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Abstract

A monoclonal antibody (mAb) to P-glycoprotein (Pgp), UIC2, is used as a targeting moiety for N-

(2-hydroxypropyl)methacrylamide (HPMA) copolymer/drug [(meso chlorin e6 mono(N-2-

aminoethylamide) (Mce6) or doxorubicin (DOX)] conjugates to investigate their cytotoxicity 

towards the Pgp-expressing human ovarian carcinoma cell line A2780/AD. The binding, 

internalization, and subcellular trafficking of a fluorescein labeled UIC2 targeted HPMA 

copolymer are studied and show localization to the plasma membrane with limited internalization. 

The specificity of the UIC2-targeted HPMA copolymer/drug conjugates are confirmed using the 

sensitive cell line A2780 that does not express Pgp.
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1. Introduction

The development of multidrug resistance (MDR) toward a broad range of compounds 

following administration of a single anti-cancer agent is one of the major obstacles in cancer 

chemotherapy.[1–4] As one of the primary mechanisms involved in MDR induction, 

overexpression of the MDR1 gene can be responsible for increased levels of the 

transmembrane protein P-glycoprotein(Pgp). Increased Pgp expression is an integral 
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property of both normal cell function and in cancer cells, which develop MDR as a result of 

exposure to Pgp substrates.[5] Pgp, also designated as ABCB1, is an ATP-dependent pump 

that recognizes a wide array of chemical structures and is a member of the ATP-Binding 

Cassette (ABC) superfamily.[1,6,7] Pgp effluxes a variety of drug classes, including 

chemotherapeutic agents, and its expression is often associated with a poorer outcome in 

cancer patients.[8,9] Alternative methods for treating MDR cancers are actively being sought 

to improve the efficacy of anti-cancer agents.

Polymer/drug conjugates based on N-(2-hydroxypropyl)-methacrylamide (HPMA) 

copolymers have been shown to reduce both the systemic toxicity of free drugs and increase 

drug accumulation in solid tumors in vivo.[10–12] The use of HPMA copolymer/drug 

conjugates as potential treatments for solid tumors has been extensively studied.[11] The 

increased accumulation of macro molecules in solid tumors, attributed to an increased 

vascular permeability and the absence of a lymphatic drainage system, is termed the 

enhanced permeability and retention (EPR) effect.[13,14] HPMA copolymer/drug conjugates 

have been shown to alter the delivery mechanism and ultimate target of anti-cancer agents to 

MDR cell lines versus standard chemotherapy where the diffusion of small molecular 

weight drugs into the cell may be excreted by transmembrane pumps such as Pgp.[15–19] The 

cytotoxicity of HPMA copolymer/ drug conjugates to a variety of cell models has been 

further enhanced by targeting over-expressed antigen on tumor cells, and is one means to 

target cells over-expressing Pgp.[20–23] Macromolecules targeted by a monoclonal antibody 

(mAb) have three possible fates once they bind to an antigen on the cell surface, (1) receptor 

mediated pinocytosis triggering localization in the lysosomal compartment, (2) prolonged 

localization at the plasma membrane (PM) followed by internalization, and (3) localization 

at the PM due to limited internalization or efficient recycling as found for antibodies to 

Pgp.[24–29] In order to examine localization and targeting to over-expressed Pgp in a MDR 

carcinoma phenotype, an anti-Pgp mAb, UIC2, was covalently attached to HPMA 

copolymer/drug conjugates.

The development of antibodies to Pgp has created opportunities to counteract MDR by 

incorporating antibodies, i.e., UIC2 into HPMA copolymer/drug conjugates, which have the 

potential to specifically target Pgp.[30–33] UIC2 targeted and non-targeted HPMA 

copolymer/ drug conjugates were synthesized containing non-degradable (glycine, G or 

glycylglycine, GG) or intralysosomally degradable (glycylphenylalanylleucylglycine, 

GFLG) spacers and their cytotoxicity towards a MDR, A2780/AD, or sensitive, A2780, 

human ovarian carcinoma cell line was studied. In addition to the degradable or non-

degradable nature of the linker, the composition of the linker may also play a part in 

determining the conjugates cytotoxicity.[19,34] Examining the effects of G, GG, or GFLG 

spacers on the cytotoxicity of UIC2 targeted HPMA copolymer/drug conjugates will further 

our understanding of methods to combat the development of MDR in carcinoma cells where 

the HPMA copolymer/drug conjugate remain predominantly localized to the PM as a result 

of binding to Pgp. [6,8,24–28]

Aims of this study included determining the localization of UIC2 targeted HPMA 

copolymer conjugates labeled with fluorescein, the specificity and cytotoxicity of UIC2 

targeted HPMA copolymer/drug conjugates containing meso chlorin e6 mono (N-2-
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aminoethylamide) (Mce6) or doxorubicin (DOX), and the influence of the structure of the 

drug spacer (GFLG vs. G or GG) towards the Pgp-expressing, MDR human ovarian 

carcinoma cell line A2780/AD.

2. Experimental Section

2.1. Cell Lines

Human ovarian carcinoma cell lines A2780, DOX sensitive, and A2780/AD, DOX resistant, 

were obtained from Dr. T. C. Hamilton (Fox Chase Cancer Center, PA). The A2780/AD cell 

line expresses Pgp due to previous exposure to DOX.[35] A2780 and A2780/AD cells were 

cultured in Roswell Park Memorial Institute (RPMI) 1640 medium containing 10 µg · mL−1 

insulin, supplemented with 10% fetal bovine serum (FBS). Experiments were conducted on 

cells in the exponential growth phase. The hybridoma cell line that produces the IgG2a mAb 

to P-glycoprotein (UIC2) was purchased from ATCC (Rockville, MD). Cells were kept at 37 

°C in a humidified atmosphere containing 5% CO2 (v/v).

2.2. Antibody Production

UIC2 hybridoma cells were reduced from Dulbecco’s modified Eagle Medium (DMEM) 

containing 10% fetal bovine serum by serial dilution to 1.25% FBS and then to serum-free 

medium Hybridoma-SFM (Gibco Life Sciences). Cells were then seeded into a Cellco 

Bioreactor system. The UIC2 antibody was harvested every 24 h and purified by affinity 

chromatography (Gammabind Plus Sepharose, Pharmacia).[36] The purity of the antibody 

was assessed by sodium dodecylsulfate/polyacrylamide gel electrophoresis (SDS-PAGE).

2.3. Labeling of UIC2 Antibody

Free mAb was radiolabeled using the Iodogen method. The mAb, 0.29 mg, in Dulbecco’s 

phosphate-buffered saline (DPBS) pH = 7.4 and 10 µL (0.5 mCi) of Na125I were mixed in a 

glass test tube containing an Iodogen film. The reaction mixture was incubated for 20 min 

with periodic stirring. The unbound 125I was separated from the labeled mAb using two 

passages over a PD-10 column (Pharmacia) equilibrated in DPBS containing 0.5% BSA The 

labeled mAb was stored at 4°C.

2.4. Affinity Constant of UIC2

The affinity constant, Ka, of UIC2 for Pgp was determined using A2780/AD cells. Non-

specific binding of radiolabeled UIC2 was measured using the A2780 cell line, which does 

not express Pgp. Cells were suspended following trypsinization in 1mL Hank’s balanced salt 

solution (HBSS) containing 0.5% bovine serum albumin (BSA) and 5 × 106 cells. Unlabeled 

UIC2 was mixed with equivalent amounts of 125I labeled UIC2 and diluted between 0.08 

and 20µg ·mL−1. The cells were incubated with UIC2 for 5.5 h at 4°C on a rotating sample 

holder. The cells were centrifuged and the supernatant was aspirated. The cells were then 

counted using a γg-counter. The amount bound to the A2780 cell line, due to non-specific 

binding, was subtracted from the value for the A2780/AD cell line. A Scatchard plot was 

used to obtain Ka.
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2.5. Synthesis of HPMA Copolymer/Drug Conjugates

Polymeric precursors were prepared by radical copolymerization of HPMA with N-

methacryloylglycine p-nitrophenyl ester (MA-G-ONp),[37,38] to obtain P-G-ONp; with N-

methacryloylglycylglycine p-nitrophenyl ester (MA-GG-ONp), to obtain P-GG-ONp; and 

with N-methacryloylglycylphenylalanylleucylglycine p-nitrophenyl ester (MA-GFLG-

ONp),[39] to obtain P-GFLG-ONp; and with MA-G-ONp and 5-[3-

(methacryloylaminopropyl)thioureidyl] fluorescein (MA-AP-FITC),[40] to obtain polymer 

precursor 6 [P-(AP-FITC)-ONp], using 2,2’-azoisobutyronitrile as the initiator, in acetone at 

50 °C as previously described.[38]

The p-nitrophenyl (ONp) content was determined by UV spectroscopy using ε272 = 9500 in 

dimethyl sulfoxide (DMSO) containing 1% acetic acid. The molecular weight of HPMA 

copolymer precursors was estimated, following aminolysis with 1-amino-2-propanol, by 

size-exclusion chromatography on a Superose 6 column (Pharmacia, HR10/30) calibrated 

with fractions of poly(HPMA).

Mce6 and DOX were attached to HPMA opolymer precursors by partial aminolysis of ONp 

groups to yield the following polymeric precursors; polymer precursor 1 [P-(G-Mce6)-ONp], 

2 [P-(GG-Mce6)-ONp], 3 [P-(GFLG-Mce6)-ONp], 4 [P-(GG-DOX)-ONp], and 5 [P-

(GFLG-DOX)-ONp].[41] The polymer precursors were separated from free drug on an 

LH-20 column equilibrated in methanol containing 1% acetic acid. The ONp and drug 

content were determined spectrophotometrically as previously described.[41] Polymer 

precursors 1, 2,3,4, and 5 were subsequently divided into two parts. The first part was 

aminolyzed with an excess of 1-amino-2-propanol to obtain conjugates 1 [P-(G-Mce6)], 2 
[P-(GG-Mce6)], 4 [P-(GFLG-Mce6)], 6 [P-(GG-DOX)], and 8 [P-(GFLG-DOX)]. The 

second fraction was dissolved in dimethylformamide (≈20wt%) and added dropwise to a 

solution of UIC2 (10 mg · mL−1) in phosphate-buffered saline (PBS) at pH = 7.2 while 

stirring. The reaction proceeded for 2 h at room temperature (RT), and the pH was gradually 

increased with 0.1 N NaOH to 9.0 over a 2h period. The mAb targeted HPMA copolymer/

drug conjugates were purified by size exclusion chromatography on a Superose 6 

preparative (Pharmacia, HR 16/ 60) column and fractions corresponding to the conjugate 

were collected based on spectral, refractometric and protein detection methods. Conjugate 

fractions were pooled, concentrated, and characterized for the polymer content (based on 

drug adsorption) and protein content [bicinchoninic acid (BCA) assay]. The copolymers 

were designated as conjugates 3 [P-(GG-Mce6)-mAb], 5 [P-(GFLG-Mce6)-mAb], 7 [P-(GG-

DOX)-mAb], and 9 [P-(GFLG-DOX)-mAb].

Polymer precursor 6 [P-(AP-FITC)-ONp] was either aminolyzed with 1-amino-2-propanol 

and designated as conjugate 10 [P-(AP-FITC)] or subsequently reacted with UIC2 to obtain 

conjugate 11 [P-(AP-FITC)-mAb]. The P refers to the HPMA copolymer backbone as 

shown in Table 1.

The Mce6, DOX, and fluorescein contents of individual copolymers were evaluated by UV 

spectroscopy. The extinction coefficients used (in L · mol−1 · cm−1) were as follows: Mce6, 

ε394 = 1.58 × 105 in methanol or ε394 = 1.07 × 105 in water; DOX, ε490 = 1.1 × 104 in water; 

and fluorescein; ε490 = 8.0 × 104 in 0.1 M borate pH = 9.3 buffer.
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Protein content was determined by BCA assay (Pierce). Contribution to the protein content 

from the HPMA copolymer/ drug conjugate was determined using individual, matched 

aminolyzed HPMA copolymer/drug conjugate precursors. The levels measured were 

subtracted from the amount determined for each targeted HPMA copolymer/drug conjugate. 

Briefly, standard curves were constructed using serial dilutions of a 2 mg · mL−1 stock 

solution of HPMA copolymer/drug conjugates or UIC2. The concentration of the HPMA 

copolymer in UIC2 targeted HPMA copolymer/drug conjugates was determined by 

measuring the concentration of the drug, and subtracting the corresponding absorbance 

contribution to the BCA assay as determined from the standard curve. The chemical 

structure of the conjugates is shown in Figure 1. Their characterization is listed in Table 2.

2.6. Internalization of Conjugates

Cells were plated on 25 × 25 mm2 glass coverslips in 6-well plates at a density of 2 × 105 

cells perwell and incubated for 24h.RPMI-1640 media containing the fluorescein labeled 

copolymer, 150 µg · mL−1, P-(AP-FITC)-mAb, P-(AP-FITC), and unlabeled mAb (10µg · 

mL−1) were added to the individual wells and incubated at 4 °C to observe saturation of cell 

surface Pgp and at 37 °C to observe internalization and localization of conjugate 10 [P-(AP-

FITC)], conjugate 11 [P-(AP-FITC)-mAb], or free mAb. Free mAb was visualized 

following a 30 min incubation of fluorescein labeled goat anti-mouse IgG (0.5mg · mL−1).

The localization of conjugates 10 [P-(AP-FITC)] and 11 [P-(AP-FITC)-mAb], and UIC2 

visualized with goat anti-mouse fluorescein labeled secondary mAb were determined on a 

Bio-Rad MRC 600 laser scanning confocal imaging system. The system is based on a Zeiss 

Axioplan microscope and a krypton-argon laser. The plan-apo objective (60 ×, numerical 

aperture 1.4, oil) was used. The images were obtained using a block of filters, excitation at 

488 nm and emission through a 515 nm barrier filter. Following growth of the cells and 

incubation with conjugate 10 [P-(AP-FITC)], conjugate 11 [P-(AP-FITC)-mAb], or free 

mAb, coverslips were washed 5× with DPBS followed by fixation of cells with 3% 

paraformaldehyde in DPBS for 20 min at RT. Coverslips were then prepared for mounting 

on a microscope slide using the SlowFade Light Antifade Kit (Molecular Probes).

2.7. Flow Cytometry

One million cells were trypsinized, pelleted by centrifugation, and suspended in Hank’s 

balanced salt solution (HBSS) pH = 7.5 containing 0.5% bovine serum albumin (BSA) and 

10 µg · mL−1 UIC2 for 30 min at 4°C. Cells were subjected to centrifugation and the 

supernatant aspirated and the pellet washed with DPBS containing 0.5% BSA. After an 

additional centrifugation, cells were suspended in HBSS with 0.5% BSA containing 0.5 µg · 

mL−1 fluorescein isothiocyanate (FITC)-labeled goat anti-mouse IgG for 30min at 4°C 

followed by washing in DPBS containing 0.5% BSA and resuspension in DPBS containing 

0.5% BSA as above. All solutions and incubations were maintained at 4°C. Cells were 

examined on a flow cytometer (Becton Dickenson FacScan) using the FL1 channel for 

fluorescein. Similar profiles were generated utilizing the fluorescein-labeled conjugate 11 

[P- (AP-FITC)-mAb] and a modified protocol. Conjugate 11 [P-(AP-FITC)-mAb] was 

incubated as described above, except the concentration of the conjugate was 100 µg · mL−1 

of the mAb and the FITC-labeled goat anti-mouse IgG incubation step was omitted.
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2.8. Cytotoxicity Bioassay

The inhibitory concentration at which 50% (IC50) of cell growth is inhibited relative to 

control cells was determined using a modified 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) cell survival bioassay.[42] Briefly, 10 000 A2780 or 20 

000 A2780/ AD cells were seeded in individual wells of a 96 well plate and incubated 24 h 

under cell culture conditions. Varying concentrations of free drug or HPMA copolymer/drug 

conjugates in RPMI-1640 medium were added to each well, with control cells receiving 

sterile DPBS.

For free Mce6 and HPMA copolymer/Mce6 conjugates, the cells were incubated with 

varying drug concentrations for 16 h under cell culture conditions. Then the drug solution 

was removed, fresh media added, and the cells were irradiated (3.0 mW cm−2) for 30min 

using a tungsten halogen light source filtered via a 650 nm bandpass filter and incubated an 

additional 72 h under cell culture conditions. For free DOX and HPMA copolymer/DOX 

conjugates, the cells were incubated with varying drug concentrations for 72 h under cell 

culture conditions. After the 72 h incubation for both Mce6 and DOX protocols, the medium 

was replaced with 100 µL of fresh media and 25 mL of MTT (5 mg mL−1) in DPBS was 

added. Following a 4h incubation cells were dissolved in 100 µL of 50 vol% 

dimethylformamide in water containing 20% (w/v) sodium dodecylsulfate. The plates were 

incubated overnight and the absorbance read at 570 nm with a background correction at 630 

nm. Mce6 concentrations versus cell viability curves were constructed assuming control 

cells as 100% viable. Linear regression of Mce6 concentration versus cell viability was 

performed to determine the IC50. The following formula for cell viability (V) was utilized to 

obtain the IC50 for cells exposed to DOX:

(1)

where  and C0 is the IC50 dose, Y the optical density in a well-containing 

drug concentration C, Ym the optical density in a well with 100% cell viability, and Y0 the 

optical density in a well with 0% cell viability.[43]

2.9. Determination of Cell-Associated Mce6 Concentration

Cell associated Mce6 was determined following incubation of the A2780/AD cells with the 

IC50 dose determined in the cytotoxicity bioassay. The cells were plated and incubated with 

the IC50 dose for 16 h, the drug solution was removed, and individual wells in 96 well plates 

were washed twice with 100mL DPBS and aspirated. The cells were then incubated with 

100 mL stripping buffer at 4 8C for 5 min on a rocking sample holder.[44] The stripping 

buffer was collected and the cells were dissolved with 50 mL 1M NaOH overnight. The 

fluorescence of the solutions was measured using a photon counting spectrofluorometer 

PC-1 (ISS, Champaign, Il). The excitation wavelength was 394nm and the fluorescence 

emission was 636 and 645 nm for the stripping buffer and 1 M NaOH, respectively. Mce6 

standards from 0 to 50 nM were used to calculate the concentration in the stripping buffer 

and 1 M NaOH solutions. The stripping buffer was utilized since it is capable of dissociating 
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protein/protein interactions, but the contributions to the total fluorescence were minimal. 

However, the dissociation of non-targeted HPMA copolymer/Mce6 conjugates from the cell 

surface due to the stripping buffer was incomplete. Therefore, the values from both solutions 

were combined and expressed as cell associated Mce6. Fluorescent intensity was normalized 

to the amount of cell protein using the Micro BCA assay (Pierce).

2.10. Statistics

All values report the mean ± standard deviation unless otherwise noted. Statistical analysis 

was carried out utilizing the Pearson’s correlation coefficient and Student’s t-test; p < 0.05 

was considered statistically significant.

3. Results

3.1. Characterization of UIC2 Binding to A2780/AD Cells

The specificity of UIC2 for Pgp expressed on A2780/AD cells was demonstrated using flow 

cytometry (Figure 2). Marked shifts to the right were demonstrated for both the free mAb as 

well as conjugate 11 [P-(AP-FITC)-mAb] indicating the mAb conjugated to HPMA 

copolymer conjugate maintains recognition of Pgp and localization at the PM. To quantify 

the affinity of UIC2 for Pgp expressed on A2780/AD cells, the affinity constant, Ka, was 

determined from a Scatchard plot and was 1.1 × 108 L · mol−1. Saturation of Pgp sites by 

UIC2 on A2780/AD cells was reached at 20 µg · mL−1, similar to values cited in the 

literature.[45]

3.2. Localization of HPMA Copolymer/FITC Conjugates

Localization and/or intracellular trafficking of polymeric drug delivery systems are 

important consideration for the cytotoxic activity of anti-cancer drugs. Cytotoxicity is a 

function of cellular localization and the composition of the spacer utilized to attach the anti-

cancer agent.[19,34] The localization and internalization of conjugate 10 [P-(AP-FITC)], and 

conjugate 11 [P-(AP-FITC)-mAb], which contained non-degradable spacers, were incubated 

with A2780/AD cells and monitored using confocal fluorescence microscopy and compared 

to UIC2. UIC2 incubated with A2780/AD cells at 4°C for 16 h exhibited PM localization 

due to temperature-induced inhibition of pinocytosis (Figure 3A).Incubation at 37°Calso 

showed PM localization, but also exhibited limited internalization (Figure 3B), which is 

likely due to Pgp presence in early endosomes, which may function as an intracellular 

reserve, and to a lesser extent in lysosomes.[6,24–27] Incubation of conjugate 11 [P-(AP-

FITC)-mAb] at 4 and 37°C showed similar profiles (Figure 3C and D).[28] While the pattern 

of fluorescence was similar, conjugate 11 [P-(AP-FITC)-mAb] exhibited a more intense 

localized pattern within the cell than UIC2 (compare Figure 3B with Figure 3D). Cells 

incubated for up to48 h with conjugate 11[P-(AP-FITC)-mAb] showed similar cellular 

fluorescence as noted at 16 h, which may indicate limited internalization of conjugate 11 [P-

(AP-FITC)-mAb], Pgp complexes (Figure 3E).[6,24–28]

In contrast, incubation of conjugate 10 [P-(AP-FITC)] for 16 h with A2780/AD cells 

exhibited lysosomal uptake, as noted for fluorescence in the perinuclear region (Figure 3F). 
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Conjugate 10 [P-(AP-FITC)] had negligible fluorescence at 4°C due to minimal adsorption 

to the cell membrane of the hydrophilic copolymer (data not shown).

3.3. Cytotoxicity of HPMA Copolymer/Drug Conjugates

Examination of the cytotoxicity of HPMA copolymer/drug conjugates was performed for the 

following reasons: (1) to compare the efficiency to inhibit cell growth of the various forms 

of drug in the A2780 and A2780/AD cell lines, (2) to determine the effect of non-degradable 

(G or GG) and degradable (GFLG) spacers on the concentration required to inhibit cell 

growth, (3) to examine differences in the cytotoxicity of Mce6 and DOX towards A2780 and 

A2780/AD cell lines, (4) to compare the effectiveness of mAb targeting to reduce the IC50 

over non- targeted HPMA copolymer/drug conjugates in A2780/AD cells, and (5) to 

demonstrate the specificity of the mAb for Pgp expressing cells.

The IC50 doses for HPMA copolymer/drug conjugates and free drugs are listed in Table 3. 

The dose dependent inhibition of cell growth is shown in Figure 4 for free Mce6 and HPMA 

copolymer-Mce6 conjugates. The free drug exhibits a higher cytotoxicity in vitro than 

HPMA copolymer-Mce6 conjugates drug for A2780 and A2780/ AD cells due to the 

difference in the uptake mechanism, diffusion for free drug, pinocytosis for non-targeted 

HPMA copolymer/drug conjugates, and primarily PM localization onA2780/

ADcellsforUIC2targetedHPMAcopolymer/drug conjugates.[24–28,39]

The cytotoxicity of HPMA copolymer/drug conjugates increased when the drug was 

attached via a degradable spacer, GFLG, as in conjugate 4 [P-(GFLG-Mce6)], conjugate 8 
[P-(GFLG-DOX)], conjugate 5 [P-(GFLG-Mce6-mAb)], and conjugate 9 [P-(GFLG-DOX-

mAb)], when compared to conjugates containing non-degradable spacers, G or GG, for 

conjugate 1 [P-(G-Mce6)], conjugate 2 [P-(GG-Mce6)], conjugate 3 [P-(GG-Mce6-mAb)], 

conjugate 6 [P-(GG-DOX)], and conjugate 7 [P-(GG-DOX-mAb)], respectively, for A2780 

and A2780/AD cells, as noted for other targeted and non-targeted HPMA 

copolymers.[19,23,34] Release of the drug from internalized HPMA copolymer/drug 

conjugates can occur due to enzymatic cleavage between the GFLG spacer, acathepsin B 

substrate, and the drug once the conjugate has been internalized and reaches the lysosomal 

compartment.[46,47] Increased cytotoxicity, likely following release of the drug in the 

lysosomal compartment, from the GFLG spacer was more pronounced for conjugate 4 [P-

(GFLG-Mce6)] versus conjugate 2 [P-(GG-Mce6)], than conjugate 8 [P-(GFLG-DOX)] 

versus conjugate 6 [P-(GG-DOX)], for both A2780 and A2780/AD cell lines. The IC50 of 

conjugate 4 [P-(GFLG)-Mce6] conjugate was similar to free Mce6 for both the A2780 and 

A2780/AD cell lines as shown in Table 3.

Non-targeted HPMA copolymer-Mce6 conjugates exhibited no statistically significant 

difference in the measured IC50 for A2780 and A2780/AD cells for Mce6 conjugated via 

non-degradable G and GG side chains. Conjugate 4 [P-(GFLG-Mce6)], however, was 

statistically more cytotoxic toward the A2780 than the A2780/AD cell line, p< 0.05, similar 

to values measured for free Mce6 (Table 3). Free DOX and each HPMA copolymer-DOX 

conjugate, conjugates 6 [P-(GG-DOX)], 7 [P-(GG-DOX-mAb)], 8 [P-(GFLG-DOX)], and 9 
[P-(GFLG-DOX-mAb)], were significantly more cytotoxic towards the A2780 versus the 
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A2780/AD cell line, p <0.05. The cytotoxicity of HPMA copolymer/drug conjugates was 

increased by inclusion of a mAb targeting moiety for conjugates 3 [P-(GG-Mce6-mAb)], 7 
[P-(GG-DOX-mAb)],and9[P-(GFLG-DOX-mAb)],versus conjugates 2 [P-(GG-Mce6)], 6 
[P-(GG-DOX)], and 8 [P-(GFLG-DOX)], while conjugate 5 [P-(GFLG-Mce6)-mAb] 

showed a decreased cytotoxicity compared to conjugate 4 [P-(GFLG)-Mce6]), for the 

A2780/ AD cell line. In the A2780 cell line, the cytotoxicity of the non-targeted conjugates 

4 [P-(GFLG)-Mce6]), 6 [P-(GG-DOX)], and 8 [P-(GFLG-DOX)] were more cytotoxic than 

mAb targeted conjugates 5 [P-(GFLG-Mce6)-mAb], 7 [P-(GG-DOX-mAb)], and 9 [P-

(GFLG-DOX-mAb)] (Table 3).

In contrast to similar IC50 values for conjugate 3 [P-(GG-Mce6)-mAb] and conjugate 5 [P-

(GFLG-Mce6)-mAb], conjugate 9 [P-(GFLG-DOX)-mAb], showed enhanced cytotoxicity 

toward A2780/AD cell sin comparison to conjugate 7 [P-(GG-DOX)-mAb] (Table 3). The 

similar IC50 value for conjugates 3 [P-(GG-Mce6)-mAb] and 5 [P-(GFLG-Mce6)-mAb]may 

be due to primary localization of the targeted HPMA copolymer/drug conjugate to Pgp on 

the PM with limited and or delayed internalization.[24] Reduced internalization as a result of 

PM localization or less internalization due to the 16h incubation time would decrease the 

incubation time would decrease the amount of free Mce6 liberated in the lysosomal 

compartment for A2780/AD cells. Conjugate 9 [P-(GFLG-DOX)-mAb], likely due to its 

primarily PM localization to Pgp, reduced the IC50 dose measured for conjugate 8 [P-

(GFLG-DOX)] by nearly an order of magnitude, almost to levels measured for free DOX 

(Table 3). The improved cytotoxicity is similar to results obtained with an internalized OV-

TL16 antibody targeted HPMA copolymer/drug conjugates and the human ovarian cancer 

cell line OVCAR-3.[20] The increase in cytotoxicity of conjugate 9 [P-(GFLG-DOX)-mAb] 

may be similar to other non-internalized DOX conjugates, which demonstrate two to three 

orders of magnitude enhancement in DOX cytotoxicity over internalized free DOX.[48–50]

In all cases, UIC2 targeted HPMA copolymer/drug conjugates showed a higher IC50 dose 

than non-targeted HPMA copolymer/drug conjugates for the A2780 cell line, demonstrating 

specificity (Table 3). The decreased cytotoxicity of UIC2 targeted HPMA copolymer/drug 

conjugates for A2780 cells and generally increased cytotoxicity in A2780/AD cells supports 

antigen specific enhancement of cytotoxicity. Similar studies in the literature utilizing 

targeted delivery systems indicated enhanced specificity to antigen expressing cells, 

although cytotoxicity can be induced by non-specific uptake of macromolecules.[51,52] The 

increased hydrophilicity of the mAb may also decrease interaction with cell membranes that 

do not express P-gp. Therefore, the amount of the UIC2 targeted HPMA copolymer/drug 

conjugate internalized versus non-targeted conjugates would decrease; the net result would 

be an increased IC50 value, as seen in the A2780 cell line in this study.

3.4. Cell-Associated Mce6

The amount of free or HPMA copolymer/Mce6 conjugates adsorbed to and inside the cell 

was determined following administration of the IC50 dose (Table 3). The cell associated 

concentration increased with increasing IC50 dose in a linear fashion, similar to trends 

demonstrated in the literature.[53] Calculation of the Pearson’s correlation coefficient of the 

IC50 dose versus cell associated Mce6 was 0.96. This validates IC50 values as a reliable 
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measure of the cytotoxicity of different forms of the drug for a given cell line, such as 

A2780/AD.

4. Discussion

Multidrug resistance involves a number of mechanisms; overexpressed Pgp is one of the 

most common.[1] High-level expression of Pgp is found in normal tissues, generally 

characterized as barrier and excretory tissues.[54] Examples include: kidney, adrenal cortex, 

liver, colon, small bowel, brain, testis, and pancreas, with lower levels in a variety of tissues, 

including ovarian.[5,25,27] Expression of Pgp explains the MDR prevalence in tissues prior to 

treatment and induction of MDR in ovarian cancer following anti-cancer drug exposure. 

Alternative strategies in development to target Pgp include inhibitors,[3,25,26,55] mAb that 

target and partially reverse Pgp efflux,[32,33,56,57] and utilization of anti-Pgp mAb effector 

function to trigger antibody dependent cellular toxicity or complement dependent 

cytotoxicity.[58,59] To date, no clear strategy has demonstrated sufficient effect to overcome 

MDR.

Another strategy is bypassing Pgp efflux using HPMA copolymer/drug conjugates, which 

passively increase the uptake of macromolecules into tumors by the EPR effect.[11,13,14] 

HPMA copolymer/DOX conjugates, as well as other HPMA copolymer/drug conjugates, 

have been utilized in a number of clinical trials to test this strategy.[60,61] Conjugation of 

anti-cancer drugs to degradable GFLG side chains was designed to allow the release of the 

drug once the HPMA copolymer/drug conjugates reaches the lysosomal compartment.[62] A 

lysosomotropic drug delivery system was demonstrated using OV-TL16 antibody targeted 

HPMA copolymer/DOX conjugates directed against the OA3 antigen of OVCAR-3 cells.[20] 

Conjugated DOX localized in the lysosomal compartment in OVCAR-3 cells for OV-TL16 

antibody targeted HPMA copolymer/DOX conjugates containing non-degradable side 

chains, and for released DOX in the nucleus for conjugates containing degradable side 

chains.[20] Additional studies highlighted differing localization of HPMA copolymer/drug 

conjugates dependent on the mechanism and the target (targeted conjugates).[19,23,34]

Localization studies with UIC2 targeted conjugate 11 [P-(AP-FITC)-mAb] exhibited 

primarily PM localization (Figure 3D), similar to studies examining Pgp function and 

localization noted in the literature.[8,24–28] Limited intracellular localization within early 

endosomes and lysosomes does occur for Pgp, and may occur for HPMA copolymer/drug 

conjugates targeted with the UIC2 antibody.[8,24,28] While Pgp is primarily localized at the 

PM, a number of studies have identified compounds that alter Pgp localization either by 

interference with protein/protein complexes or inhibitors of energy dependent pathways 

which alter the localization and internalization of Pgp.[25–27,54,63–65] Images of conjugate 11 
[P-(AP-FITC)-mAb] incubated with A2780/AD cells does exhibit limited internalization 

within the cells, and based on trafficking studies of Pgp in the literature, it is within early 

endosomes or lysosomes, and not within recycling endosomes.[6,64] If alteration of Pgp 

trafficking had occurred, a more intense fluorescence near the perinuclear region, as found 

for conjugate 10 [P-(AP-FITC)], would be evident.[20,40] Localization of HPMA copolymer 

conjugates was studied using FITC labeled conjugates, rather than DOX, as alterations in 

DOX fluorescence occur due to DNA intercalation, effects of the cell medium, whether the 
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cells are sensitive or resistant to anti-cancer agents and the presence of DOX metabolites.[66] 

Recently a method has been developed that allows discrimination between DOX and one of 

the key metabolites that distributes differently in sensitive and drug-resistant cell lines.[67] 

Discrimination between DOX and DOX metabolites may allow a clearer distinction in 

intracellular accumulation of anti-Pgp HPMA copolymer/DOX conjugates and aid in our 

understanding of methods to overcome MDR.

As noted above, the alteration of Pgp expression at the PM is a potential target for 

circumvention of MDR, but this was not noted for anti-Pgp-targeted HPMA copolymers 

(without drug). UIC2 targeted HPMA copolymer/drug conjugates, therefore, offered an 

opportunity to specifically target MDR cells over-expressing Pgp and demonstrate their 

specificity and efficacy when primarily localized to the PM. Additional studies of anti-Pgp 

targeted HPMA copolymer/drug conjugates are warranted to investigate if the inclusion of a 

drug moiety alters the localization of Pgp.

Many anti-cancer agents require localization within the cell for activity, which may 

somewhat limit the use of anti-Pgp mAb as a means to target MDR cell lines. The 

photosensitizer Mce6 and the anti-neoplastic agent DOX, which both exhibit membrane 

activity, were selected due to their ability to be toxic by mechanisms that do not require cell 

entry. Targeted HPMA copolymer/drug conjugates (Mce6 or DOX) exhibited the ability to 

induce cell death through photodynamic therapy (PDT) using Mce6,[68,69] and presumably 

by membrane activity of the anti-cancer agent DOX.[48–50,70] Enhanced cytotoxicity of PM 

localized UIC2 targeted HPMA copolymer/drug conjugates towards A2780/AD cells was 

demonstrated for three of the four conjugates tested (Table 3). Conjugate 3 [P-(GG-Mce6)-

mAb], exhibited a threefold higher cytotoxicity than conjugate 2 [P-(GG-Mce6)]. Conjugate 

7 [P-(GG-DOX)-mAb] and conjugate 9 [P-(GFLG-DOX)-mAb] were four- and eightfold 

lower IC50 values than conjugates 6 [P-(GG-DOX)] and 8 [P-(GFLG-DOX)], 

respectively .As noted for conjugate 4 [P-(GFLG)-Mce6] versus conjugate 5 [P-(GFLG-

Mce6)-mAb], targeting Pgp with HPMA copolymer/drug conjugates containing Mce6 

reduced the cytotoxicity against the A2780/AD cell line in vitro. The exact mechanism 

would require further study, but may be related to the diminished internalization of Pgp from 

the PM. Reduced cytotoxicity of conjugate 5 [P-(GFLG-Mce6)-mAb] may be partially 

explained by the reduced production of singlet oxygen of Mce6 bound to conjugate 5 [P-

(GFLG-Mce6)-mAb] as a result of localization at the PM.[71]

Plasma membrane localization demonstrated photo-activation of Mce6 conjugated to 

antibody targeted macromolecules, generation of singlet oxygen, and creation of oxygenated 

products leading to single point rupture of the cell.[69] DOX typically known to be cytotoxic 

via intercalation with DNA and stabilization of the cleavable complex between 

topoisomerase and DNA,[72] has been shown to possess membrane activity at the PM when 

immobilized to non-internalized drug delivery systems,[50,70] and HPMA copolymer/drug 

conjugates have demonstrated cytotoxicity as a result of damage to cellular membranes.[19]

Cell death caused by PM localized photosensitizers, i.e., UIC2 targeted HPMA copolymer-

Mce6 conjugates, occurs by lipid peroxidation and PM protein oxidation. Non-internalized 

DOX conjugates, similar to UIC2 targeted HPMA copolymer/DOX conjugates, destabilize 
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the PM and induce cell death.[48–50] Targeting of Pgp and localization to the PM may 

enhance anti-cancer treatments for MDR cell lines by bypassing resistant mechanisms which 

occur following diffusion or endocytosis of anti-cancer agents into the cell, i.e., reduced 

drug accumulation, altered localization, increased detoxification, and enhanced DNA repair.

The increased cytotoxicity of DOX conjugate 9 [P-(GFLG-DOX-mAb)] versus 8 [P-

(GFLG-DOX)] in contrast to the decreased cytotoxicity of Mce6 conjugate 5 [P-(GFLG-

Mce6)-mAb] versus 4 [P-(GFLG)-Mce6]) may be due to the membrane cytotoxicity of 

immobilized DOX, which has been shown to be two to three orders of magnitude more 

cytotoxic than internalized free DOX.[48–50] Another potentially contributing factor is the 

difference in the incubation period for DOX conjugates versus their Mce6 counterparts. The 

study was designed to compare drug effects for the same period of drug activity (72 h), 

following exposure to DOX conjugates or activation of Mce6 conjugates by irradiation. 

Further study is required to identify if the length of the incubation period for anti-Pgp 

HPMA copolymer/Mce6 conjugates, i.e., >16 h, would alter its cytotoxicity versus the non-

targeted conjugate.

Cytotoxicity without nuclear accumulation of non-internalized macromolecule/DOX 

conjugates was demonstrated with transferrin/DOX conjugates, which exhibited membrane 

activity, similar to other immobilized DOX models.[50,73–75] The insertion depth and 

membrane destabilization of non-internalized DOX conjugates are dependent on a number 

of factors involving the chemical structure of anthracyclines.[76,77] The chemical structure of 

side chains of HPMA copolymer/DOX conjugates, the density of Pgp, and the number of 

DOX per conjugate may also influence the ability of DOX to destabilize the 

membrane.[19,34] The decreased IC50 dose of conjugate 9 [P-(GFLG-DOX-mAb)] versus 

conjugate 7[P-(GG-DOX-mAb)] for A2780/AD cells could reflect differences in the 

oligopeptide side chains used to link DOX to the HPMA copolymer backbone, and result in 

variation in the ability to disrupt the membrane.[19,34] One may hypothesize that the cell 

membrane may serve to solubilize the aggregates, and at the same time destabilize the 

phospholipid bilayer due to an increase in the local concentration of DOX.[19,34,50,78]

The effect may also be related to enhanced inhibition of Pgp as noted for co-incubation of 

UIC2 in the presence of Pgp substrates.[33] Incubation in vitro of Pgp expressing cells in the 

presence of UIC2 and Pgp substrates enhanced both the amount of Pgp available for UIC2 

binding and the inhibition of Pgp as a result of UIC2 binding. The enhanced cytotoxicity of 

anti-Pgp-targeted HPMA copolymer/DOX conjugates may involve a similar mechanism, 

since DOX is a substrate of Pgp, while Mce6 is not. The intercalation of DOX into the PM 

may increase the number of available Pgp available for UIC2 recognition; further increasing 

the cytotoxic effect. In contrast to UIC2 targeted conjugate 7 [P-(GG-DOX)-mAb], anti-Thy 

1.2 or anti-Lak antibodies targeted to the lymphatic system conjugated to HPMA 

copolymer/DOX conjugates with GG spacers exhibited no inhibition of antibody production, 

while similar conjugates containing GFLG spacers were more efficient than free DOX in 

vivo.[79] The enhanced cytotoxicity of conjugate 7 [P-(GG-DOX)-mAb] in comparison to 

anti-Thy 1.2 or anti-Lak-targeted HPMA copolymer/DOX conjugates with GG spacers may 

be due to an altered mechanism which occurs due to its localization to the PM.[79]
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In addition to the supporting evidence of specificity noted above, the efficacy and specificity 

of targeted HPMA copolymer/Mce6 conjugates localized to the PM was confirmed by 

comparing the cytotoxicity of targeted and non-targeted HPMA copolymer/drug conjugates. 

Differences in non-antigen expressing A2780 cells and antigen (Pgp) expressing A2780/AD 

cell lines, similar to methods cited in the literature, demonstrate the enhanced specificity of 

antibody targeting toward antigen expressing cell lines.[51,80]

UIC2-targeted HPMA copolymer/drug conjugates exhibit the ability to increase cytotoxicity 

towards MDR carcinoma following binding to Pgp localized at the PM. Selection of anti-

cancer agents that exhibit cytotoxicity at the PM was essential. The ability to induce cell 

death while conjugated to a macromolecule was demonstrated for a photo sensitizer, Mce6, 

and the antineoplastic agent DOX. The hypothesized mechanism for action is different for 

each compound, lipid and PM protein peroxidation for Mce6 and PM destabilization for 

DOX, but the concentration dependent cytotoxicity against A2780/AD cells was similar. 

Recent research has highlighted new potential methods to specifically target 

Pgp.[25–27,54,63–65] A deeper understanding of the intracellular trafficking and the pathways 

involved in Pgp expression and function will continue to expand the potential targets to 

mitigate or eliminate MDR due to Pgp overexpression.
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Nomenclature

AP 1-amino-2-propanol

BCA bicinchoninic acid

BSA bovine serum albumin

DOX doxorubicin

DPBS Dulbecco’s phosphate-buffered saline

EPR enhanced permeability and retention

FITC fluorescein isothiocyanate

G glycine

GG glycylglycine

GFLG glycylphenylalanylleucylglycine

HBSS Hank’s balanced salt solution

HPMA N-(2-hydroxypropyl)methacrylamide

IC50 inhibitory concentration at which 50% of cell growth is inhibited 

relative to control cells

MA methacryloyl
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mAb monoclonal antibody

Mce6 mesochlorin e6 mono (N-2-amino-ethylamide)

MDR multidrug resistance

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

ONp p-nitrophenyl ester

P HPMA copolymer backbone

P-(G-Mce6) HPMA copolymer/Mce6 conjugate containing G spacer

P-(GG-Mce6) HPMA copolymer/Mce6 conjugate containing GG spacer

P-(GFLG-Mce6) HPMA copolymer/Mce6 conjugate containing GFLG spacer

P-(GG-Mce6)-mAb UIC2-targeted HPMA copolymer-Mce6 conjugate containing GG 

spacer

P-(GFLG-Mce6)-
mAb

UIC2-targeted HPMA copolymer-Mce6 conjugate containing 

GFLG spacer

P-(GG-DOX) HPMA copolymer/DOX conjugate containing GG spacer

P-(GFLG-DOX) HPMA copolymer/DOX conjugate containing GFLG spacer

P-(GG-DOX)-mAb UIC2-targeted HPMA copolymer-DOX conjugate containing GG 

spacer

P-(GFLG-DOX)-
mAb

UIC2-targeted HPMA copolymer-DOX conjugate containing 

GFLG spacer

P-(AP-FITC) HPMA copolymer conjugate containing fluorescein

P-(AP-FITC)-mAb UIC2-targeted HPMA copolymer conjugates containing 

fluorescein and a G spacer

PDT photodynamic therapy

Pgp P-glycoprotein

PM plasma membrane

RT room temperature

SDS-PAGE sodium dodecylsulfate polyacrylamide gel electrophoresis

SMCC 4-(maleimidomethyl)cyclohexane-carboxylic acid N-

hydroxysuccinimide ester
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Figure 1. 
Chemical structure of HPMA copolymer/drug conjugates.
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Figure 2. 
Flow cytometry analysis of P-glycoprotein expression on the human ovarian cancer cell line 

A2780/AD: (—) A2780 control cells; (···) A2780 control cells exposed to fluorescein 

labeled anti-mouse IgG; (---) A2780/AD cells exposed to P-(AP-FITC)-mAb; and ( ) 

A2780/AD cells exposed to UIC2 mAb followed by fluorescein labeled anti-mouse IgG. 

FL1-Height is the relative intensity of fluorescein.
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Figure 3. 
Fluorescent microscopy images of A2780/AD cells incubated with UIC2 antibodies 

followed by fluorescein labeled anti-mouse IgG for 16 h at 4 (A) or 37°C (B), with 

conjugate 11 [P-(AP-FITC)-mAb] for 16h at 4 (C) or 37°C (D), and with conjugate 11 [P-

(AP-FITC)-mAb] for 48h at 37°C (E) and conjugate 10 [P-(AP-FITC)] for 16 h at 37°C (F).
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Figure 4. 
Viability of A2780/AD cells as a function of Mce6 concentration. The cytotoxicity of 

targeted and non-targeted HPMA copolymer/drug conjugates was determined using a 

modified MTT assay. Typical dose-response curves are shown for free Mce6 (-♦-); P-(G-

Mce6) (-▲-); P-(GG-Mce6) (-□-); P-(GFLG-Mce6) (-○-); P-(GG-Mce6)-mAb (-■-); and P-

(GFLG-Mce6)-mAb (-●-).
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Table 1

Characterization of HPMA copolymer/drug conjugates containing residual ONp groups.

Polymer
precursor

Structure
Approximate molecular ratio

ONp Polymer Drug

1 P-(G-Mce6)-ONp 4.1 1 4.3

2 P-(GG-Mce6)-ONp n.d. 1 8.4

3 P-(GFLG-Mce6)-ONp 3.5 1 8.0

4 P-(GG-DOX)-ONp 6.8 1 2.8

5 P-(GFLG-DOX)-ONp 8.5 1 4.1

6 P-(AP-FITC)-ONp 4.7 1 3.3
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Table 3

Cytotoxicity of free drugs and HPMA copolymer/drug conjugates in A2780 and A2780/AD cells in vitro.

Number Conjugate
IC50 [10−6 mol L−1]

Cell-associated Mce6
a) (A2780/AD)

[10−9 mol L−1]

A2780 A2780/AD

free Mce6 1.7 ±0.4 3.9 ±0.6 49.1 ±16.2

1 P-(G-Mce6) 96.0 ± 14.4 90.4 ± 12.2 314.2 ± 126.3

2 P-(GG-Mce6) 148.7 ± 15.3 155.1 ± 19.8 527.6 ± 109.1

3 P-(GG-Mce6)-mAb n.d. 48.4 ± 18.0 299.2 ± 133.7

4 P-(GFLG-Mce6) 4.9 ±0.4 6.8 ± 1.0 70.4 ± 11.4

5 P-(GFLG-Mce6)-mAb 18.9 ±6.8 41.2 ±6.9 213.4± 54.3

free DOX 0.008 ±003 9.5 ±4.0 NA

6 P-(GG-DOX) 7.1 ±3.2 190.3 ±68.5 NA

7 P-(GG-DOX)-mAb 17.7 ±2.1 45.5 ±6.6 NA

8 P-(GFLG-DOX) 5.2 ±2.1 108.2 ±28.5 NA

9 P-(GFLG-DOX)-mAb 8.9 ± 3.6 13.7 ±2.9 NA

a)
Studies were conducted with the previously determined IC50 dose for free Mce6 or HPMA copolymer/Mce6 conjugates.
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