Raji B cell apoptosis in vitro and excellent results
in vivo (Fig. 9). Treatment of systemically disseminated CD20+ Raji B
cell lymphoma in C.B.-17 SCID mice with Fab′-MORF1 and P-MORF2
led to long-term survivors (125 days, Fig. 9C). Eradication of Raji cells
after treatment was further confirmed by flow cytometry (Fig. 9D, E),
MRI and histology [203]. These results were highlighted in Chemical &
Engineering News in January 2014 [217].

The results shown above demonstrate that in the hybridization-
mediated system (Fab′-MORF1/P-MORF2), the treatmentwith equimo-
lar MORF1/MORF2 was sufficient for biorecognition, apoptosis induc-
tion, and prevention of lymphoma dissemination. In contrast, for the
coiled-coil mediated apoptosis induction a 25× excess of the second
conjugate (P-CCK) was needed. In addition, rapid binding kinetics
were observed with the oligonucleotide-based system. Other advan-
tages of the MORF oligonucleotides include: (1) specific binding due
to a well-defined hydrogen bonding pattern (i.e., base pairing),
(2) charge-neutral property that prevents potential off-target effects,
and (3) water solubility due to good base-stacking property resulting
in favorable pharmacokinetics [203].

The design of drug-freemacromolecular therapeutics is a truly novel
approach in nanomedicine. It builds on the design of new self-
assembling biomaterials [185–187,218,219] and translates the
biorecognition principles to nanomedicine [201–203]. The first design
of this system was tailored for the non-internalizing CD20 receptor
and NHL. CD20 is highly expressed on the surface of malignant and
normal B-cells, but not in stem cells or plasma cells. Thus, drug-free
macromolecular therapeutics (employing the “B-cell depletion
strategy”) can be potentially used to treat B-cell derived hematological
neoplastic diseases and autoimmune diseases, without non-reversible im-
pact on normal immune function [220]. Other potential disease targets
are (in addition to NHL): chronic lymphocytic leukemia (CLL), rheuma-
toid arthritis, multiple sclerosis, systemic lupus erythematosus,
autoimmunehemolytic anemia, pure red cell aplasia, idiopathic thrombo-
cytopenic purpura, Evans syndrome, vasculitis, bullous skin disorders,
type 1 diabetes mellitus, Sjögren's syndrome, Devic's disease, and Graves'
ophthalmopathy. All of the above listed diseases have been treated by
rituximab anti-CD20 mAb (either approved by FDA or in clinical trials).

Importantly, the concept of drug-free macromolecular therapeutics
could be expanded by using different components in the design. For
example, the Fab′ fragment can be replaced by antigen binding saccha-
rides [99] or by peptides selected by phage display [221] or by combina-
torial methods [222,223].

5. Future prospects

The advantages of polymer-bound drugs (when compared to low-
molecular weight drugs) are [55,59]: a) active uptake by fluid-phase
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Fig. 9.Drug-free macromolecular therapeutics. (A) General design concept of the therapeutic platform; (B) apoptosis induction of B-cells by crosslinking of the CD20 antigens that is me-
diated by extracellular hybridization of complementary morpholino oligonucleotides (MORF1–MORF2); (C) treatment schedule and Kaplan–Meier plot with indication of numbers of
long-term survivors (7 mice per group); (D) flow cytometry analysis of residual Raji cells in the bone marrow (BM) of the PBS-treated, paralyzed mice (PBS) and the nanomedicine-
treated, surviving mice (Cons ×3, Prem ×3). Bone marrow cells isolated from the femur of mice and Raji cells from culture flasks (upper right panel) were stained with PE-labeled
mouse anti-human CD10 and APC-labeled mouse anti-human CD19 antibodies. (E) Quantitative comparison of % Raji cells (human CD10+ CD19+) in the bone marrow of control
mice (PBS, n = 6) and the nanomedicine-treated mice (Cons ×3 and Prem ×3, n = 7 per group). Statistics was performed by Student's t test of unpaired samples (*: p b 0.05). Cons.
consecutive administration of Fab′-MORF1 first followed 1 h later by P-MORF2; Prem. premixture was administered.
Reprinted with permission from ref. [203].
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pinocytosis (non-targeted polymer-bound drugs) or receptor-
mediated endocytosis (targeted polymer-bound drug), b) increased
passive accumulation of the drug at the tumor site by the EPR effect,
c) increased active accumulation of the drug at the tumor site by
targeting, d) long-lasting circulation in the bloodstream, e) de-
creased non-specific toxicity of the conjugated drugs, f) potential
to overcome multidrug resistance, g) decreased immunogenicity of
the targeting moiety, h) immunoprotecting and immunomobilizing
activities, and i) modulation of the cell signaling and apoptotic path-
ways. In addition to preclinical evaluation on animal cancer models,
the benefits of macromolecular therapeutics over free (unbound)
drugs have been demonstrated in preclinical and clinical arrange-
ments [224,225]. Results from clinical trials with 1st generation
HPMA conjugates indicated a significant decrease of adverse effects
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when compared to small molecule drugs; however, the therapeutic
efficacy did not match the data in preclinical animal studies.

Here we present data that show the advantage of the second gener-
ation conjugates over both, first generation conjugates and free drugs
[198–200]. These new conjugates are backbone degradable and long-
circulating; they are composed from enzymatically cleavable sequences
and synthetic segments in an alternating arrangement [195–197]. These
conjugates have a clear translational potential. In addition to enhanced
efficacy, the synthesis of biodegradable diblockHPMAcopolymer conju-
gates using a RAFT chain transfer agent that contains a degradable pep-
tide sequenceflankedby twodithiobenzoate groups, is clearly a scalable
process.

The new paradigm in nanomedicine–drug-free macromolecular
therapeutics [201–203] seems to address the challenges of treating
blood borne cancers. It avoids the use of low molecular weight, poten-
tially toxic drugs, is triggered by specific recognition at the molecular
level and offers the possibility of pretargeting.

Thus on the design side the area of macromolecular therapeutics is
well advanced. The major challenge, however, is to merge the knowl-
edge of design principles of conjugates with the understanding of the
biological features of cancer, including heterogeneity of cancer cells,
tumormicroenvironment andmetastasis [58]. The design of conjugates
targeting stem cells [143] and their use in combination with conjugates
targeting differentiated cells as well as destabilization of stroma [153]
surrounding the tumor tissue will enhance the efficiency of treatment.
The development of non-invasive imaging technologies will undoubt-
edly contribute to progress [226–228]. Imaging can provide valuable
feedback to fine tune the conjugate design and treatment protocol.

The scientific knowledge and experience from preclinical and
clinical research accumulated in the last 30 years form the basis for
the possible translation of macromolecular therapeutics into the clinics
within the next decade.
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To develop a biodegradable polymeric drug delivery system for the treatment of ovarian cancerwith the capacity
for non-invasive fate monitoring, we designed and synthesized N-(2-hydroxypropyl)methacrylamide (HPMA)
copolymer-epirubicin (EPI) conjugates. The polymer backbone was labeled with acceptor fluorophore Cy5,
while donor fluorophores (Cy3 or EPI) were attached to HPMA copolymer side chains via an enzyme-cleavable
GFLG linker. This design allows elucidating separately the fate of the drug and of the polymer backbone using
fluorescence resonance energy transfer (FRET). The degradable diblock conjugate (2P-EPI) was synthesized by
reversible addition-fragmentation chain transfer (RAFT) polymerization using a bifunctional chain transfer
agent (Peptide2CTA). The pharmacokinetics (PK) and therapeutic effect of 2P-EPI (Mw ~100 kDa) were deter-
mined in mice bearing human ovarian carcinoma A2780 xenografts. Compared to 1st generation conjugate
(P-EPI, Mw b50 kDa), 2P-EPI demonstrated remarkably improved PK such as fourfold terminal half-life
(33.22 ± 3.18 h for 2P-EPI vs. 7.55 ± 3.18 h for P-EPI), which is primarily attributed to the increased molecular
weight of the polymer carrier. Notably, complete tumor remission and long-term inhibition of tumorigenesis
(100 days) were achieved in mice (n = 5) treated with 2P-EPI. Moreover, in vitro cell uptake and intracellular
drug release were determined via FRET intensity changes. The results establish a solid foundation for future
in vivo tracking of drug delivery and chain scission of polymeric conjugates by FRET imaging.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Polymer-drug conjugates have a long history. The concept of
polymer-drug conjugates was developed to address sub-optimal bioac-
tivity and non-specificity of low molecular weight drugs in the human
body [1–4]. Loading drugs on soluble macromolecules can improve
pharmacokinetics and accumulation of drugs in solid tumors, resulting
in enhanced therapeutic efficacy and reduced adverse side effects
[5–7]. As the first example entering clinical trials for cancer treatment,
(N-(2-hydroxypropyl)methacrylamide) (HPMA) copolymer-doxorubicin
(DOX) conjugate demonstrated significant reduction of nonspecific
toxicity.Maximum tolerateddose (MTD) ofHPMA copolymer-DOX conju-
gate in humans was 320 mg/m2 of DOX equivalent, whereas MTD of
free (unbound) DOX in humans is 60–80 mg/m2. The enhanced MTD of
the polymer-bound DOX is primarily attributed to low uptake in heart tis-
sue [8]. The use of polymeric drug delivery systems has become an
established approach for improvement of cancer chemotherapy [9,10].
To gain more insight into the relationship between structure of polymer
ical Delivery, University of Utah,
SA.
k).
carrier and antitumor activity of polymer-conjugates, various fluorescent
dyes have been exploited to investigate cellular uptake and drug release
[11,12].

Recently we designed 2nd generation backbone-degradable
HPMA copolymer carriers [13–15]. The combination therapy of A2780
human ovarian carcinoma xenografts with long-circulating HPMA
copolymer-paclitaxel/gemcitabine conjugates showed distinct advan-
tages over 1st generation conjugates [16]. Similarly, the backbone
degradable HPMA copolymers possessed enhanced efficacy (when
compared to 1st generation conjugates) in ovarian carcinoma
xenografts in mice [17,18] and in a rat osteoporosis model [19].

Epirubicin (EPI), the 4′-epimer of the anthracycline DOX, is an anti-
neoplastic agent that inhibits DNA replication, transcription and repair
by binding to nucleic acids [20]. Epirubicin has been regarded as one
of the most active drugs for the patients with cancer, particularly with
metastatic disease [21]. It has shown equivalent cytotoxic effects to
DOX in human ovarian cancer cells, but decreased cardiotoxicity and
myelotoxicity than DOX at equimolar doses [22]. Thus, epirubicin is
thought to have a better therapeutic index than DOX. Recently, EPI has
been bound to various polymer carriers to improve its properties and
delivery. For example, dextran [23], polyethylene glycol (PEG) [24],
dendritic PEG [25], human monoclonal antibodies [26], polyHPMA
[27,28] and polysialic acid [28] were used as (targetable) carriers.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jconrel.2015.09.045&domain=pdf
http://dx.doi.org/10.1016/j.jconrel.2015.09.045
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Taking advantage of the inherentfluorescence of EPI,we synthesized
2nd generation HPMA copolymer-EPI conjugates aiming to develop a
biodegradable polymeric drug delivery system with the capacity for
non-invasive fate monitoring. Fluorescence resonance energy transfer
(FRET) was used as a tool to track chain scission of the conjugates and
to elucidate separately the fate of the polymer backbone and the drug.
The in vitro cytotoxicity, pharmacokinetics (PK), and in vivo antitumor
activity of the conjugates were first evaluated on human ovarian carci-
noma xenografts. The backbone of FRET polymers was labeled with
Cy5, whereas model drug Cy3 or EPI was attached to HPMA copolymer
backbone via an enzyme-cleavable GFLG linker. The cell uptake and
drug release were analyzed by changes in FRET intensity.

2. Materials and methods

2.1. Materials

Common solventsmethanol, acetonitrile, dimethylformamide (DMF),
dichloromethane (DCM) were from Fisher Scientific (Pittsburgh, PA)
as HPLC grade and used directly. Diisopropylethylamine (DIPEA),
trifluoroacetic acid (TFA), papain (EC 3.4.22.2, from papaya latex) and ca-
thepsin B (EC 3.4.22.1, from bovine spleen) were from Sigma-Aldrich (St.
Louis, MO). Epirubicin (EPI) was a kind gift from Prof. Kui Luo (Sichuan
University, China). HATU was from AAPPTEC (Louisville, KY). 2,2-
azobis[2-(2-imidazolin-2-yl)propane] dihydrochloride (VA-044) and
2,2-azobis(2,4-dimethyl valeronitrile) (V-65) were obtained from Wako
Chemicals (Richmond, VA). 125Iodine was from Perkin-Elmer (Waltham,
MA). Cy3−/Cy5-NHS ester and Cy5-amine were purchased from
Lumiprobe (Hallandale Beach, FL). Various monomers including N-(2-
hydroxypropyl)methacrylamide (HPMA) [29], N-methacryloylglycyl
phenylalanylleucylglycine (MA-GFLG-OH) [30], 3-(N-methacryloylglycyl
phenylalanylleucylglycyl) thiazolidine-2-thione (MA-GFLG-TT) [31], N-
methacryloyltyrosinamide (MA-Tyr-NH2) [32], 2-(N-methacryloylglycyl
phenylalanylleucylglycine)-N′-Boc-ethylenediamine (MA-GFLG-NH-
Boc) [16], and RAFT agents, 4-cyanopentanoic acid dithiobenzoate
(CPA) [33] and peptide2CTA (Nα,Nε-bis(4-cyano-4-(phenylcar
bonothioylthio)pentanoylglycylphenylalanylleucylglycyl)lysine) [15],
were synthesized as previously described.

2.2. Cell culture

A2780 human ovarian cancer cells (ATCC) were maintained at 37 °C
in a humidified atmosphere containing 5% CO2 in RPMI-1640 medium
(Gibco) supplemented with 10% FBS and a mixture of antibiotics (100
units/mL penicillin, 0.1 mg/mL streptomycin).

2.3. Synthesis and characterization of HPMA copolymer conjugates

2.3.1. Synthesis of polymerizable derivative of epirubicin (MA-GFLG-EPI)
N-(methacryloylglycylphenylalanylleucylglycyl) epirubicin (MA-

GFLG-EPI) was synthesized by the reaction of MA-GFLG-OH with EPI
in DMF using HATU/DIPEA as coupling agent. In brief, EPI (54 mg,
0.1 mmol) was first dissolved in 0.2 mL DMF. MA-GFLG-OH (50 mg,
0.11 mmol) was dissolved in 0.5 mL DMF, followed by addition of
HATU (38mg, 0.1mmol) andDIPEA (45 μL, 0.25mmol). After activation
at room temperature for 2 min, MA-GFLG-OH/HATU/DIPEA solution
was added to the vial containing EPI solution. The systemwas kept stir-
ring in dark overnight. The reaction solution (10 μL, diluted with meth-
anol) was then loaded onto an analytical column (Zorbax C18,
4.6 × 250 mm) and checked by HPLC. The peak of free EPI (15.34 min)
disappeared, whereas a new peak showed up (20.14 min) indicating
the reaction had finished. The solvent was removed by rotary evapora-
tor under vacuum. The crude product was purified by column chroma-
tography (silica gel 60 Å, 200–400 mesh) with elution 6:1
dichloromethane/methanol. A dark red powder was obtained after re-
moval of the solvents with a yield of 70 mg (70%). The structure of the
monomer (MA-GFLG-EPI) was confirmed by MALDI ToF MS (LTQ-FT,
ThermoElectron) ([M + Na]+ 1024.43), and the purity was verified by
HPLC (Agilent 1100 series).
2.3.2. Synthesis of HPMA copolymer-epirubicin conjugates (P-EPI/2P-EPI
and P-Tyr-EPI/2P-Tyr-EPI

HPMA copolymer-epirubicin conjugates (P-EPI and 2P-EPI) were
synthesized by the copolymerization of HPMA with MA-GFLG-EPI
using VA044 as initiator and 4-cyanopentanoic acid dithiobenzoate
(CTA) or Peptide2CTA as chain transfer agent, respectively. As an exam-
ple, HPMA (138 mg, 0.965 mmol) and MA-GFLG-EPI (35 mg,
0.035 mmol) were dissolved in 0.3 mLmethanol under N2 atmosphere.
Peptide2CTA (60 μL with conc. 8.5 mg/mL in methanol, [M]/[CTA] =
1400) and VA044 at a molar ratio of 3:1 were added using a syringe.
The ampoule was bubbled with N2 in ice bath for 5 min then sealed
and polymerization was carried out at 40 °C for 24 h. The copolymer
was precipitated in acetone. The resultant orange-color copolymer
was re-dissolved in methanol and re-precipitated in acetone to remove
unreacted monomers. The dithiobenzoate end group was replaced by
radical-induced end-modification using excess of V-65 in methanol at
55 °C for 2 h. The final product (2P-EPI) was isolated by precipitation
and dried under vacuum at room temperature with yield of 80 mg
(50%). Similarly, P-EPI was obtained when CTA was used as RAFT
agent with [M]/[CTA] = 550 (Scheme 1).

Themolecular weight andmolecular weight distribution of the con-
jugates were determined by size-exclusion chromatography (SEC) on
an ÄKTA FPLC system (GE Healthcare) equipped with miniDAWN and
OptilabEX detectors (Wyatt) with acetate/30% acetonitrile (pH 6.5) as
mobile phase. Superose 6 HR10/30 column was used. The drug content
in conjugates was determined by enzyme cleavage of free drug from
polymer side chain GFLG linker using papain according to the procedure
described previously [15].

To synthesize a radioisotope 125I labeled conjugate, comonomerMA-
Tyr-NH2 (1.5% molar ratio in feed) was added and the same procedure
shown above was used to produce P-Tyr-EPI/2P-Tyr-EPI.
2.3.3. Synthesis of polymer conjugates containing fluorophore Cy3 and/or
Cy5

To synthesize polymer conjugates suitable for FRET evaluation, P-
Cy3-Cy5/2P-Cy3-Cy5, the polymer precursor containing side chain
thiazolidine-2-thione (TT) and GFLG linker terminated with protected
amino group was first synthesized by RAFT copolymerization of
the amino-protected monomer (MA-GFLG-NH-Boc [16]), HPMA and
MA-GG-TT (Scheme 2A). After chain end-modification, the content of
TT groups in the copolymer was determined by UV (ε305 =
10,900 M−1 cm−1 in methanol) [31]. Cy5-NH2 was dissolved in DMSO
and reacted with polymer precursor. Unbound dye was removed
using PD10 column. To incorporate the second dye, Cy3, the polymer
was dissolved in water followed by addition of trifluoroacetic acid.
The sample was kept stirring in ice-bath for 30 min, then condensed
under reduced pressure and precipitated in precooled ether/acetone.
The side-chain amino content in the deprotected polymer was
analyzed by ninhydrin assay. Cy3-NHS was used to attach Cy3 to the
polymer backbone via GFLG enzyme-cleavable linker. The content of
Cy3 and Cy5 in the polymer chain was determined via UV–vis
spectroscopy.

As control, HPMA copolymers containing fluorophore Cy3
or Cy5 (P-Cy3 or P-Cy5) were synthesized by polymer analogous
reaction of HPMA polymer precursor containing pendant
amino groups with Cy3−/Cy5-NHS ester (Scheme 2B). Free
dye was removed using PD10 column (Amersham Biosciences).
The content of Cy3/Cy5 in polymer conjugates was determined
via UV–vis spectroscopy (Varian Cary 400 Bio UV–visible
spectrophotometer).



Scheme 1. Synthesis of HPMA copolymer-epirubicin conjugates.

Table 1
Characterization of HPMA copolymer-epirubicin conjugates.

Mn (kDa) Mw (kDa) Mw/Mn EPI % (wt)

P-EPI 39 43 1.10 7.4
P-Tyr-EPI 26 28 1.08 6.5
2P-EPI 76 106 1.39 5.9
2P-Tyr-EPI 61 84 1.38 6.4
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2.3.4. Synthesis of HPMA copolymer-epirubicin conjugate containing
fluorophore Cy5

FRET polymer P-EPI-Cy5 was synthesized in two steps (Scheme 3):
First, RAFT copolymerization of HPMA (134 mg, 0.94 mmol), MA-
GFLG-EPI (33 mg, 0.035 mmol) and MA-GG-TT (7.5 mg, 0.025 mmol)
was conducted in methanol at 40 °C as described above. The
dithiobenzoate end group was removed by addition of 40× V65 to the
polymer solution at 55 °C for 2 h. The TT group was then aminolyzed
by Cy5-NH2. The free dye was removed using PD10 column. The final
contents of EPI and Cy5 were determined by UV–vis spectroscopy.

2.4. FRET measurements

The concentration of fluorophore-labeled conjugate solution
wasfirst determined by UV–vis spectroscopy. Typically, 1.5mg/mL con-
jugate inmethanol was scannedwithin range of 400–800 nm. The solu-
tionwas further diluted into ~100 μg/mL, and the fluorescence intensity
of each sample was measured in duplicates using Infinite®M1000 PRO
(TECAN) with excitation wavelengths of 445 nm for EPI (P-EPI),
548 nm for Cy3 (P-Cy3) and 646 nm for Cy5 (P-Cy5), respectively. For
FRET measurements, the donor was excited at 520 nm for Cy3 [34]
and 445 nm for EPI; the emission spectra of the donor-acceptor were
recorded at the range of 400 to 800 nm.

To compare the fluorescence intensity changes of the conjugate
P-Cy3-Cy5 before and after cleavage of the donor Cy3, the conjugate
was incubated in McIlvaine's buffer (50 mM citrate/0.1 M phosphate,
pH 6) in the presence of papain (5 mg/mL, preactivated with 10 mM
glutathione) at 37 °C for 1 h. The cleaved conjugate was diluted into
methanol and determined with Ex 520 nm.

2.5. FRET change measurement in cancer and normal cells

To determine the cathepsin B dependence of drug release capability
in our conjugates, FRET model conjugates, P-Cy3-Cy5 and 2P-Cy3-Cy5,
were incubated with A2780 ovarian cancer cells (cathepsin B over-
expressing) and NIH3T3 normal cells (cathepsin B low expression).
The cells were first incubated with the conjugate (P-Cy3-Cy5 or 2P-
Cy3-Cy5) at 37 °C for 4 h, then cells were washed with fresh medium
and subsequently cultured in fresh medium without conjugate for an-
other 8 or 20 h. Cell lysates at different time intervals were measured
by fluorescence spectrometer. FRET ratio = Icy3/IFRET, where ICy3 and
IFRET are the fluorescence intensity at 562 nm and 664 nm, respectively
(excitation 520 nm). The data were presented as mean ± standard de-
viation (n = 3).
2.6. Confocal microscopy of FRET changes in A2780 cancer cells

To visualize the FRET changes in cancer cells, A2780 cells were first
incubated with conjugate P-Cy3-Cy5 at 37 °C. After 4 h incubation, the
cells were washed and fresh medium was added. Then a portion of
treated cells was fixed with 4% paraformaldehyde immediately while
the other cells were incubated for another 20 h and then were fixed.
The fixed cells were observed under confocal microscope using the
standard acceptor Cy5 photobleaching FRETmethod (the cells were ex-
posed to high excitation intensity at an excitationwavelength of 646 nm
for a 20min period. In this experiment, both pre-bleach and post-bleach
images were collected).
2.7. EPI release inside cultured cells

The release of drug EPI from Cy5-labeled polymeric conjugate was
determined using FRET, with EPI serving as the donor fluorophore,
and Cy5 as the acceptor. The conjugate P-EPI-Cy5 was incubated with
A2780 cells at 37 °C for 4 h. Then the treated cells were cultured in
freshmedium for another 20 h. The cell lysatewasmeasured by fluores-
cence spectrometer, before and after the 20 h additional culture. The
“relative” FRET efficiency, also known as the FRET ratio, was calculated
with the following equation FRET ratio = IEPI/IFRET, where IEPI and IFRET
are the fluorescence intensity at 590 nm and 664 nm, respectively
(excitation 490 nm).



Fig. 1. Cell uptake and cytotoxicity of free drug EPI and its conjugates (P-EPI, 2P-EPI) in A2780 human ovarian cancer cells. (A) Flow cytometry analysis of cell uptake in the A2780 cells
incubatedwithmedium alone (non-treated), free EPI, or its conjugates (P-EPI, 2P-EPI) at 37 °C for 6 and 24h.MFI,mean fluorescence intensity. (B) In vitro cytotoxicity of free drug EPI and
its HPMA conjugates (P-EPI, 2P-EPI) toward A2780 human ovarian carcinoma cells. The data are presented as mean ± standard deviation (n = 3–4).
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2.8. Cell uptake study

Cellular uptake of the EPI and its conjugates (P-EPI and 2P-EPI) was
analyzed using flow cytometry. A2780 human ovarian cancer cells
(2 × 105) were seeded in 6-well plates. After 24 h culture, the cells
were treated with free EPI, P-EPI, or 2P-EPI (EPI concentration:
100 nM) for 6 or 24 h. Untreated cells served as a negative control for
background fluorescence. Thereafter, the cells were harvested and
washed. An average of 1 × 104 cells was determined using flow cytom-
etry (BD Biosciences) and FlowJo software (Tree star). EPI uptake was
analyzed based on the EPI fluorescence intensity (n = 3).
2.9. In vitro cytotoxicity study

The cytotoxicity of free drug EPI and its polymeric conjugates (P-EPI,
2P-EPI) against A2780 human ovarian cancer cells was measured by
CCK-8 assay (Dojindo). The cells were seeded in 96-well plates at the
density of 10,000 cells/well in RMPI-1640 media containing 10% FBS.
The cellswerewashed after 24 h, then incubatedwithmedia containing
the drug EPI or its polymeric conjugates (P-EPI, 2P-EPI) at a series of
drug concentrations. After 48 h of incubation, the number of viable
cells was estimated using CCK-8 kit according to manufacturer's proto-
col. In brief, medium was discarded and replaced with 100 μL fresh
growth medium in each well, followed by the addition of 50 μL 5×
diluted CCK-8 solution. Dehydrogenase activities in live cells converted
the water-soluble tetrazolium salt WST-8 into a soluble yellow-color
formazan dye. After the incubation of cells at 37°°C, 5% CO2 for 2 h, the
Fig. 2. Pharmacokinetic profiles of 125I-labeled conjugates P-EPI and 2P-EPI in mice. The
data represent the mean radioactivity expressed as a percentage of the injected dose per
gram of blood (n = 5).
absorbance was measured using a microplate reader at 450 nm
(630 nm as reference). Untreated control cells were set as 100% viable.

2.10. Radiolabeling and pharmacokinetics study

HPMA copolymer-EPI conjugates containing tyrosinamide were
reacted with Na125I (Perkin Elmer) at room temperature in 0.01 M
phosphate buffer containing chloramine-T for 30min and then purified
with PD-10 columns (GE Healthcare). The specific activity of the hot
samples was in the range 40–60 μCi/mg. The 125I labeling of polymer
conjugates was conducted immediately before use. After radiolabeling,
6- to 8-week-old healthy female nude mice (22–25 g; Charles River
Laboratories) were intravenously injected 0.5 mg (20 μCi/mouse)
125I-labeled HPMA copolymer-drug conjugates (P-EPI and 2P-EPI, five
mice per group). At predetermined intervals, blood samples (10 μL)
were taken from the tail vein, and the radioactivity of each sample
wasmeasured with Gamma Counter (Packard). The blood pharmacoki-
netic parameters for the radiotracer were analyzed using a two-
compartmental model with WinNonlin 5.0.1 software (Pharsight).

2.11. Tumor model

All animal studies were carried out in accordance with the Universi-
ty of Utah IACUC guidelines under approved protocols. A2780 human
ovarian cancer cells (5 × 106) in 100 μL of phosphate buffered saline
were subcutaneously inoculated in right flank of 6- to 8-week-old syn-
geneic female nude mice (22–25 g, Charles River Laboratories). When
tumor reached approximately 4–5 mm in diameter (average 3 weeks
after inoculation) treatment started.

2.12. In vivo antitumor activity

Female nude mice bearing subcutaneous A2780 ovarian tumors
were randomly assigned to four groups (n = 5 for each group). P-EPI
and 2P-EPIwere administered via tail veinwith dose 5mg/kg EPI equiv-
alent on day 0, 4, and 8. Free drug EPI was also used for comparison. The
mice in the control groupwere treatedwith saline. The day thatmice re-
ceived EPI or its conjugates treatment was set as day 0. The tumor size
was measured to monitor the tumor growth. The tumor volume at
day 0 was normalized to 100%. All subsequent tumor volumes and
body weight were then expressed as the percentage relative to those
at day 0. Mice were sacrificed at signs of sickness such as body weight
loss N20%. Otherwise mice were sacrificed at 100 days.

2.13. Statistical analysis

The Student's t test was used to test differences in therapeutic effi-
ciency, cell uptakes, pharmacokinetic parameters, and toxicity among



Table 2
Comparison of pharmacokinetic parameters for 125I-labeled conjugates in mice.

P-EPI P-PTXa P-GEMa 2P-EPI 2P-PTXa 2P-GEMa

T1/2,α (h) 0.33 ± 0.07 0.88 ± 0.11 0.26 ± 0.02 0.18 ± 0.06 1.13 ± 0.13 1.45 ± 0.36
T1/2,β (h) 7.55 ± 1.55 13.30 ± 1.28 6.36 ± 0.66 33.22 ± 3.18 37.90 ± 3.55 32.07 ± 2.50
AUC (%ID h/mL blood) 110.10 ± 14.06 420.95 ± 26.05 108.66 ± 6.74 1060.48 ± 88.83 1206.42 ± 85.97 1481.23 ± 83.06
CL (mL/h) 0.91 ± 0.12 0.24 ± 0.01 0.92 ± 0.06 0.09 ± 0.01 0.08 ± 0.01 0.07 ± 0.004
MRT (h) 10.34 ± 2.09 18.25 ± 1.71 8.49 ± 0.88 47.79 ± 4.57 52.86 ± 4.95 45.39 ± 3.43
Vss (mL) 9.39 ± 0.82 4.34 ± 0.16 7.82 ± 0.38 4.51 ± 0.11 4.38 ± 0.16 3.06 ± 0.10
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different conjugates. Comparison among groups was performed using
one-way ANOVA. The significance level was set at 0.05.
3. Results and discussion

3.1. Synthesis of HPMA copolymer-epirubicin conjugates

As an isomer of DOX, EPI has been reported to have different meta-
bolic degradation and faster clearance from plasma after i.v. injection.
As a result, EPI has less side effects comparedwith DOX at doses produc-
ing equivalent antitumor effects [35]. EPI therefore has been nanosized
to various formulations such as micelles [36], liposomes [37], nanopar-
ticles [38,39], and, most interesting for us, water-soluble conjugates to
improve its therapeutic index. In general, polymer-EPI conjugates
were produced via polymeranalogous reaction in which EPI is attached
to polymer through active ester [27] or in the presence of coupling
agents [25,28]. Here we report a different way to synthesize the conju-
gates - RAFT copolymerization. The polymerizable EPI derivative was
synthesized first, and then copolymerized with HPMA with option of
usingMA-Tyr-NH2 for isotope labeling. The major advantage of this ap-
proach is reproducibility with predetermined molecular weight and
narrow polydispersity. In addition, the polymer is relatively pure with-
out detectable free drug (Fig. S1). Previouslywehave reported synthesis
of long-circulating 2P-PTX and 2P-GEM in one step using a two-arm
enzyme-cleavable chain transfer agent [16]. To assess this universal ap-
proach, we synthesized the 1st generation and 2nd generation HPMA
copolymer-EPI conjugates; theirmolecularweight (includingmolecular
weight distribution) and drug content are listed in Table 1.
Fig. 3.Comparison of in vivo anti-tumor activity on female nudemice bearing A2780 humanova
HPMA copolymer-EPI conjugates (P-EPI and 2P-EPI). Free drug and untreated groups were sto
conjugate treatments. (C) The tumor size on day 80 of the polymer conjugates, and (D) End po
3.2. Cell uptake and in vitro cytotoxicity

The cell uptake of the conjugates (P-EPI and 2P-EPI) was analyzed
using flow cytometry with EPI fluorescence signal. The free drug EPI
was used as a control. A2780 human ovarian cancer cells were incubat-
ed with different EPI formulations, respectively. Free EPI showed a
higher cell uptake than the two conjugates. This difference is likely
due to their distinct entry pathways – diffusion (free drugs) vs. endocy-
tosis (conjugates). In addition, the cytotoxicity of free EPI and its HPMA
copolymer conjugates (P-EPI and 2P-EPI) against A2780 human ovarian
cancer cells was determined. Fig. 1A shows the representative cell-
growth inhibition curves. Overall, free drug EPI and its conjugates
(P-EPI, 2P-EPI) showed a dose-dependent cytotoxicity against A2780
cells. On the basis of the IC50 values (Fig. 1B), both HPMA copolymer-
EPI conjugates had less in vitro cytotoxicity than free EPI, due to the dif-
ferent mechanism of cell uptake [4,7].
3.3. Pharmacokinetic study of 125I-labeled conjugates

It has been reported that conjugation of free drug to HPMA polymer
carrier markedly slows its blood clearance [40]. For example, the fast
initial clearance of DOX (t1/2) is 4 min, however, there was still 55%
polymer-bound drug in circulation 1 h after injection of P-DOX (Mw
25 kDa) [40]. In this study, we compared pharmacokinetic profiles of
1st generation conjugate (P-(Tyr)-EPI, Mw 28 kDa) and 2nd generation
conjugate (2P-(Tyr)-EPI, Mw 84 kDa) to highlight the effect of molecu-
lar weight on plasma concentration and circulation time. Tyrosine moi-
ety was inserted into the conjugates for radiolabeling (125I) in order to
rian carcinoma xenografts. (A) Themicewere intravenously injectedwith 3 doses of EPI or
pped on day 20 due to large size of tumors. (B) Long-term monitoring of tumor growth in
int photographs of tumor-bearing mice from various treatments.



Fig. 4. (A) Cartoon illustration of FRET principle of dual-labeled enzyme-cleavable polymer conjugates containing Cy3 (donor) and Cy5 (acceptor). (B) Fluorescence spectra of conjugate P-
Cy3-Cy5 before and after cleavage by papain. Themixture of conjugates P-Cy5/P-Cy3wasmeasured as control (excitation 520 nmusingmethanol as solvent). (C) FRET ratios of P-Cy3-Cy5
in NIH3T3 mouse fibroblast cells (low cathepsin B expression) and A2780 ovarian cancer cells (high cathepsin B expression) at different time intervals. The cells were incubated with P-
Cy3-Cy5 at 37 °C for 4 h and then cultured in freshmedium for another 0, 8, or 20 h. Then cell lysate wasmeasured by fluorescence spectroscopy. FRET ratio= ICy3/IFRET, was calculated to
quantify the FRET change, where ICy3 and IFRET are the fluorescence intensity at 562 nm and 664 nm, respectively (excitation 520 nm). Increase of the ratio revealed effective payload re-
lease following enzyme exposure.
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enhance accuracy and sensitivity of the analysis. The blood radioactivity-
time profiles were determined and illustrated in Fig. 2. The pharmacoki-
netic parameters of the two conjugates in mice are listed in Table 2, and
the previously reported half-lives of 2P-PTX/P-PTX and 2P-GEM/P-GEM
are cited here for comparison [16]. Higher Mw 2P-EPI conjugate showed
a longer terminal half-life (33.22 h) than low Mw conjugate P-EPI
(7.55 h). 2P-EPI (AUC = 1060.48%ID/mL) had a 10-fold higher systemic
exposure than P-EPI (110.10%ID/mL) (p b 0.001). The increased exposure
of 2P-EPI is mainly attributed to its significantly slower systemic clear-
ance (CL) (2P-EPI: 0.09 mL/h vs. P-EPI: 0.91 mL/h) (p b 0.001). Taken
all together, the 2nd generation conjugate 2P-EPI having an increased
Mw possesses an improved pharmacokinetic profile.

Although individual drugs (EPI, PTX, and GEM) have different me-
tabolism and clearance time [41], the new generation conjugate 2P-
EPI showed significant improved pharmacokinetics with parameters
similar to 2P-PTX and 2P-GEM, such as terminal half life, total body
clearance, and steady-state volume of distribution (Table 2), which indi-
cates that conjugation of drug to polymer carrier can improve its
Scheme 2. Synthesis of polymer conj
stability in plasma, and the elimination rate of the conjugates is primar-
ily determined by the polymer carrier.

3.4. In vivo anti-tumor activity

The therapeutic potential of the backbone degradable long-
circulating HPMA copolymer-EPI conjugate (2P-EPI) was evaluated in
female nude mice bearing A2780 human ovarian carcinoma xenografts.
The mice were intravenously injected with three doses of 5 mg/kg EPI
equivalent on days 0, 4, and 8. Free drug EPI and the 1st generation con-
jugate P-EPI were also administered for comparison. Tumor growthwas
closely monitored during and after treatment. At day 20, complete
tumor regression was achieved in the five mice treated with conjugate
2P-EPI (Fig. 3); the tumors treated with P-EPI shrank to 80 ± 37% of
the initial size. In contrast, free drug EPI at equivalent doses only slightly
delayed tumor growth when compared with saline (control), and mice
had to be sacrificed on day 20 as the tumor had reached 1772±840% of
the baseline. However, there was no significant difference between
ugates containing fluorophores.



Fig. 5.Visualization of payload Cy3 release from conjugate P-Cy3-Cy5 in cathepsin B over-expressing A2780 humanovarian cancer cells by FRET. The cells were first incubatedwith P-Cy3-
Cy5 at 37 °C for 4 h and thenwerewashed. Half of the cells were fixed immediately, while the other half were incubated with freshmedium at 37 °C for another 20 h and fixed. The fixed
cells were observed under confocal microscope using the standard acceptor Cy5 photobleaching method. Bleached areas are indicated by red boxes. Representative images of pre- and
post-bleaching are shown.
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treatment with 2P-EPI and P-EPI until day 35 when tumor started re-
growth in P-EPI group, and four of the tumors grew back to ~1200% at
day 80 (p b 0.01) (Fig. 3). On the contrary, no observable tumor was
detected in the mice treated with 2P-EPI at day 100. These results dem-
onstrate the importance of long-term experiments for evaluation of
tumor growth inhibitory effect. The results also indicated that 2P-EPI
is highly superior to both P-EPI and free EPI. The complete tumor regres-
sion and long-term inhibition of tumorigenesis by 2P-EPI treatment are
attributed to long circulation time and sufficient extravasation of the
conjugates at the tumor site by the enhanced permeability and reten-
tion (EPR) effect. In addition, this result also suggests that 2P-EPI conju-
gatemay be able to arrest both tumor progenitor cells and differentiated
cells as we observed in another scenarios [42].

For safety concern, body weight of the mice was closely recorded
during and after treatment (Fig. S2). The body weights of the mice
temporarily decreased (less than 10%) when P-EPI and 2P-EPI were
Scheme 3. Synthesis of polymer conjugates co
administered as multiple dosages but recovered gradually and
remained stable after withdrawal, which suggests the doses used
were tolerable.

3.5. Potential to track chain degradation and intracellular drug release via
FRET

Similar to DOX, the fluorescence signal from EPI has been used for
cellular uptake studies [39,43]. However, the polymer conjugation can
affect the fluorescence emission [28]. Consequently, the data only
from drug fluorescence may be misinterpreted.

Herein we propose to use FRET imaging as a tool to monitor drug
release from HPMA copolymer conjugates. Initially, we designed and
prepared a HPMA copolymer conjugate containing a popular FRET pair
Cy3/Cy5 — the donor fluorophore Cy3 was attached to HPMA polymer
backbone as model drug via a cleavable (by lysosomal proteases)
ntaining epirubicin and Cy5 (P-EPI-Cy5).



Fig. 6. (A) Fluorescence spectra of FRET conjugate P-EPI-Cy5 compared with P-EPI, P-Cy5 and their mixture P-Cy5 + P-EPI. (B) The change in FRET ratio of P-EPI-Cy5 conjugate revealed
effective EPI release in A2780 ovarian cancer cells. The cathepsin B over-expressing A2780 cells were incubatedwith P-EPI-Cy5 at 37 °C for 4 h and thenwere cultured in freshmedium for
another 20 h. Then cell lysates at different time intervals weremeasured by fluorescence spectrometer. FRET ratio= IEPI/IFRET, where IEPI and IFRET are the fluorescence intensity at 590 nm
and 664 nm, respectively (excitation 490 nm). The data are presented as mean ± standard deviation (n = 3). *, p b 0.01.
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tetrapeptide linker Gly-Phe-Leu-Gly (GFLG), while the acceptor Cy5
was directly labeled on the HPMA backbone as a tag (Fig. 4A,
Scheme 2). To characterize its FRET property, the conjugate was deter-
mined usingfluorescence spectrometry before and after exposure to pa-
pain, a thiol proteinasewith specificity similar to lysosomal cathepsin B.
Ex 520nmwas selected tominimize direct emission of Cy5. As shown in
Fig. 4B, detectable FRET occurred in the original non-treated conjugate,
but not in the same conjugate incubated with papain. Loss of FRET was
due to the cleavage of the linker GFLG by enzyme, and consequently, the
release of Cy3 from backbone.

The FRET property of conjugates (P-Cy3-Cy5 and 2P-Cy3-Cy5) was
further elucidated in living cells. Human ovarian cancer A2780 cells
that overexpress cathepsin B were incubated with the FRET conjugate,
and NIH3T3 mouse fibroblast cells (low cathepsin B expression) were
used as control. The release of model drug Cy3 will result in decrease
of FRET intensity that can be investigated via cell lysis using fluores-
cence spectrometry. According to the previous reports [44–46], the
ratio, ICy3/IFRET, was calculated to quantify the FRET change, where ICy3
and IFRET are the fluorescence intensity at 562 nm and 664 nm, respec-
tively (excitation 520nm). For the conjugate P-Cy3-Cy5, the ratio inme-
dium alone was 2.35, and in initial stock was 1.97. When the conjugate
was incubatedwith A2780 cancer cells, the ratio increased to 2.71 at 4 h,
then gradually increased to 3.99 at 12 h and 5.25 at 24 h, whereas in
NIH3T3 cells, the ratio only increased to 2.73 at 24 h (Fig. 4C). A similar
FRET change in the 2nd generation conjugate (2P-Cy3-Cy5) was also
observed (Fig. S3). There was significant difference in the release effica-
cy between cancer and normal cells. This observation suggests an effec-
tive release of Cy3 from the conjugate, which is highly dependent on the
cathepsin B level. Compared to normal cells, cathepsin B level is much
higher in malignant tumors, such as ovarian cancer, breast cancer, and
melanoma. It acts as an important proteinase of matrix materials to de-
grade surrounding proteins and other tissue components so that cancer
cells can invade and metastasize [47]. Therefore, high expression of
cathepsin B in tumor cells can induce a fast release of drugs from conju-
gates and therebymediates a relatively high concentration of active free
drug inside the tumor cells.

The conjugate P-Cy3-Cy5 was also evaluated using FRET confocal
microscopy, which is a more straightforward approach for performing
FRET. In this experiment, pre-bleach and post-bleach images were col-
lected. To do the photobleaching, the cells were exposed to high excita-
tion intensity at an excitation wavelength of 646 nm (Ex of Cy5) for a
20 min period. After high-energy laser treatment, there was a dramatic
reduction of Cy5 intensity in the bleached regions (Fig. 5). In the cells
immediately following 4 h incubation, it was found that bleaching the
acceptor Cy5 resulted in FRET intensity significantly decreased, and
donor Cy3 fluorescence substantial increase, because the acceptor can
no longer accept energy from the donor. However, those intensity
changes did not occur in the same batch of cells after additional 20 h
culture (Fig. 5). It indicated that the model drug Cy3 had been
released from the backbone after cellular internalization and lysosomal
cleavage.

Following the same principle, we synthesized the conjugate P-EPI-
Cy5 (Scheme 3). The conjugate was characterized using FRET spectra.
The cell uptake and the drug EPI release were determined by FRET in-
tensity changes. In A2780 cancer cells, the ratio decreased from 0.89
(initial stock) to 0.84 at 4 h and gradually decreased to 0.77 at 24 h
(Fig. 6). The reduction of FRET ratio indicates that EPI molecules could
be released from the conjugate inside A2780 cancer cells over time.
These results showed potential to use FRET as a tool for future in vivo
real-time monitoring drug delivery, tracking chain scission of HPMA
copolymer-drug conjugates, and for improved cancer diagnostics and
therapy.

4. Conclusions

Wehave developed a biodegradable polymeric drug delivery system
with the capacity for non-invasive fate monitoring using FRET-based
methodology. Epirubicin served as both fluorescence donor and anti-
neoplastic agent. The degradable diblock HPMA copolymer-EPI conju-
gate (2P-EPI) produced complete tumor remission and long-term
inhibition of tumorigenesis (100 days) when treating mice bearing
human ovarian carcinoma A2780 xenografts. This and PK data provide
strong evidence that 2nd generation backbone degradable HPMA
copolymer-drug conjugates remarkably enhance circulation time and
treatment efficacy. Moreover, in vitro cell uptake and intracellular
drug release determined via FRET intensity changes clearly demonstrat-
ed cathepsin B levels are decisive and responsible for drug anti-tumor
activity. This aspect will be further investigated ex vivo and in vivo
using near-infrared FRET pairs to ensure deeper tissue penetration
and better imaging quality.
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INTRODUCTION 
Recently we designed 2nd generation backbone-degradable N-
(2-hydroxypropyl)methacrylamide (HPMA) copolymer carriers.1 
The combination therapy of A2780 human ovarian carcinoma 
xenografts with long-circulating HPMA copolymer-paclitaxel/
gemcitabine conjugates showed distinct advantages over 1st 
generation conjugates (Fig. 1A).2 We used fluorescence 
resonance energy transfer (FRET) as a tool to track chain 
scission of the conjugates and to elucidate the fate of the 
polymer backbone and the drug, respectively (Fig. 1B). Herein 
we report a rational design and synthesis of conjugates double-
labeled with a pair of fluorophores: the polymer backbone was 
labeled with Cy5, whereas the enzyme-cleavable linker was 
labeled with Cy3 as drug model or with epirubicin (EPR).  
Another application of the FRET technique in our studies was to 
visualize at cellular level the fate of the HPMA copolymer-based 
endosomolytic carrier that we developed for delivery of miRNA 
(Fig.2).  

 
 
 
 
 
 
 
 
 
 
 
EXPERIMENTAL 
Synthesis of a FRET nanoprobe conjugate for drug 
release tracking (P-Cy3-Cy5) 
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Figure 3. Fluorescence spectra and FRET ratios of conjugate P-Cy3-Cy5 
revealed effective payload release following enzyme exposure. (A). 
Fluorescence spectra of conjugate P-Cy3-Cy5 before or after cleavage by 
papain (excitation 520 nm). (B). FRET ratios of P-Cy3-Cy5 in NIH3T3 normal 
cells (low cathepsin B expression) and A2780 ovarian cancer cells (high 
cathepsin B expression) at different time intervals. The cells were incubated 
with P-Cy3-Cy5 at 37°C for 4 h and then cultured in fresh medium for 
another 0, 8, or 20 h. Then cell lysis was measured by fluorescence 
spectroscopy. FRET ratio = IA / (IA+ID). IA and ID are the fluorescence 
intensity at 662 nm and 564 nm, respectively (excitation 520nm). 

CONCLUSIONS 
•  We successfully developed dual-labeled conjugates that permit using 

FRET to monitor drug release and backbone degradation; 
•  A FRET-trackable dynamic endosomolytic polymer carrier was 

designed and synthesized. The structure optimization aided by FRET 
technique is in process.  
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Figure 2. Rational design, synthesis and mechanism of endosomolytic nanomedicines for siRNA/miRNA delivery 

Table 1. Characterization of polymer precursors 

Figure 1. (A) Sequential combination therapy of ovarian cancer with 
degradable HPMA copolymer paclitaxel (PTX) and gemcitabine (GEM) 
conjugates. (B) Illustration of simultaneous tracking of the fate of the carrier 
and drug by FRET and nuclear imaging  
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Figure 4. Visualization of payload Cy3 release from conjugate P-
Cy3-Cy5 in cathepsin B over-expressing A2780 human ovarian 
cancer cells by FRET. The cells were first incubated with P-Cy3-Cy5 
at 37°C for 4 h and then were washed. Half of the cells were fixed 
immediately, while the other half were incubated with fresh medium 
at 37°C for another 20 h and fixed. The fixed cells were observed 
under confocal microscope using the standard acceptor Cy5 
photobleaching method. Bleached areas are indicated by red boxes. 
Representative images of pre- and post-bleaching are shown. 

Figure 5. Conjugate P-epirubicin (P-EPR) had cytotoxic potency 
and its Cy5-labeled derivative showed FRET effect. (A). SEC 
profile of P-EPR-TT. (B). In vitro cytotoxicity of free drug epirubicin 
(EPR) and its HPMA copolymer conjugate (P-EPR) toward A2780 
human ovarian carcinoma cells. (C). Fluorescence spectra of 
conjugates (P-EPR-Cy5, P-EPR, P-Cy5, P-EPR+P-Cy5). 
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Figure 6. (A) Comparison of SEC profiles 
of P-NH2 before and after amino-masking 
(P-NH-CDM), and after incubation of P-
NH-CDM at acidic condition. (B) Gel 
retardation assay of HPMA copolymer-
miR34a conjugates containing a reducible 
disulfide bond: free miRNA (lanes 2,10); 
HPMA copolymer-miRNA conjugate 
(lanes 3,4 with 5x excess, and lanes 5,7  
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(n=3) 

with 10x excess). The bottom shows unbound fraction of miRNA; after 
addition of 0.1 M DTT to the polymer-miRNA conjugates at 37°C for 30 min 
(lanes 6,8); polymer only (lane 9) and Mw ladder (lane 1). C). Red blood 
cell hemolysis assay [3]. Human erythrocytes were incubated with 
endosomolytic copolymers in a series of buffers simulating the pH range 
from endosomes (5.6) to physiologic (7.4).  
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INTRODUCTION 

Recently we designed 2nd generation backbone-degradable N-(2-hydroxypropyl)methacrylamide 
(HPMA) copolymer carriers.1 The combination therapy of A2780 human ovarian carcinoma 
xenografts with long-circulating HPMA copolymer-paclitaxel/gemcitabine conjugates showed 
distinct advantages over 1st generation conjugates.2 Herein we used fluorescence resonance 
energy transfer (FRET) as a tool to track chain scission of the conjugates and to elucidate 
separately the fate of the polymer backbone and the drug. The conjugates were double-labeled 
with a pair of fluorophores: the polymer backbone was labeled with Cy5, whereas Cy3 or 
epirubicin (EPI), the 4’-epimer of the anthracycline doxorubicin (DOX), was attached to HPMA 
polymer backbone via enzyme-cleavable linker (Fig. 1). The cell uptake and drug release of the 
HPMA copolymer-epirubicin conjugates were determined by the changes of FRET signal.  The 
in vitro cytotoxicity, pharmacokinetics (PK), and in vivo antitumor activity of the conjugates 
were evaluated.   

EXPERIMENTAL METHODS 
Synthesis Dual-labeled, backbone-degradable HPMA copolymers were synthesized using RAFT 
polymerization followed by multi-step 
conjugation as described in Fig. 1.   
In vitro evaluation A2780 human ovarian 
cancer cells (ATCC) were used for drug 
release, cell uptake and cytotoxicity studies. 
FRET efficiency was determined using 
spectrofluorometry and flow cytometry.3  
Pharmacokinetics (PK). HPMA-copolymer-
EPI conjugates containing tyrosinamide in the 
side chain were radiolabeled with Na125I 
(Perkin Elmer) and intravenously injected to 
healthy female nude mice (n=5). Blood 
samples were taken at predetermined intervals, 
and the radioactivity of each sample was 
measured with Gamma Counter (Packard). 
Data were analyzed using a two-
compartmental model with WinNonlin 5.0.1 
software (Pharsight).   
In vivo antitumor activity. EPI (or EPI 
equivalent) with dose 5 mg/kg were i.v. 
injected to female nude mice bearing 

Figure 1. Synthetic schemes of A) Dual-labeled HPMA-
copolymer conjugate P-Cy3-Cy5, B) HPMA copolymer-EPI 
conjugate P-EPI & P-EPI-Cy5, and C) backbone degradable 
HPMA copolymer-EPI conjugate (2P-EPI). 



subcutaneous A2780 ovarian tumors on day 0, 4 and 8 (n=5). Saline treated mice were used as 
control. Tumor size and body weight were closely monitored. Conjugates used for treatment P-
EPI (6.5% wt. EPI, Mn 43.4 kDa, Mw/Mn 1.06), and 2P-EPI (5.8% wt. EPI, Mn 110 kDa, 
Mw/Mn 1.39).  

RESULTS AND DISCUSSION 
In vitro the reduction of FRET ratio against time (Fig. 2) indicated that EPI molecules could be 
released from the conjugate inside A2780 cancer cells (high cathepsin B expression). PK study 
showed 2P-EPI had a 10-fold higher systemic exposure than P-EPI, which may explain the 
enhanced treatment efficacy (Fig. 3).  

 
CONCLUSION 
• We successfully developed dual-labeled conjugates that permit using FRET to monitor drug 

release and backbone degradation. 
• 2nd generation long-circulating HPMA copolymer-epirubicin conjugate led to long-term 

cancer regression/eradication, which suggests an efficient strategy in cancer treatment. 
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Figure 3. Comparison of in vivo anti-tumor activity on female nude mice bearing 
A2780 human ovarian carcinoma xenografts. A) The mice were intravenously 
injected with 3 doses of EPI or HPMA copolymer-EPI conjugates (P-EPI and 
2P-EPI). Free drug and untreated groups were stopped on day 20 due to large 
size of tumors. B) Long-term monitoring of tumor growth in conjugate 
treatments. C) The tumor size on day 80 of the polymer conjugates, and D) End 
point photographs of tumor-bearing mice from variable treatments.  

Figure 2. A) FRET ratios of 
copolymer P-Cy3-Cy5 changes 
when cultured in NIH3T3 cells 
(low cathepsin B expression) and 
A2780 ovarian cancer cells (high 
cathepsin B expression) at 
different time intervals. B) A2780 
cells were incubated with P-EPI-
Cy5 at 37°C for 4 h or 24 h. FRET 
ratios were compared with that of 
non-treated cells. 
 
 


	Appendix 1.pdf
	Macromolecular therapeutics
	1. Introduction
	2. Water-soluble polymers with biological activity
	3. Water-soluble polymer–drug conjugates
	3.1. Historical perspective
	3.2. Design principles
	3.2.1. Water-soluble polymer carriers
	3.2.2. Spacers
	3.2.3. Self-immolative spacers
	3.2.4. Targeting
	3.2.5. Subcellular targeting
	3.2.6. Gene delivery
	3.2.7. Architecture of conjugates

	3.3. Targeted- vs. non-targeted systems
	3.4. Targeting stem cells
	3.5. Tumor microenvironment as delivery barrier
	3.6. Overcoming of multidrug resistance
	3.7. Combination therapy with macromolecular therapeutics
	3.8. Treatment of non-cancerous diseases

	4. Novel approaches
	4.1. Design of backbone degradable long-circulating conjugates
	4.2. Drug-free macromolecular therapeutics — a new paradigm in nanomedicines
	4.2.1. Biorecognition in hybrid polymer systems
	4.2.2. Drug-free macromolecular therapeutics based on formation of antiparallel coiled-coils
	4.2.2.1. Design

	4.2.3. Drug-free macromolecular therapeutics based on hybridization of morpholino oligonucleotides
	4.2.3.1. HPMA copolymer–oligonucleotide hybrids



	5. Future prospects
	Acknowledgments
	References


	Appendix 2.pdf
	FRET-�trackable biodegradable HPMA copolymer-�epirubicin conjugates for ovarian carcinoma therapy
	1. Introduction
	2. Materials and methods
	2.1. Materials
	2.2. Cell culture
	2.3. Synthesis and characterization of HPMA copolymer conjugates
	2.3.1. Synthesis of polymerizable derivative of epirubicin (MA-GFLG-EPI)
	2.3.2. Synthesis of HPMA copolymer-epirubicin conjugates (P-EPI/2P-EPI and P-Tyr-EPI/2P-Tyr-EPI
	2.3.3. Synthesis of polymer conjugates containing fluorophore Cy3 and/or Cy5
	2.3.4. Synthesis of HPMA copolymer-epirubicin conjugate containing fluorophore Cy5

	2.4. FRET measurements
	2.5. FRET change measurement in cancer and normal cells
	2.6. Confocal microscopy of FRET changes in A2780 cancer cells
	2.7. EPI release inside cultured cells
	2.8. Cell uptake study
	2.9. In vitro cytotoxicity study
	2.10. Radiolabeling and pharmacokinetics study
	2.11. Tumor model
	2.12. In vivo antitumor activity
	2.13. Statistical analysis

	3. Results and discussion
	3.1. Synthesis of HPMA copolymer-epirubicin conjugates
	3.2. Cell uptake and in vitro cytotoxicity
	3.3. Pharmacokinetic study of 125I-labeled conjugates
	3.4. In vivo anti-tumor activity
	3.5. Potential to track chain degradation and intracellular drug release via FRET

	4. Conclusions
	Acknowledgments
	Appendix A. Supplementary data
	References



