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Abstract
The performance and safety of current antineoplastic agents, particularly water-insoluble drugs,
are still far from satisfactory. For example, the currently widely used Cremophor EL®-based
paclitaxel (PTX) formulation exhibits pharmacokinetic concerns and severe side effects. Thus, the
concept of a biodegradable polymeric drug-delivery system, which can significantly improve
therapeutic efficacy and reduce side effects is advocated. The present work aims to develop a new-
generation of long-circulating, biodegradable carriers for effective delivery of PTX. First, a
multiblock backbone biodegradable N-(2-hydroxypropyl)methacrylamide(HPMA) copolymer-
PTX conjugate (mP-PTX) with molecular weight (Mw) of 335 kDa was synthesized by RAFT
(reversible addition-fragmentation chain transfer) copolymerization, followed by chain extension.
In vitro studies on human ovarian carcinoma A2780 cells were carried out to investigate the
cytotoxicity of free PTX, HPMA copolymer-PTX conjugate with Mw of 48 kDa (P-PTX), and
mP-PTX. The experiments demonstrated that mP-PTX has a similar cytotoxic effect against
A2780 cells as free PTX and P-PTX. To further compare the behavior of this new biodegradable
conjugate (mP-PTX) with free PTX and P-PTX in vivo evaluation was performed using female
nu/nu mice bearing orthotopic A2780 ovarian tumors. Pharmacokinetics study showed that high
Mw mP-PTX was cleared more slowly from the blood than commercial PTX formulation and low
Mw P-PTX. SPECT/CT imaging and biodistribution studies demonstrated biodegradability as well
as elimination of mP-PTX from the body. The tumors in the mP-PTX treated group grew more
slowly than those treated with saline, free PTX, and P-PTX (single dose at 20 mg PTX/kg
equivalent). Moreover, mice treated with mP-PTX had no obvious ascites and body-weight loss.
Histological analysis indicated that mP-PTX had no toxicity in liver and spleen, but induced
massive cell death in the tumor. In summary, this biodegradable drug delivery system has a great
potential to improve performance and safety of current antineoplastic agents.
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1. Introduction
Current regimens of cancer chemotherapy are still far from satisfactory – their efficiency is
limited, drug resistance by cancer cells exists, and patients suffer from adverse side effects.
It has been realized that the inefficiency, drug resistance, and side effects in current
chemotherapy are caused mainly by unsatisfactory formulation, pharmacokinetics, and
biodistribution of antineoplastic agents [1]. In general, most drugs are quickly distributed
throughout the body after intravenous administration, with no selectivity towards the tumor,
which to a great extent confines their efficacy. To increase the exposure time of tumor cells
to drugs, current chemotherapy is given intermittently, with periodic injections/infusions.
Thus, it is desirable to develop new strategies to radically change performance and safety of
current chemotherapy, particularly through the transformation of drug formulations.

Paclitaxel (PTX), one of the most active antineoplastic agents, binds to the subunit of the
tubulin heterodimer, resulting in the arrest of the cell division cycle between the prophase
and anaphase, and ultimately apoptosis of cancer cells [2]. It has exhibited a significant
therapeutic effect against various tumors, including ovarian, breast, non-small cell lung, and
head and neck carcinomas [3–7]. However, its low water-solubility (0.25 µg/mL) requires
co-injection in a vehicle composed of Cremophor EL® (polyethoxylated castor oil) and
ethanol, causing severe hypersensitivity reactions [7–9]. Over the past decade, a number of
drug delivery systems have been developed to improve formulation of PTX, such as lipid- or
polymer-PTX conjugates [10–17]. Although some polymeric formulations have shown great
potential [13, 14, 17], there still is room for improvement. The molecular weight (Mw) of
currently used HPMA copolymer-drug conjugates (first generation) is suboptimal - the renal
threshold limits the Mw below approximately 50 kDa (the cutoff depends on carrier
architecture, molecular weight, hydrophobicity of side chain termini substituents, and
conformation [18–21]), which lowers the retention time of the conjugate in the circulation
with concomitant decrease in pharmaceutical efficiency. To address this issue, long-
circulating polymeric drug carriers with higher Mw have to be developed. Considering that
high Mw polymer with a non-degradable backbone will deposit in normal organs and impair
biocompatibility, the concept of backbone biodegradable copolymer carriers is advocated
[22–28].

In this study, we developed a new-generation of multiblock backbone biodegradable HPMA
copolymer-PTX conjugate with relatively high Mw. Both in vitro and in vivo evaluations
were performed to compare the behavior of this new generation conjugate with free PTX
and first generation low Mw HPMA copolymer-PTX conjugate, including cytotoxicity,
pharmacokinetics, biodistribution, single photon emission tomography/computed
tomography (SPECT/CT) imaging, antitumor activity, toxicity, and histological analysis.
We found that the new generation conjugate exhibited enhanced therapeutic efficacy and
reduced toxicity as compared to the first generation conjugate and free PTX. In addition, in
vivo biodegradation of multiblock polymer carrier was demonstrated by SPECT/CT imaging
and biodistribution study. Thus, the new multiblock HPMA copolymer-based nanocarrier
with high Mw is considered a promising drug-delivery candidate to improve performance
and safety of PTX and other antineoplastic agents.
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2. Materials and Methods
Materials

Common reagents were purchased from Sigma-Aldrich (St. Louis, MO) and used as
received unless otherwise specified. N,N’-dicyclohexylcarbodiimide (DCC), 4-
(dimethylamino)pyridine (DMAP) were obtained from AAPPTEC (Louisville, KY). 2,2’-
Azobis(2,4-dimethylvaleronitrile) (V-65) was from Wako USA (Richmond, VA). Paclitaxel
(PTX, >99.5%) was purchased from LC Laboratories (Woburn, MA).125Iodine [125I] was
obtained from Perkin-Elmer (Waltham, MA). N-(2-hydroxypropyl)methacrylamide
(HPMA) [29], N-methacryloylglycylphenylalanylleucylglycine (MA-GFLG-OH) [30], N-
methacryloyltyrosinamide (MA-Tyr-NH2) [31] and RAFT agents, 4-cyanopentanoic acid
dithiobenzoate (CPA) [32] and peptide2CTA (Nα,Nε-bis(4-cyano-4-
(phenylcarbonothioylthio)pentanoylglycylphenylalanylleucylglycyl)lysine) [24], were
synthesized according to literature. 4,4’-Azobis(N,N’-propargyl-4-cyanopentanamide)
(dialkyne-V-501) and Nα,Nδ-(bis(azidobenzoylglycylphenylalanylleucylglycylalanyl)lysine
(N3-GFLG-N3) were prepared according to described procedures [33].

Synthesis of Polymerizable Derivative of Paclitaxel (MA-GFLG-PTX)
Under nitrogen atmosphere, MA-GFLG-OH (5 g, 10.9 mmol), paclitaxel (9.3 g, 10.9 mmol),
DMAP (1 g, 8.7 mmol) were dissolved in 25 mL of N,N-dimethylformamide (DMF). A tiny
amount of t-octylpyrocatechine was added as inhibitor to avoid polymerization. The solution
was cooled to 0 °C. DCC (3.4 g, 16.3 mmol) in DMF (5 mL) was added dropwise. The
reaction mixture was kept under 4 °C for 24 h and then 2 h at room temperature.
Dicyclohexylurea (DCU) was removed by filtration. The filtrate was evaporated in vacuum.
The residue was redissolved in ethylacetate. Small amount of DCU was again removed by
filtration. The filtrate was precipitated in ether. The crude product was purified by column
chromatography (silica gel 60 Å, 200–400 mesh, ethyl acetate : acetone 8:1) to give white
solid in 52.1% yield.

1H NMR (DMSO-d6, 400 MHz): d 69-0.78 (m, 6H, δ-Leu); 1.00 (m, 6H,16+17); 1.33 (m,
2H, β-Leu); 1.46 (s, 3H, 19); 1.61 (m, 1H, γ-Leu); 1.74 (m, 7H, 6+14+18); 2.06 (m, 6H,
MA-CH3 + CH3COO-10); 2.20 (s, 3H, CH3COO-4); 2.45-2.89 (m, 2H, β-Phe); 3.54 (m,
1H, 3); 3.69 (m, 2H, CH2(Gly)); 3.89 (m, 2H, CH2(Gly)); 3.98 (m, 2H, 20); 4.08 (m, 1H, 7);
4.15-4.25 (m, 1H, α-Leu); 4.50 (m, 1H, α-Phe); 4.57 (m, 1H, OH-1); 4.87 (m, 2H,
5+OH-7); 5.27 (s, 1H, CH=); 5.34 (m, 1H, 2’); 5.38 (d, 1H, 2); 5.46 (dd, 1H, 3’); 5.65 (s,
1H, CH=); 5.91 (t, 1H, 13); 6.26 (s, 1H, 10); 7.18 (m, 5H, Phe); 7.41 (m, 5H, arom-taxol);
7.64-7.52 (m, 5H, arom-taxol); 7.82-7.92 (m, 5H, arom taxol); 8.10 (m, 2H, NH-Phe + NH-
Phe); 8.24 (m, 1H, NH-Gly-amide); 8.34 (m, 1H, NH-Glyester); 9.23 (d, 1H, NH-5’ taxol).

Synthesis of Multiblock HPMA Copolymer-Paclitaxel Conjugate (mP-PTX)
Synthetic procedure consisted of two steps: RAFT copolymerization of HPMA with MA-
GFLGPTX, followed by “click” reaction.

a. Synthesis of clickable telechelic HPMA copolymer-paclitaxel conjugate (tP-
PTX)—HPMA (886 mg, 6.19 mmol), MA-GFLG-PTX (245 mg, 0.19 mmol) and MA-Tyr-
NH2 (15 mg, 0.06 mmol) were dissolved in methanol. The solution was bubbled with N2 for
30 min. RAFT agent peptide2CTA and initiator V-65 were added via syringe.
Polymerization took place at 50 °C for 40 h. The copolymer was precipitated in acetone,
isolated by centrifugation and purified by dissolution-precipitation in methanol-acetone
twice, then dried under vacuum at room temperature. The copolymer was obtained as a
slightly pink powder; yield 454 mg (Mw 109 kDa, PDI 1.14). The product (440 mg) was
further reacted with dialkyne-V-501 (61 mg, 0.17 mmol, over 20 times excess with respect
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to the polymer end groups) in 4 mL DMF at 70 °C for 2 h, purified by precipitation into
acetone twice, resulting in α,ω-dialkyne telechelic HPMA copolymer-paclitaxel conjugate.

b. Chain extension via Cu (I) assisted alkyne-azide click reaction and
fractionation—Diazide-GFLGK (4.0 mg, 3.4 µmol), α,ω-dialkyne telechelic HPMA (350
mg, about 3.4 µmol), and sodium ascorbate (8 mg, 40 µmol) were put in a vial. The vial was
evacuated and refilled with nitrogen three times before adding 1.1 mL of deoxygenated
DMF. Deoxygenated solution of CuSO4 (200 µL; 3.2 mg, 20 µmol) was added and the vial
was sealed. The solution was stirred at room temperature for 20 h. The polymer was
precipitated into acetone and dried under vacuum, and further fractionated/purified by size
exclusion chromatography using a Superose 6 HR/16/30 column. After dialysis against
water and freeze-drying, final product (Mw 335 kDa, PDI 1.09) was obtained (120 mg, 30%
yield).

Similar procedure was followed to prepare biodegradable multiblock polyHPMA (mP) for in
vivo control experiment.

Synthesis of Traditional HPMA Copolymer-Paclitaxel Conjugate (P-PTX)
To enable comparison of the activity of biodegradable multiblock HPMA copolymer-drug
conjugate (mP-PTX) to that of a traditional HPMA copolymer-drug conjugate (P-PTX), a
conjugate with Mw lower than 50 kDa was synthesized by RAFT copolymerization as
described above but using CPA as the chain transfer agent. In a typical polymerization
reaction, monomers (HPMA: 289 mg, 2 mmol; MA-GFLG-PTX: 82 mg, 0.063 mmol; MA-
Tyr: 5 mg, 0.02 mmol) were dissolved in methanol under N2 atomosphere. CPA and V-65 at
a molar ratio of 4:1 were added through syringe. The ampoule was sealed and the
polymerization was carried out at 50 °C for 40 h. The copolymer was precipitated in
acetone, washed with acetone 3 times and dried under reduced pressure at room temperature.
Yield 169 mg pink powder (45%) with Mw 48 kDa and PDI 1.05. The dithiobenzoate end
group was removed by radical-induced modification with excess V-65 as previously
reported [33].

Characterization of HPMA Copolymer-Paclitaxel Conjugates
The total content of PTX in P-PTX and mP-PTX was determined by enzyme-catalyzed
cleavage of PTX from HPMA copolymer-PTX conjugates followed by HPLC analysis.
Papain was used and the cleavage was performed in McIlvaine’s buffer (50 mM citrate/0.1
M phosphate, pH 6.0) at 37 °C. An example is described as follows: To a conjugate solution
in DMSO (50 mg/mL, 10 µL), glutathione (10 mM, 100 µL) and papain (25 mg/mL, 20 µL)
in McIlvaine’s buffer were added sequentially. The sample was incubated at 37 °C water
bath for 4 h. Then 290 µL methanol containing 0.02% acetic acid was added. The sample
was analyzed by HPLC (Agilent Technologies 1100 series, Zorbax C8 column 4.6×150 mm)
using flow rate 1.0 mL/min and gradient elution from 30% to 90% of buffer B within 30 min
(Buffer A: DI H2O with 0.1% TFA, Buffer B: acetonitrile with 0.1% TFA). The amount of
cleaved PTX was calculated based on a PTX standard calibration curve.

The molecular weight and polydispersity index (PDI) of polymers were measured on an
ÄKTA FPLC system (GE Healthcare) equipped with miniDAWN TREOS and OptilabEX
detectors (Wyatt Technology, Santa Barbara, CA) using a Superose 6 HR10/30 column with
sodium acetate buffer containing 30% acetonitrile (pH 6.5) as mobile phase. HPMA
homopolymer fractions were used as molecular weight standards.

The characteristics of conjugates are summarized in Table 1.
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In Vitro Degradation of mP-PTX and Release of PTX from the Conjugates
The degradability of mP-PTX and the release of PTX from the polymer conjugates were
investigated by incubation of the conjugates in McIlvaine’s buffer (50 mM citrate/0.1 M
phosphate; 2 mM EDTA, pH 6.0) at 37°C in the presence of papain (2.0 µM) with
concentration of polymer 3 mg/mL for 12 h. At predetermined time points, a sample was
withdrawn and analyzed by HPLC for drug release and by SEC for degradation. All
degradation and cleavage determinations were carried out in duplicate.

Cell Culture and Transduction
A2780 and A2780/AD human ovarian cancer cells were obtained from American Type Cell
Culture (Rockville, MD). Cells were maintained at 37 °C in a humidified atmosphere
containing 5% CO2 in RPMI-1640 medium (Gibco, Carlsbad, CA) supplemented with 10%
fetal calf serum and a mixture of antibiotics (100 units/mL penicillin, 0.1 mg/mL
streptomycin; Biochrom AG, Holliston, MA). A2780 drug-sensitive cells were incubated
with F-Luc-IRES-mCherry lentivirus (Capital Biosciences, Rockville, MD) suspension in
the presence of 8 mg/mL of polybrene (Millipore, Billerica, MA) for 24 h. The mCherry- &
luciferase-positive cells were selected 48 h later by fluorescence-activated cell sorting
(FACS) (>95%).

Cytotoxicity Study
The cytotoxicity of free PTX and its polymeric conjugates (P-PTX and mP-PTX) against
A2780 drug-sensitive human ovarian cancer cells and A2780/AD drug-resistant human
ovarian cancer cells was measured by Kit-8 assay (CCK-8, Dojindo, Japan). The cells were
seeded in 96-well plates at the density of 10,000 cells/well in RMPI-1640 media containing
10% fetal bovine serum. After 24 h, media were replaced and media containing the
conjugates were added. The cells were incubated with free PTX or its polymeric conjugates
at a series of PTX concentrations. After 72 h of incubation, the number of viable cells was
estimated using CCK-8 kit according to manufacturer’s protocol. In brief, PTX/conjugate-
containing 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
absorbance was measured via a microplate reader at 450 nm (630 nm as reference).
Untreated control cells were set as 100% viable.

Radiolabeling
The HPMA copolymer-PTX conjugates, containing tyrosine methyl ester in the side chains,
were reacted with Na125I (Perkin Elmer, Waltham, MA) at room temperature in 0.01 M
phosphate buffer containing chloramine-T for 30 min and then purified with Sephadex
PD-10 columns (GE Healthcare Biosciences, Pittsburgh, PA). The specific activity of the
hot samples was in the range 45−65 µCi/mg.

Tumor Models
All animal studies were carried out in accordance with the University of Utah IACUC
guidelines under approved protocols. Transfected luciferase-expressing A2780 drug-
sensitive ovarian cancer cells (0.5 × 106) in 10 µL of phosphate buffer saline were
orthotopically inoculated beneath the left ovarian bursa of 6- to 8-week-old syngeneic
female nude mice. To monitor the tumor growth, the mice were imaged twice weekly using
a Xenogen IVIS 100 imaging system (Xenogen, Alameda, CA) according to manufacturer’s
instructions.

Zhang et al. Page 5

J Control Release. Author manuscript; available in PMC 2014 February 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Pharmacokinetics and Biodistribution Study
For pharmacokinetic study, 6- to 8-week-old healthy female nude mice (22–25 g; Charles
River Laboratories, Wilmington, MA) (n=5) were injected intravenously with 125I-labeled
HPMA copolymer-PTX conjugates P-PTX and mP-PTX, respectively (2 mg, 20 µCi/
mouse). At predetermined intervals, blood samples (10 µL) were taken from the tail vein,
and the radioactivity of each sample was measured with Minaxi Autogamma 5000 Series
Gamma Counter (Packard, Downers Grove, IL). The blood pharmacokinetic parameters for
the radiotracer were analyzed using a noncompartmental model with WinNonlin 5.0.1
software (Pharsight Corp., Palo Alto, CA). For biodistribution study, 6- to 8-week-old
healthy female nude mice (22–25 g; Charles River Laboratories, Wilmington, MA) (n=5)
were intravenously injected with 125I-labeled HPMA copolymer-PTX conjugates P-PTX
and mP-PTX, respectively (2 mg, 20 µCi/mouse). At 7 d and 21 d after administration, the
mice were sacrificed. Various tissues (heart, liver, spleen, kidney, lung, stomach, intestine,
muscle, bone, and brain) were removed, weighed, and counted for radioactivity with Minaxi
Autogamma 5000 Series Gamma Counter. Uptake of the conjugates was calculated as the
percentage of the injected dose per gram of tissue (% ID/g).

SPECT/CT Imaging
125I-labeled HPMA copolymer-PTX conjugates P-PTX and mP-PTX (5 mg, 200 µCi/
mouse) were injected intravenously via the tail vein into tumor-bearing mice, respectively.
At 1 h, 24 h, 7 d and 21 d after administration, mice were anesthetized with 2% isoflurane
gas (IMWI/VetOne, Meridian, ID) in oxygen and positioned prone on the scanner bed.
SPECT/CT images of mice were acquired by using an Inveon trimodality PET/SPECT/CT
scanner (Siemens Preclinical Solutions, Knoxville, TN). A sensor was used to monitor the
respiration rate of mice under anesthesia (Biovet, France). CT images consisting of 220
degrees and 480 projections at each of 2 bed positions were acquired first. The exposure
time was 135 msec with a detector setting at 80 kVp and 500 µA. Data was reconstructed
onto a 416×416×752 image matrix using the COBRA software package (Exxim Computing
Corporation, Pleasanton, CA). The effective image pixel size was 97 µm. SPECT data were
acquired immediately following the CT using a single pinhole collimator with a detector
radius of rotation at 35 mm. Images were acquired over 1.5 detector revolutions with 6°
between each of 90 projections. A 90 mm bed travel was used. Each projection was acquired
for 12 seconds, and the data were histogrammed with a window setting of 20–40 KeV.
Reconstruction was performed using ordered subset expectation maximization 3D
(OSEM3D) with 8 iterations and 6 subsets. Reconstructed images were analyzed and
visualized using the Siemens Inveon Research Workplace (IRW) software.

In Vivo Antitumor Activity
The antitumor efficacy of P-PTX and mP-PTX was evaluated in female nude mice bearing
orthotopic luciferase-expressing A2780 ovarian tumors according to two criteria: a) tumor
growth delay and b) change in the abdominal circumference. Three weeks after inoculation,
when the tumor reached approximately 4–5 mm in diameter, mice were randomly assigned
to five groups. The mice in drug-treated group received a single intravenous injection of
PTX vehicle (Cremophor EL®: ethanol 1:1 v/v), P-PTX or mP-PTX at a PTX equivalent
dose of 20 mg/kg (n=6). The mice in the control groups received saline, or multiblock
HPMA copolymer without drug (mP) at a dose corresponding to the amount of conjugates
injected for the drugloaded formulations (n=5). The day that mice received treatment was set
as day 0. To monitor the tumor growth, the mice were intravenously injected with D-
luciferin (Biosynth, Switzerland) via tail vein at a dose of 100 mg/kg and subsequently
imaged every 2 days from day 0 to day 26 using a Xenogen IVIS 100 imaging system.
Images were obtained with a 13 cm field of view, binning (resolution factor) of 8 (medium),
F stop = 1, exposure = 5 min. Data were analyzed using Living Image 3.2 Software

Zhang et al. Page 6

J Control Release. Author manuscript; available in PMC 2014 February 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(Xenogen, Alameda, CA) and presented as the sum of all detected photons per second
(units: photons/sec) for each mouse, from a constant sized Region of Interest (ROI) drawn
over the mouse abdomen. In parallel, the abdominal circumference and body weight of mice
were measured every day. The tumor volume, abdominal circumference and body weight at
day 0 were normalized to 100%. All subsequent tumor volumes, abdominal circumference,
and body weight were then expressed as the percentage relative to those at day 0. At the end
of the experiment, the animals were sacrificed and the tumor mass was harvested,
photographed and weighted. In addition, the major organs (liver, spleen and tumor) of mice
were harvested, cryosectioned and stained with hematoxylin and eosin (H&E). The slices
were examined under a microscope.

Statistical Analysis
Statistical analyses were done using a two-tailed unpaired Student’s t-test, with p values of
<0.05 indicating statistically significant differences.

3. Results and Discussion
Synthesis and Characterization of P-PTX and mP-PTX

Paclitaxel has been conjugated to hydrophilic polymers to improve its bioavailability. The
most well-known examples are poly(L-glutamic acid)-paclitaxel conjugates [34] and HPMA
copolymer-paclitaxel conjugates [35, 36] in which PTX was covalently bound to polymer
precursors through an ester bond at its 2’-OH position via variable linkers. The significant
synthetic feature in this study is the utilization of polymerizable PTX derivative and
controlled polymerization chemistry (Figure 1). It provides a facile way to adjust PTX
content in conjugate by changing the feed ratio. The resulting HPMA copolymer conjugates
possess molecular weights close to the theoretical design and very narrow molecular weight
distribution as shown in Table 1. Moreover, a new architecture of HPMA copolymer-PTX
conjugates, biodegradable multiblock conjugates with long-circulation in bloodstream, has
been designed and prepared.

When using a 2-arm RAFT chain transfer agent (peptide2CTA), HPMA monomer
incorporated at both dithiobenzoate groups with identical efficiency during RAFT
polymerization [24]. Incubation of the polymer with papain, a thiol proteinase with similar
specificity as lysosomal proteinases, resulted in the decrease of the molecular weight to half
of the original value. This suggests that the molecular weight of HPMA copolymer-drug
conjugates is not limited to the currently used range of 40–65 kDa. Consequently, the initial
(clickable) telechelic HPMA copolymer-PTX conjugate was designed with molecular
weight of 100 kDa. Figure 2A shows SEC curves of the initial conjugate, a narrow fraction
of the chain extended mP-PTX, and the final degradation product with Mw of 48 kDa. This
demonstrated the ability of the mP-PTX to be degraded to the polymer fragments below the
renal threshold, capable of glomerular filtration. Figure 2B reveals that the cumulative PTX
release is similar for P-PTX and mP-PTX. The slight decrease in the rate of PTX release for
mP-PTX is most probably due to the formation of a more compact coil due to hydrophobic
interactions of PTX terminated side chains.

Cytotoxicity in vitro
To investigate the ability of HPMA copolymer-drug conjugates to inhibit tumor growth, we
evaluated the in vitro cytotoxicity of free PTX, P-PTX and mP-PTX toward A2780 drug-
sensitive and A2780/AD drug-resistant human ovarian cancer cells. As shown in Table 2,
the conjugates were found to possess biological activity toward human ovarian carcinoma
A2780 cells in vitro. Like free PTX, both P-PTX and mP-PTX exhibited a dose-dependent
cytotoxicity against A2780 and A2780/AD cells: mP-PTX (IC50= 0.30 ± 0.05 nM, 5.31 ±
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0.98 µM) and P-PTX (IC50= 0.24 ± 0.07 nM, 7.48 ± 3.17 µM) exhibited similar therapeutic
effect as free PTX (IC50= 0.21 ± 0.09 nM, 4.18 ± 2.61 µM), indicating that PTX attached to
the HPMA copolymer was readily available to interact with cancer cells and retained its
antimitotic potency. Moreover, all of three compounds were 10000-fold more effective in
A2780 drug-sensitive cells than in A2780/AD drug-resistant cells. Part of this phenomenon
is related to the fact that PTX is bound to the HPMA copolymer via an ester bond.
Consequently, during the incubation with cancer cells part of the drug is released from the
carrier by (pure, non-enzymatic) hydrolysis and the cells are in fact exposed to a mixture of
free and polymer-bound drug. This is the case for all conjugates containing pH-sensitive
bonds [37–39]; consequently, in vivo data are of crucial importance for the evaluation of the
potency of such conjugates. As shown below, the mP-PTX conjugate possessed the highest
anticancer activity, validating the design.

Pharmacokinetics, biodistribution and imaging studies of 125I-labeled P-PTX and mP-PTX
The pharmacokinetic behavior of mP-PTX, P-PTX and Cremophor EL®-based PTX vehicle
were compared. The blood (radio)activity-time profiles of P-PTX and mP-PTX conjugates
in mice are illustrated in Figure 3A. A two-compartmental model was used to analyze the
blood pharmacokinetics of P-PTX and mP-PTX. Mean pharmacokinetic parameters of mP-
PTX and PPTX are summarized in Table 3 and those of the Cremophor EL®-based PTX
vehicle are cited from a previous report by Sparreboom et al. [40]. The terminal biological
half-life (T1/2, β) of mP-PTX (27.5 h) was higher than that of P-PTX (13.3 h), PTX (2 h) and
Cremphor EL (17 h). The total area under the blood concentration versus time curve (AUC)
of mP-PTX (1074.27 %ID/mL) was significantly higher than that of P-PTX (420.95 %ID/
mL) (p<0.001). In addition, the mean residence time (MRT) of mP-PTX was also
significantly longer than that of P-PTX (39.26 h vs. 18.25 h) (p<0.001). The mean systemic
clearance (CL) was significantly lower in mP-PTX as compared to P-PTX (0.09 mL/h vs.
0.24 mL/h) (p<0.001). The mean volume of distribution at steady state (Vss) of mP-PTX
was significantly less than that of P-PTX (3.65 mL vs. 4.34 mL) (p<0.01). The mP-PTX
with relatively high Mw was cleared more slowly from the blood than commercial PTX
vehicle and P-PTX with low Mw, indicating that increased Mw can prolong blood
circulation time in vivo. In general, it is believed that long-term exposure of cancer cells to
the drug at modest concentrations would be more effective than a pulsed supply at a high
concentration. In addition, antineoplastic agents, like PTX, are cell-growth-phase-specific or
cell-cycle-specific, that is, they can exert effective actions on cells only during a specific
phase of cell growth and proliferation. Hence, long retention time of drugs in circulation is
considered to be crucial to cell-cycle-specific drugs for effective chemotherapy.

Figure 3B reveals biodistribution data of P-PTX and mP-PTX. At 7 d after intravenous
injection, most conjugates were taken up by the liver and spleen, probably due to the
hydrophobic nature of PTX – a finding that is consistent with previous reports [41]. The
uptake of mP-PTX in the spleen and liver (29.87 %ID/g, 19.97 %ID/g) was significantly
higher than that of P-PTX (9.36 %ID/g, 5.42 %ID/g), which might be attributed to larger
size and higher PTX content of mP-PTX. Despite high accumulation in major organs, mP-
PTX in the spleen and liver at day 21 (17.74 %ID/g, 8.91 %ID/g) was 2-fold less than at day
7 (29.87 %ID/g, 19.97 %ID/g), indicating its in vivo biodegradability. In all tissues except
liver and spleen, the amounts of mP-PTX were low (<0.28 %ID/g). In addition, SPECT/CT
imaging results (Figure 4) also showed that the signal intensity of mP-PTX significantly
decreased from day 1 to day 21, further demonstrating that the biodegradable polymers can
temporarily serve as drug carriers to deliver drugs to the tumor sites, and then be broken
down spontaneously in a predetermined manner into by-products that are eliminated from
the body.
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SPECT/CT images (Figure 4) showed that 125I-labeled mP-PTX had significantly higher
activity in the blood pool, liver, and spleen over the entire study period than 125I-labeled P-
PTX, which is consistent with the pharmacokinetics and biodistribution data (Figure 3). As
expected, high radioactivity signal in the bladder at 1 h after administration indicated that P-
PTX was rapidly cleared from mice because its Mw is below renal threshold (~50 kDa). By
day 1, the whole-body signal intensity in mice treated with P-PTX was much lower than that
of the mice treated with mP-PTX. The short retention time of P-PTX in the circulation
resulted in limited pharmaceutical efficiency. To address this issue, the polymeric drug
carriers with relatively high Mw have to be developed, which makes it possible that a single
administration will sustain for extended periods of time and lead to substantially enhanced
drug accumulation in solid tumor [19, 20]. Long-circulating conjugates provide a
concentration gradient between blood circulation and tumor for an extended period of time;
consequently, extravasation via leaky tumor vasculature becomes more efficient. However,
our recent study revealed that for polymer - hydrophobic drug conjugates the efficacy of
conjugates increases with molecular weight, but only up to a certain limiting molecular
weight [42]. In further studies we shall evaluate multiblock HPMA copolymer conjugates of
Mw 100 – 200 kDa to determine the optimal Mw for PTX conjugates.

Low Mw P-PTX rapidly leaked into the tumor within 1 h following intravenous
administration, while the accumulation of mP-PTX in the tumor was readily visualized 24 h
after injection (Figure 4). In the future, attaching a targeting ligand to the conjugate mP-PTX
may further augment drug localization in the tumor, as previously demonstrated with HPMA
copolymer-PTX [36] and chlorin e6 [43, 44] conjugates. Currently, the majority of patients
with cancer will die due to the development of drug resistance. In general, drug resistance
can arise due to abnormalities of pharmacokinetics, tumor microenvironment and cancer-
cell-specificity. All of above influence the response to chemotherapy by principally
affecting intracellular active drug concentrations, drug-target interactions, and target-
mediated cell damage [45]. The increased circulation time and tumor accumulation through
introduction of high Mw HPMA copolymer could increase exposure of tumor cells to the
drug PTX (drug concentration × time of exposure), which might overcome drug resistance
and result in enhanced therapeutic efficacy. An important factor for the enhanced efficacy of
polymer-bound drugs is the fact that internalization via endocytosis can overcome the efflux
pump-mediated drug resistance. Following endocytosis, the drug is released within
lysosomes and diffuses into the cytoplasm in the perinuclear region of the cell at a distance
from the efflux pumps [46, 47].

Antitumor activity in vivo
To evaluate antitumor activity, different formulations of PTX were intravenously injected at
a single dose of 20 mg equivalent PTX/kg into mice bearing orthotopic A2780 human
ovarian tumors which is known as a rapidly growing and highly invasive ovarian carcinoma
model. Figure 5A shows the A2780 tumor growth curves after treatment with saline,
multiblock HPMA copolymer carrier (mP), Cremphor EL-based PTX vesicle, P-PTX, and
mP-PTX. The tumors in all drug-treated groups showed growth retardation when compared
to the control tumors. Particularly, the tumors treated with mP-PTX exhibited a significantly
stronger response than the tumors treated with saline only or mP (p<0.05). Notably, the
tumors treated with mP-PTX grew slower than those treated with Cremphor EL-based PTX
vesicle and P-PTX, although this could not be demonstrated statistically within the first 20
days. Significant difference occurred after day 20 (p<0.01). A reason for this may be the lag
time required for ovarian micro-environment and injected cancer cells to exhibit influences
and interactions based on different mechanisms by which the local biochemical and
mechanical microenvironment, which is comprised of various signaling molecules, cell
types and the extracellular matrix (ECM), affects the progression of cancerous cells. At the
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end of this in vivo experiment, the tumors of all different groups were removed and
photographed. The tumor sizes were proportional to the signal intensities observed from
bioluminescence imaging (Figure 5A, 5B). The tumors in mice treated with mP-PTX were
obviously smaller when compared with the tumors from other treatment groups and controls.
In this study, mP-PTX induced a significant delay in tumor growth, but was unable to
provide complete tumor regression, probably due to the single low dose treatment applied
within this experimental setting. Still, these results provide evidence for the therapeutic
superiority of this high Mw formulation, which has demonstrated a better therapeutic index
than PTX and P-PTX.

In addition, we also monitored abdominal circumference curves which to some extent reflect
disease progression including features such as ascites accumulation and increased,
intraperitoneal tumor burden (Figure 5C) [48]. Abdominal circumference increased more
rapidly in control mice treated with saline or mP, when compared with mice in the drug-
treated groups. The mice treated with mP-PTX displayed less fluctuation in abdominal
circumference than those in other groups. After 26 d of treatment, all mice were sacrificed
and dissected. Similar to human patients suffering from advanced diseases, metastatic
tumors were found on the peritoneal surface, intestinal surface, and invading the uterus in all
drug-treated and control groups. However, in the control groups, tumors were also found on
the diaphragm and in the hilus of the liver. Moreover, all the mice treated with saline or mP
developed bloody ascites, whereas all 5 mice treated with mP-PTX had no detectable
ascites. The antitumor effect of mPPTX was also confirmed by the histological appearance
of tumor tissue from the mice treated with mP-PTX (Figure 6). The tumor cells treated with
mP-PTX displayed pyknosis of nuclei and condensation of the cytoplasm, which are typical
features of apoptotic cell death. In contrast, significantly less apoptotic cells were observed
in saline-treated tumors.

Toxicity
It is well known that the current PTX formulation containing Cremophor EL vesicle exerts a
range of biological effects, such as severe anaphylactoid hypersensitivity reactions,
hyperlipidemia, erythrocyte aggregation, and peripheral neuropathy [49]. Furthermore,
Cremophor EL-based micelles may interact favorably with systemic mediators that are
involved in the classical complement activation pathway [50]. Here, a single injection of
different PTX formulations was given and then followed by daily monitoring of body
weight. The body weight curve in Figure 5D demonstrated that free PTX induced significant
body weight loss during the first week following administration, which was not attributed to
disease progression but to drug exposure, whereas P-PTX only caused a negligible weight
loss and mP-PTX did not cause any weight loss effects at all, indicating the excellent
tolerability of this drug regimen. During the entire study period, the treatment with mP-PTX
did not lead to any significant differences in body weight change when compared with saline
and mP control groups. By day 26, the mPPTX treated mice gained an average of 13.3%
body weight, while the mice treated with saline and mP gained 15.2% and 16.3%,
respectively. The slight difference of body weights between control and mP-PTX treated
groups may be attributed to the difference of tumor weight and ascites. In addition, chronic
toxicity of mP-PTX was evaluated using histological analysis on day 26 after injection. In
parallel, H&E stained sections of major organs (spleen and liver) with high accumulation of
mP-PTX were examined. Figure 6 shows that the histopathologic features in the liver and
spleen of mice treated with mP-PTX were similar to those observed in the saline-treated
mice and no abnormal features were identified, indicating that mP-PTX showed no toxicity
when administered at a single dose of 20 mg equivalent PTX/kg. According to these
findings, the biodegradable conjugate proved to be safe after single bolus injection, allowing
the delivery of PTX doses exceeding those of the commercial PTX formulations. In the
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future studies, we would like to propose the detailed evaluation of repetitive, increased doses
of mP-PTX in tumor-bearing mice and carriers of varying molecular weight as well as their
combination with targeting ligands.

4. Conclusions
We designed and synthesized a backbone biodegradable multiblock HPMA copolymer-PTX
conjugate mP-PTX. The study demonstrated that the delivery of PTX mediated by
multiblock backbone biodegradable high Mw (335 kDa) polymer carrier did result in
prolonged blood circulation time and enhanced antitumor efficacy as compared to Cremphor
EL-based PTX vesicle and low Mw (48 kDa) HPMA copolymer-PTX conjugate P-PTX.
The data also indicate that backbone biodegradable mP-PTX conjugate exhibited less
systemic toxicity than free PTX and P-PTX. Moreover, it was demonstrated that mP-PTX
was degraded and cleared from the body. Thus, we anticipate that this new drug delivery
system can open up new opportunities to improve current cancer chemotherapy.
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Figure 1.
Synthetic scheme of multiblock backbone biodegradable HPMA copolymer-PTX
conjugates. (A) Synthesis of traditional HPMA copolymer-paclitaxel conjugate (PPTX). (B)
Synthesis of multiblock HPMA copolymer-paclitaxel conjugate (mP-PTX).
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Figure 2.
(A) SEC profiles of telechelic tP-PTX (Mw 109 kDa); multiblock backbone biodegradable
HPMA copolymer-PTX conjugate mP-PTX (fraction Mw 335 kDa); and of the degradation
product (Mw 48 kDa) after incubation of mP-PTX solution (3 mg/mL) with 1 µM papain for
3 h at 37 °C. (B) Cumulative PTX release from P-PTX and mP-PTX (3 mg/mL) by 2 µM
papain at 37 °C.
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Figure 3.
(A) Blood activity-time profiles of 125I-labeled P-PTX or mP-PTX. The open circles
represent the mean radioactivity expressed as a percentage of the injected dose per gram of
blood from mice (n=5). (B) Biodistribution in female nude mice at 7 d and 21 d after
intravenous injection of 125I-labeled P-PTX or mP-PTX. Data obtained using the
radioactivity count method plotted as percentage of injected dose per gram of tissue (%ID/
g). All the data are expressed as mean ± standard deviation (n=4–5).
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Figure 4.
SPECT/CT imaging of mice bearing orthotopic A2780 human ovarian carcinoma after
intravenous injection of 125I-labeled P-PTX or mP-PTX. The representative images were
acquired 1 h, 24 h, 7 d, and 21 d after administration of conjugates. L, liver; S, spleen; B,
bladder; T, tumor.
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Figure 5.
In vivo antitumor activity against orthotopic A2780 human ovarian tumor. (A) A2780 tumor
growth in mice treated with single dose of saline, mP, PTX, P-PTX, and mP-PTX at the
dose of 20 mg equivalent PTX/kg. (B) Photographs of A2780 tumors after treatment with
different PTX formulations. (C) Percentage of mean abdominal circumference change. (D)
Percentage of mean body weight change. The data are presented as mean ± standard
deviation (n=4–6).
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Figure 6.
Histological evaluation of tissue from A2780 tumor-bearing mice treated with saline
(control) and mP-PTX (single dose at 20 mg equivalent PTX/kg). The tissues were sliced
with 5-µm thickness and stained with hematoxylin and eosin (H&E). (A, B)
Microphotographs of tumor after treatment for antitumor evaluation. (C, D)
Microphotographs of liver and spleen for safety evaluation.
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Table 2

IC50 values for free PTX, P-PTX and mP-PTX.

A2780(nM) A2780/AD (µM)

PTX 0.21 ± 0.09 4.18 ± 2.61

P-PTX 0.24 ± 0.07 7.48 ± 3.17

mP-PTX 0.30 ± 0.05 5.31 ± 0.98
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Table 3

Comparison of pharmacokinetic parameters for 125I-labeled P-PTX and mP-PTX in mice. 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. Data are presented as mean ± standard deviation (n=5).

P-PTX mP-PTX

T1/2,α (h) 0.88 ± 0.11 0.72 ± 0.19

T1/2,β (h) 13.30 ± 1.28 27.52±2.31***

AUC (%ID h/ml blood) 420.95±26.05 1074.27±72.03***

CL(mL/h) 0.24 ± 0.01 0.09 ± 0.01***

MRT(h) 18.25 ± 1.71 39.26±3.27***

Vss(mL) 4.34 ± 0.16 3.65 ± 0.09***

**
indicates p < 0.01 and

***
indicates p < 0.001.
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