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Abstract

The aim of this study was to evaluate the influence of the molecular weight (mol. wt) of N-(2-hydroxypropyl)methacrylamide
(HPMA) copolymer—doxorubicin (DOX) conjugates (P-DOX) on biodistribution and therapeutic efficacy in nu/nu mice bearing
human ovarian carcinoma OVCAR-3 xenografts. Copolymerisation of HPMA, a polymerisable derivative of DOX (N-methacry-
loylglycylphenylalanylleucylglycyl doxorubicin) and a newly designed crosslinking agent, N2,N3-bis(N-methacryloylglycylphenyla-
lanyl-leucylglycyl)ornithine methyl ester monomers resulted in novel, high mol. wt, branched, water-soluble P-DOX containing
lysosomally degradable oligopeptide sequences as crosslinks and side-chains terminated in DOX. Four conjugates with mol. wt of
22,160, 895 and 1230 kDa were prepared. The results indicated that the half-life in blood and the elimination rate from the tumour
were up to 28 times longer and 25 times slower, respectively, for P-DOX (mol. wt=1230 kDa) than for free DOX. Treatment with
P-DOX (mol. wt > 160 kDa) inhibited tumour growth more efficiently than that of 22 kDa P-DOX or free DOX (P < 0.02) at a 2.2
mg/kg DOX equivalent dose. In conclusion, the administration of long circulating P-DOX resulted in enhanced tumour accumu-

lation with a concomitant increase in therapeutic efficacy. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Macromolecular therapeutics possess features dis-
tinctive from low-molecular weight drugs [1]. The main
factor responsible is the change of the mechanism of cell
entry. Whereas low-molecular weight drugs enter cells
by diffusion, macromolecular therapeutics are inter-
nalised by endocytosis and ultimately localised in the
lysosomal compartment of the cell [2]. N-(2-Hydro-
xypropyl)methacrylamide (HPMA) copolymers con-
taining oligopeptide side-chains as drug attachment/
release points have been proposed as macromolecular
therapeutics [3]. In fact, the HPMA copolymer—doxor-
ubicin (DOX) conjugate has shown remarkable results
in phase I clinical trials [4].
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3674.
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Molecular weight (mol. wt) and molecular weight
distribution of drug carriers have an impact on their
efficacy in the treatment of solid tumours. High-mole-
cular weight (long-circulating) polymeric carriers accu-
mulate efficiently in tumour tissue [5-7] due to the
enhanced permeability and retention (EPR) effect [8].
However, if they possess a non-degradable backbone,
they may deposit and accumulate in various organs [9].
We have recently designed a reproducible synthetic
pathway for high-molecular weight (branched) water-
soluble HPMA copolymer-DOX conjugates (P-DOX)
containing lysosomally degradable oligopeptide cross-
links, as well as side-chains terminating in DOX [10].
Such conjugates would release DOX in the lysosomal
compartment and, in addition, be degraded there to
primary chains that can be eliminated from the organ-
ism after tumour cell death, if their size is below the
renal threshold.

We hypothesise that high-mol. wt P-DOX conjugates
will be preferentially accumulated in solid tumours and
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their antitumour efficacy will be mol. wt-dependent. To
verify the hypothesis, four long-circulating P-DOX
conjugates of different mol. wt (range: 22-1230 kDa)
were administered intravenously (i.v.) to nu/nu mice
bearing OVCAR-3 human ovarian carcinoma Xeno-
grafts. Their biodistribution and efficacy in the tumour
treatment of the conjugates were studied.

2. Materials and methods
2.1. Materials

Daunorubicin was from the Sigma Chemical Co., St
Louis, MO, USA. Doxorubicin was a generous gift
from A. Suarato, Pharmacia-Upjohn, Milano, Italy.
They were used as received without further purification.
All the organic solvents used for the assay were high
performance liquid chromatography (HPLC) grade.

Sorensen’s glycine buffer of pH 2.6 was prepared by
mixing 0.1 M glycine/NaCl and 0.1 M HCI in double
distilled water to make a 10 mM buffer. The pH was
monitored by a Corning pH meter model 340, cali-
brated with Corning standard buffers.

2.2. Syntheses of HPM A Copolymer—DOX conjugates

The HPMA copolymer—-DOX conjugates (P-DOX)
with different mol. wt were prepared by copolymerising
HPMA, polymerisable N-methacryloylglycylphenyl-
alanylleucylglycyl doxorubicin, and crosslinking agent
NZ2,N? - bis(N - methacryloylglycylphenylalanylleucylgly-
cyl)ornithine methyl ester monomers in a methanol/
dimethyl sulphoxide (DMSO) solution using 2,2’-azobi-
sisobutyronitrile as the initiator, as previously described
[10]. The polymerisation mixture was purged with
nitrogen and sealed in an ampoule. The polymerisation
proceeded for 24 h at 50°C, the polymer was isolated by
precipitation into acetone/ether, filtered off, and dried
under vacuum. The DOX content in the conjugates was
determined by ultraviolet (UV) spectroscopy. The mol.
wt was determined by size exclusion chromatography
using a fast performance liquid chromatography (FPLC)
system (Pharmacia) equipped with a Sephacryl S-500
HR or Superose 6 column and a light scattering detector
(MiniDawn®), Wyatt Technology Corporation, Santa
Barbara, CA, USA calibrated with poly(HPMA) fractions
in phosphate-buffered solution (PBS) buffer (pH 7.3).

2.3. Animal model

Female nu/nu athymic mice (5-6 weeks; 15-17 g;
Simonsen Laboratories, Inc., Gilroy, CA, USA) were
cared for under the guidelines of an approved protocol
from the University of Utah Institutional Animal Care
and Use Committee. They were accommodated in a

pathogen-free laboratory environment for 2 weeks
before the initiation of any treatment. The OVCAR-3
carcinoma was maintained subcutaneously (s.c.) in nu/
nu mice, and tumours were s.c. implanted into mice, as
previously described [11]. Experiments were initiated
when a consistent growth rate and a tumour volume of
>20 mm? were achieved [11,12].

2.4. Biodistribution study

Animals received a single i.v. injection of free DOX or
P-DOX solution at a DOX equivalent dose of 1 mg/kg
in bacteriostatic 0.9% NaCl solution. The mice (three
per group) were killed at 2, 6, 12, 18 and 24 h (for free
DOX) and at 12, 24, 36, 48, and 168 h (for P-DOX)
after administration of the drug solution. The tissues,
including heart, lung, liver, spleen, kidney and tumour,
were harvested without perfusion, lyophilised and
weighed. Blood was also collected for evaluation.

2.5. Determination of DOX level in tissues

The DOX concentration in blood and tissues was
determined by an HPLC-fluorescence assay [6]. In brief,
lyophilised tissues were homogenised into 15 mg/ml
solutions in a 0.2 M sodium phosphate buffer at pH 7.4
for 18 h in an incubator. An appropriate amount of
daunorubicin as the internal standard was added to
each sample (0.7 ml) followed by the addition of silver
nitrate (100 pl, 0.1 M). Triple extraction was performed
after adding chloroform:isopropanol (3:1; v:v; total 0.9
ml) and vigorous vortex-mixing. The organic layers
were collected after centrifugation at 16 000g for 15 min
at room temperature, combined, and filtered to remove
all particulate materials. The solutions were evaporated
to dryness, and redissolved in a mobile phase solution
(methanol: isopropanol: Sorensen’s buffer; 10:20:70;
v:v:v). The sample solution was then applied to a Dio-
nex HPLC system (Dionex Corp., Sunnyvale, CA,
USA) equipped with a Microsorb-MV C18 column
(Varian Chromatography Systems, Walnut Creek, CA,
USA) and a Waters™ 474 scanning fluorescence detec-
tor (Waters, Milford, MA, USA) under isocratic condi-
tions. The fluorescence intensity was recorded at an
excitation wavelength (Aex.) =480 nm and an emission
wavelength (Aeni) =560 nm. A similar assay (as used for
free DOX) was used for the quantitative analysis of P-
DOX concentrations in tissues, except that the samples
of P-DOX were subjected to an optimised acid hydro-
lysis (2 M HCI at 85°C for 10 min) before extraction [6].
The DOX concentrations in blood or tissue samples
were determined using calibration curves established by
adding free DOX or P-DOX solution of known con-
centrations to the blood or respective tissues harvested
from control mice receiving bacteriostatic 0.9% NaCl
solution.
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Table 1
Characteristics of P-DOX conjugates

Conjugate Polydispersity DOX content DOX content
mol. wt (kDa) (mole %) (weight %)
22 1.3 1.38 5.25

160 3.6 1.34 5.1

895 33 1.14 4.34

1230 5.2 1.01 3.84

Polydispersity = weight-averaged molecular weight/number-aver-
aged molecular weight. DOX, doxorubicin.

2.6. Bioactivity evaluation

The bioactivity of P-DOX was evaluated in nude mice
bearing s.c. OVCAR-3 xenografts after a single i.v.
administration of P-DOX solution at a DOX equivalent
dose of 2.2 mg/kg. The control mice received saline
buffer. Tumour size was monitored every 2—4 days for
up to 34 days. The day that mice received drug solutions
was set as day 0 and the tumour volume was normalised
to 100%. All subsequent tumour volumes were then
expressed as the percentage relative to those at day 0.
Ellipsoidal tumour volumes were calculated using the
formula: (4/3)ma’h, where a and b are the minimal and
maximal radius of an ellipse, respectively [12]. A mean
standard error was calculated for each experimental
point. There were six mice in each group. The heartbeat
was monitored by a 500 A Doppler (Multigon Indus-
tries, Inc., NJ, USA).

3. Results

3.1. Characteristics of HPM A copolymer—-DOX
conjugates

The NZ2,N>-bis(N-methacryloylglycylphenylalanylleu-
cylglycyl)ornithine methyl ester crosslinking agent per-
mits the synthesis of P-DOX conjugates with various
mol. wts. The characteristics of the obtained conjugates,
including the mol. wt, polydispersity, drug content in
moles and weight per cent, are summarised in Table 1. The
chemical structure of the conjugates is shown in Fig. 1.

3.2. Biodistribution

The HPLC chromatograms possessed distinct elution
peaks, consistent with published reports [6], indicating
that the protocol used to determine drug concentrations
in extracts of blood or tissue samples was appropriate.

DOX levels in the blood after the mice received a
single i.v. injection of free DOX or P-DOX solution are
shown in Fig. 2. The levels of free DOX in the blood
were 4.1 pg/g at 2 h, 0.3 pg/g at 12 h, and decreased to a
barely detectable level at 24 h. In contrast, the con-

centration of P-DOX in the blood was much higher,
and after 12 h following administration reached values
of 2.3, 7.6, 13.2 and 24.7 pg/g for P-DOX of mol. wt 22,
160, 895 and 1230 kDa, respectively. Seven days (168 h)
after administration, the concentration of P-DOX in the
blood dropped to 1.2, 1.3 and 1.5 ug/g for conjugates
with mol. wts of 160, 895 and 1230 kDa, respectively;
only a background intensity was obtained for the P-
DOX conjugate with a mol. wt of 22 kDa. As shown in
Fig. 2, the calculated area under the curve (AUC) was
168 ug-h/g for free DOX, and 439 pg-h/g for P-DOX
with a mol. wt of 22 kDa. A further increase of the mol.
wt of P-DOX from 160 kDa to 1230 kDa resulted in an
increase of the AUC in the blood from 803 pgxh/g to
1773 pgxh/g, respectively.

Assuming a first-order clearance model applied to the
blood compartment following i.v. injection of free DOX
or P-DOX into mice, the clearance rate constant Kc can
be fitted; the results are shown in Fig. 3. The Kc of free
DOX was obviously higher than that of P-DOX, and as
the mol. wt of P-DOX increased, the Kc decreased, thus
increasing the circulation half-life (t;,,) in the blood. In
this study, the t;, of free DOX was approximately 30
min, while that of P-DOX with a mol. wt of 22 kDa was
2.6 h, consistent with our previous studies [6]. A further
increase of the mol. wt of the conjugate from 160 to
1230 kDa extended the t,, from 4.3 to 13.9 h.

The DOX level in the tumours after administration of
free DOX or P-DOX is shown in Fig. 4. After i.v.
administration of free DOX to the nude mice, the con-
centration of DOX in the tumours reached a peak level
of 0.9 ng/g at 2 h, and it quickly dropped to 0.2 ug/g at
12 h and to an imperceptible concentration at 24 h. In
contrast, the level of P-DOX in the tumours increased
with time and mol. wt over the first 12 h after adminis-
tration. The concentration reached levels of 0.5, 1.8, 2.8
and 2.8 pg/g at 24 h, and decreased at day 7 (168 h) to
approximately 0, 0.7, 1.3 and 1.5 pg/g for P-DOX with
a mol. wt of 22, 160, 895 and 1230 kDa, respectively.
The peak level in the tumours shifted from 12 to 36 h as
the mol. wt of P-DOX increased from 22 to 1230 kDa.
The AUC of free DOX was calculated as 8.0 pgxh/g,
and that for P-DOX at a mol. wt of 22, 160, 895
and 1230 kDa was 28.1, 189.2, 295 and 366 pgxh/g,
respectively.

If a one-compartment model is suitable to describe
the tumour accumulation of free DOX and P-DOX after
1.v. injection into mice, then the first order accumulation
rate constant K, and elimination rate constant K. can
be determined [6]. The results are shown in Fig. 5. The
K, and K, of free DOX are substantially larger than for
P-DOX at a mol. wt greater than 22 kDa. However, as
the mol. wt of P-DOX was equal to or greater than 160
kDa, the difference in K, and K, became minimal.

The levels of DOX in other tissues, including heart,
kidney, liver, lung and spleen, after the administration
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of free DOX or P-DOX to mice are summarised in
Tables 2—-6. The results for free DOX and P-DOX (mol.
wt =22 kDa) were in agreement with our previous study
[6]. A significantly lower amount of P-DOX was found
in the heart than free DOX, although the accumulation
of P-DOX in the hearts increased as the mol. wt
increased. The DOX concentration in the liver was 23.7
pg/g for P-DOX (mol. wt=1230 kDa) 12 h after
administration, and gradually decreased to approxi-
mately 9.6 pg/g at 48 h. After administration of free

DOX, the concentration in the liver was lower than 5
pg/g at all time-points studied. The spleen accumulated
DOX to a comparable level as the liver after adminis-
tration of both, free DOX or P-DOX although the
levels were generally slightly lower in the spleen follow-
ing the administration of P-DOX. When compared with
free DOX, the administration of P-DOX resulted in
similar or slightly lower concentrations of DOX in the
kidneys and lungs; the accumulation level increased with
increasing mol. wt of P-DOX.
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Fig. 1. Chemical structure of N-(2-hydroxypropyl)methacrylamide (HPMA) copolymer-doxorubicin conjugate containing glycylphenylalanyl-
leucylglycine side-chains and the N2 N>-bis(N-methacryloylglycylphenylalanylleucylglycyl)ornithine crosslinker.
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3.3. Therapeutic effect

The therapeutic efficacy of P-DOX toward OVCAR-3
human ovarian carcinoma xenografts in nude mice is
shown in Fig. 6. A DOX equivalent dose of 2.2 mg/kg
was used as in previous studies [11,12]. All tumours in

30
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Fig. 2. Concentration of doxorubicin (DOX) in the blood of nu/nu
mice after intravenous (i.v.) bolus injection of free DOX (@) or P-

DOX of different mol. wts: 22 kDa (A); 160 kDa (H); 895 kDa (#);
1230 kDa (V).
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Fig. 3. Dependence of clearance rate constant K. on the mol. wt of P-
DOX (@). Free doxorubicin (DOX) (4) was shown for comparison.
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Fig. 4. Concentration of doxorubicin (DOX) in OVCAR-3 carcinoma
xenografts in nu/nu mice after intravenous (i.v.) bolus injection of free
DOX (@) or P-DOX of different mol. wts: 22 kDa (A); 160 kDa (H);
895 kDa (#); 1230 kDa (V).

the treatment groups exhibited more significant respon-
ses than those in the controls (all P<0.004). The mice
receiving P-DOX with a mol. wt equal to or higher than
160 kDa inhibited the tumour growth better than that
of P-DOX with a mol. wt of 22 kDa (all P<0.02).
However, no statistical differences in tumour volumes
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Fig. 5. Dependence of accumulation-elimination rate constants (K,—
K.) on the mol. wt of P-DOX. K,: (@); K¢: (A). Free doxorubicin
(DOX) (@) is shown for comparison.
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Fig. 6. Growth inhibition of subcutaneous (s.c.) human ovarian
OVCAR-3 carcinoma xenografts in nu/nu mice by long-circulating P-
DOX conjugates. The mice received intravenous (i.v.) injections of 2.2
mg/kg doxorubicin (DOX) equivalent dose: control (saline) (@); 22
kDa (A); 160 kDa (H); 895 kDa (#); and 1230 kDa (A). n=6 in
each group. Values are the means + the standard deviations (S.D.).

Table 2
Doxorubicin (DOX) levels in tissues (ng/g) after i.v. administration of
free DOX to nu/nu mice

Sample® Time

2h 6h 12h 18h 24 h
Heart 6.94+0.4 5.9£0.6 4.5+0.5 1.3+0.4 0.30.1
Kidney 2.4+0.4 1.9+0.4 1.0£0.3 0.60.1 0.240.1
Liver 4.8£1.0 4.440.8 4.1£0.9 3.0+0.6 1.8+0.5
Lung 4.0£0.8 2.6+0.4 1.4+0.2 0.4+0.1 0.1£0.1
Spleen 4.6+0.7 5.3+£0.6 4.3+0.8 2.5+0.7 0.60.1

2 Values are means=+ standard deviation.
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Table 3
Doxorubicin (DOX) levels in tissues (ug/g) after intravenous (i.v.)
administration of P-DOX (mol. wt=22 kDa) to nu/nu mice

Table 5
Doxorubicin (DOX) levels in tissues (pg/g) after i.v. administration of
P-DOX (mol. wt=895 kDa) to nu/nu mice

Sample* Time

12h 24 h 36 h 48 h 168 h

Sample® Time

12h 24 h 36 h 48 h 168 h
Heart 0.854+0.3 0.3+0.3 0.1+£0.1  0.02+£0.01 0.0140.04
Kidney 0.64+0.1 0.43+0.05 0.5£0.4  0.29£0.03 0.01+0.01
Liver 8.5+£1.32 544059 5.14+0.61 3.1+0.4 0.140.01
Lung 1.63+0.4  1.45+£0.5 1.51+£0.1  0.13+0.08  0.1£0.01
Spleen 4.5+0.8 2.61+0.6 2.3+0.4 2.1+0.4 0.140.02

Heart 2.98+0.64 1.88+0.88 2.01£0.26 1.09+0.16 0.09£0.13
Kidney 1.12+£0.25 1.13+£0.3  0.944+0.36  0.7£0.1  0.34+0.07
Liver 18.5+£1.8  18.44+2.0 12.1%1.1 8.4+1.06 1.140.01
Lung 2.18+£0.41 2.28+0.21 2.11+0.31 0.81+0.45 0.23+0.13
Spleen 83£1.8 10.2+1.8 6.3+0.85 6.1+0.6 0.6+0.1

2 Values are means =+ standard deviation.

Table 4
Doxorubicin (DOX) levels in tissues (ug/g) after intravenous (i.v.)
administration of P-DOX (mol. wt= 160 kDa) to nu/nu mice

@ Values are means =+ standard deviation.

Table 6
Doxorubicin (DOX) levels in tissues (ug/g) after intravenous (i.v.)
administration of P-DOX (mol. wt= 1230 kDa) to nu/nu mice

Sample?® Time

12h 24 h 36 h 48 h 168 h

Heart 1.2940.32  1.88+0.56 1.44+0.13 0.93+0.17 0.0940.11

Kidney 0.78+0.1  0.9540.2 0.7£0.2 0.5+0.15 0.1340.07
Liver 13.2+£1.8 17.6£1.6 7.6£0.8 6.8+0.5 1.0£0.12
Lung 1.69+0.3  2.15+0.6  1.79%0.5 0.7+0.1  0.1840.06
Spleen 8.6£1.5 10.3%1.3 6.5+1.6 5.8+0.9  0.4140.08

Sample?® Time

12h 24 h 36 h 48 h 168 h
Heart 3.3+0.24 2.314+0.2 2.01+0.5 1.46+0.15 0.1£0.02
Kidney 1.3£0.26  1.3+£0.25  1.1+0.13  0.8£0.22 0.2+0.01
Liver 237422 19.1+£14  13.2+1.1 9.6+1.6  1.1%0.1
Lung 2.3+£0.34 2.56+0.67 2.27+0.39 0.894+0.18 0.240.02
Spleen 12.3+1.6  10.2+1.1 6.9+1.0 7.94£0.41 0.8+£0.05

4 Values are means =+ standard deviation.

were found between the mice receiving P-DOX at a mol.
wt higher than 160 kDa (P>0.1). Complete tumour
growth regression, toxicity-induced death, significant
weight loss or changes in the activity level did not occur
in any experimental groups. No obvious changes in the
heartbeat rate were observed (data not shown).

4. Discussion

It is now well accepted that the EPR effect is the pre-
dominant mechanism by which soluble macromolecular
anticancer drugs exert their therapeutic effect on solid
tumours [5,8]. The phenomenon is attributed to the high
vascular density of the tumour, increased permeability
of tumour vessels, defective tumour vasculature and
defective or suppressed lymphatic drainage in the
tumour interstitium [5]. A number of studies showed
increased accumulation of macromolecules in tumours
compared with that in normal tissues [5,6,8,13]. The
degree of accumulation was dependent on the mol. wt
[5], charge [14] and overall hydrophobic—hydrophilic
character. The tumour type and micro-environment
may influence its transport characteristics (pore cut-off
size) [15]. In addition, it appears that differences in
tumour morphology after exposure to inert or cytotoxic
macromolecules may dramatically influence the intratu-
mour distribution of macromolecules [13,16]. This may
have an important impact on the EPR effect with con-
comitant changes in therapeutic efficacy.

4 Values are means =+ standard devation.

The antitumour activity of HPMA copolymer—doxo-
rubicin conjugates has been demonstrated in various
tumour models including Neuro 2A neuroblastoma [17],
and human ovarian carcinomas OVCAR-3 [11,12] and
A2780 [13]. The effects of mol. wt and administration
route of HPMA copolymers on their biodistribution
and tissue uptake rate have been examined both in vitro
and in vivo [18-20]. The fate of polymeric drug carriers
in the organism is related to their molecular weight
[9,20,21]. Polymeric carriers with a molecular weight
below the renal threshold may be rapidly lost from cir-
culation. An increase of mol. wt of polymeric drug car-
riers may result in an increased intravascular half-life
with a concomitant increase of therapeutic efficacy
[3,7,18-20, 22].

To evaluate the relationship between the mol. wt on
tumour accumulation and the bioactivity of P-DOX,
novel long-circulating P-DOX conjugates were designed
and synthesised [10]; their biodistribution and ther-
apeutic efficacy were evaluated in human ovarian
OVCAR-3 xenografts in nude mice. A new crosslinking
agent, N2, N>-bis(N-methacryloylglycylphenylalanylleu-
cylglycyl)ornithine methyl ester, was synthesised and
high-molecular weight HPMA copolymers were pre-
pared by crosslinking copolymerisation below the gel
point [1,10]. In contrast to crosslinking of polymer pre-
cursors [18-20], this method [10] permits the repro-
ducible synthesis of branched, water-soluble HPMA
copolymer—DOX conjugates with a variable range of
mol. wts yet without the long-term accumulation of the
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conjugate in the host. Both the side-chain terminating in
DOX [3,23] and oligopeptide crosslinks are susceptible
to cleavage by lysosomal enzymes [3,23,24]. Conse-
quently, the in vivo fate may be as follows. Long-circu-
lating P-DOX conjugates are internalised by
endocytosis and ultimately will be localised in secondary
lysosomes. In the lysosomal compartment, both side-
chains and oligopeptide crosslinks are cleaved by lyso-
somal enzymes releasing free DOX [3] and primary
HPMA copolymer chains [22,24]. Following cell death
the polymeric carrier can reach the circulation since the
mol. wt distribution of the primary chains is below the
renal threshold and the carrier structure is such that
non-specific interactions with cells will not occur. Con-
sequently, the recapture rate is negligible and the poly-
meric carrier will be eliminated by glomerular filtration
[9].

In agreement with the above discussed phenomena,
the in vivo fate of long-circulating P-DOX in mice was
mol. wt-dependent, and significantly different from free
DOX. The clearance rate of P-DOX from the blood
(Fig. 3) was mol. wt-dependent and much slower than
that of free DOX in accordance with previously pub-
lished data [6,19]. The long-circulating P-DOX con-
jugates exhibited a shorter t;;, in blood (Fig. 3) than
linear HPMA copolymers at a similar mol. wt [21]. The
differences in the mol. wt distribution of the samples
tested may be responsible. The long-circulating P-DOX
in this study possessed a wide mol. wt distribution,
whereas the samples used in the previous study [21] were
fractions with a narrow mol. wt distribution. Macro-
molecular therapeutics with a wider mol. wt distribution
contain low mol. wt fractions which are preferentially
cleared from the bloodstream resulting in a continuous
increase of the mol. wt distribution of the macro-
molecules remaining in the bloodstream [22].

While the concentration of P-DOX in the blood (after
a single i.v. injection) decreased to insignificant levels
after 7 days (168 h) for all samples tested, the accumu-
lation of P-DOX in the tumours, as demonstrated in
Fig. 4, increased with increasing mol. wt. High levels of
DOX continued to exist in the tumours during the first
48 h after i.v. administration of P-DOX; on the con-
trary, minimal levels of DOX were detectable at 24 h
after the mice received free DOX. The time to reach a
peak level shifted from 12 to 36 h as the mol. wt of P-
DOX increased from 22 to 1230 kDa (Fig. 4). This may
indicate a slower extravasation of higher mol. wt con-
jugates at the tumour site.

The results are consistent with the absorption model
analysis. The absorption rate of free DOX is faster than
P-DOX (Fig. 5); consequently, free DOX reaches a peak
concentration earlier than P-DOX [6]. However, owing
to its rapid elimination rate, free DOX merely exhibited
a short retention time in the tumours. In contrast, the
conjugation of DOX to the HPMA copolymer decreased

both the accumulation and elimination rates, resulting
in a longer time interval to reach peak levels and an
extended retention time in the tumours (larger AUC).
This extended residence time of P-DOX in the tumours
may contribute to the higher efficacy of macromolecular
therapeutics to treat tumours (Fig. 6) when compared
with free drugs [13,16,17]. The results also imply that it
is possible to manipulate the peak level of P-DOX in
tumours by controlling the mol. wt.

As summarised in Tables 2-6, more than 20% of the
total administered dose of long-circulating P-DOX
(mol. wt > 160 kDa) was accumulated in the liver at 24 h
after i.v. administration; the accumulated amount
depended on the mol. wt of P-DOX. This is consistent
with our previous results [6]. It is important to note that
perfusion of the liver (and other organs) was not per-
formed. Consequently, the high blood content in the
liver contributed to the high level of accumulation
detected [6]. Since the spleen has physiological proper-
ties similar to those of the liver, it may accumulate
HPMA copolymer-bound drugs at a similar level. A
similar amount of P-DOX accumulated in the kidneys
and lungs when compared with free drug.

The conjugation of DOX to HPMA copolymers
decreased the accumulation in the heart and did not
influence the rate of the heartbeat (data not shown).
This is an important observation since cardiotoxicity is
one of the main side-effects of DOX therapies [25].

The enhanced accumulation of long-circulating
HPMA copolymer—-DOX conjugates in tumours may
result in a higher efficacy in the treatment of tumours.
As shown in Fig. 4, high levels of DOX continued to
exist in the tumours during the first 48 h after i.v.
administration of long-circulating conjugates; the higher
the mol. wt of conjugate, the higher the tumour accu-
mulation. In contrast, minimal levels of DOX were
detectable at 24 h after the mice received free DOX.
Conjugation of DOX to long circulating HPMA copo-
lymers resulted in an up to 45 times higher AUC for the
highest mol. wt P-DOX compared with free DOX
(Fig. 4). The higher tumour accumulation resulted in an
enhanced therapeutic efficacy (Fig. 6). The comparison
of data in Figs. 4 and 6 strongly suggests that the EPR
effect [16,26-28] was responsible for the mol. wt-depen-
dent accumulation and efficacy of the long-circulating
P-DOX conjugates. The data seem to indicate that
higher mol. wt P-DOX possess a greater therapeutic
index than P-DOX of lower mol. wts. No mol. wt-rela-
ted non-specific toxicity was observed in this study.
Incorporating antibodies [29-31] or antibody fragments
[32], specific for antigens expressed on human ovarian
carcinoma cells, into these conjugates would result in a
further enhancement of their therapeutic efficacy.

In summary, we conducted this study to compare the
accumulation of free and HPMA copolymer-bound
DOX in blood and various tissues, especially to char-
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acterise the relationship between the mol. wt of the
conjugates and their biodistribution and efficacy. We
have demonstrated that the newly designed crosslinker
permitted the synthesis of P-DOX with mol. wts up to
1230 kDa. The resulting long-circulating P-DOX exhib-
ited a prolonged t;, in the blood with a concomitant
increase in tumour accumulation through the EPR
effect. The therapeutic efficacy increased as the mol. wt
of P-DOX increased. The low residual concentration of
P-DOX in tissues (except tumours) avoids potential
long-term side-effects. Additional studies will be
required to fully characterise the uptake of P-DOX in
the interstitium of tumours, and the ultimate mechan-
isms of cytotoxicity. The results obtained are promising
and clearly warrant clinical investigation of these novel
long-circulating conjugates in future applications for the
treatment of human ovarian carcinomas.
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