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Abstract-Daunorubicin was covalently linked to poly-L-aspartic and poly-L- 
lysine of different molecular weights via the methylketone side-chain of the drug by 
the use of a method that employs the 14-bromo derivative of the antibiotic. During 
reaction ester and C-N linkages were formed with poly-L-aspartic acid and poly-L- 
lysine respectively. Whereas a reduction of drug toxicity was obserued with both 
types of conjugate, only the linking to the anionic polymer produced an 
enhancement of drug activity. In contrast, when drug was coualently attached to 
poly-L-lysine, cytotoxic activity and in vivo potency and efficacy were markedly 
reduced. The different therapeutic properties of these conjugates can be explained 
in terms of the different natureand stability of chemical bonds formed between the 
drug and the amino groups and carboxyl functions of the polyamino acid carrier. 

INTRODUCTION 
WE HAVE recently reported a new method for 
covalently linking daunorubicin to protein via 
the methylketone side-chain to avoid reaction of 
the amino sugar moiety, which is thought to be 
essential for optimal drug activity [l]. Using this 
procedure for drug-protein conjugation, both 
amino and carboxyl groups of the protein can 
react with the 14-bromo- derivative of dauno- 
rubicin. Thus both C-N and ester linkages are 
formed during reaction. However, the stability of 
these bonds is quite different [l]. Since severance 
of bond between carrier and cytotoxic agent is 
required, the relative stability of the linkage 
formed between drug and protein may play an 
important role [Z-4]. Therefore it is of interest to 
compare the biological activity of daunorubicin 
linked to protein carriers via different bonds. We 
have recently found that daunorubicin linked to 
poly-L-aspartic acid (PAA) (essentially through 
ester linkages) was more effective than the free 
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drug against some experimental tumor systems 
[51. 

In this study we compared the antitumor 
effectiveness of daunorubicin-PAA and dauno- 
rubicin-poly-L-lysine (PLL) conjugates since 
polypeptides are good candidates as carriers for 
antitumor agents [3-61. In the latter polymeric 
derivative the antitumor drug is linked to the 
polyamino acid essentially through C-N linkages. 

MATERIALS AND METHODS 

Drugs 
Daunorubicin, doxorubicin and 14-bromo- 

daunorubicin were supplied by Farmitalia Carlo 
Erba (Milan, Italy) as hydrochlorides. Drug 
solutions were freshly prepared immediately 
before use. PAA (mol. wt 20,000) and PLL (mol. 
wt 40,000) were obtained from Sigma Chemical 
Co. (St. Louis, MO, U.S.A.). PLL (mol. wt 
2700-3400) and PAA (mol. wt 5300) were 
purchased from Miles Laboratories (Elkhart, IN, 
U.S.A.). Conjugates were prepared essentially 
according to the previously described procedure 
[l]. Attachment of daunorubicin to the poly- 
amino acids was achieved by nucleophilic 
substitution reaction of the 14-bromo- derivative 
of the drug. The conjugates tested for antitumor 
activity contained different amounts of dauno- 
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rubicin, as indicated. The concentration of bound 
drug in the polymeric derivative was estimated by 
absorbance at 495 nm. Both conjugates were 
stable in aqueous solution as checked by thin- 
layer chromatography, using a mixture of 
chloroform:methanol:acetic acid (80:20:4) as 
solvent. No free drug could be detected by thin- 
layer chromatography or by high-pressure liquid 
chromatography. 

Animals, tumors and antitumor testing 
C3H/He and BDF, adult mice of both sexes 

were obtained from Charles River Laboratories 
(Calco, Como, Italy). After arrival the animals 
were acclimated for about a week and then 
randomized into experimental groups. The 
experiments with P388 leukemia were carried out 
in BDFi mice inoculated i.p. with 1 X IO6 cells per 
mouse. The experiments with Gross leukemia 
were carried out in C3H/He mice inoculated i.v. 
with 2 X lo6 cells per mouse. Tumor lines were 
maintained as previously described [5]. 

For antitumor testing daunorubicin and 
doxorubicin were dissolved in distilled water to a 
concentration that allowed the dose to be given in 
a volume of 0.1 ml/10 g body weight and 
administered iv. or i.p., as indicated. Polymeric 
derivatives were dissolved in distilled water or 
physiologic saline for i.p. or i.v. administration 
respectively. Animals were observed daily. 
Comparative antitumor effects of various dosages 
and schedules were determined from the median 
survival time (MST) in days for treated (T) vs 
control (C) groups and expressed as T/C (%). 

Cell survival determinations 
HeLa cells were exposed to the drugs for 24 hr. 

Survival was determined by the ability of treated 
cells to form colonies. After treatment the medium 
was removed and cells were washed and 
suspended in Eagle’s minimal essential medium 
containing 10% fetal calf serum, and plated 
colonies were counted after 8 days of incubation. 

RESULTS 
Antitumor activity 

Antitumor effects of daunorubicin and its 
conjugates against P388 leukemia are compared 
in Fig. 1. A dose-dependent antitumor activity 
was observed for both free and polyamino acid- 
bound daunorubicin. However, at high doses 
(>4 mg/kg) the toxicity of free daunorubicin 
exceeded the therapeutic activity, resulting in a 
reduction of survival. At the doses tested (up to 
50-60 mg/kg) this was not observed with 
daunorubicin conjugates, thus indicating an 
appreciable reduction of drug toxicity in both 
conjugates. Whereas no appreciable reduction in 

Fig. 1. Dose-response curvefor the effect of ahunorubicin (0) 
and its polymeric derivatives against P.388 leukemia. Single 
treatment i.p. on day 1 after tumor transplantation. Dose refers 
to actual amount of daunorubicin in the conjugate. Different 
preparations of daunorubicin-PAA (0) ( range of drug:PAA 
molar ratio, 0.2-35.5; most experiments were carried out with 
preparation with high drug:PAA ratios) and daunorubicin- 
PLL (A) (range of drugs:PLL molar ratio, 1.6-4.8). The mol. 
wt of PAA was 20,000, except for preparations denoted by the 

symbol 0, where a polymer of mol. wt 5300 was used. 

drug potency was observed with the daunorubicin 
-PAA conjugate, daunorubicin-PLL at low doses 
was four times less potent than free drug. In both 
conjugates the decrease in drug toxicity allowed 
an increase in drug dose (with reference to the 
actual amount of daunorubicin) with a con- 
sequent enhancement in the therapeutic effect 
assayed against P388 leukemia. Whereas the 
daunorubicin-PLL conjugate provided only 
somewhat greater efficacy at the highest doses 
tested (60 mg/kg), linking to PAA caused efficacy 
to improve substantially over that of free 
daunorubicin-PLL conjugate providedessential- 
ly similar efficacy at the highest doses tested 
(60 mg/kg), linking to PAA caused efficacy to 
improve substantially over that of free dauno- 
rubicin, as expected by previous observations [5]. 
The therapeutic properties of free and bound drug 
in this experimental system are summarized in 
Table 1. Only a marginal influence of the 
molecular weight of PAA on the conjugate 
antitumor activity was noted in these experiments. 
Polymers alone were devoid of, activity at doses 
similar to those used for conjugates, as already 
observed for PAA [5]. Mixtures of drug plus 
polymers produced effects similar to those of drug 
alone, except for mixtures containing high doses 
of PLL that were very toxic (not shown). 
this experimental model the daunorubicin-PLL 
conjugate was devoid of significant activity. In 
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contrast, the daunorubicin-PAA conjugate 
provided clearly superior efficacy compared to 
free drug at its optimal dose. This observation is 
in keeping with the results obtained with a 
different treatment schedule [5]. Relevant to this 
point is the observation that using different 
treatment schedules, drug linked to carrier was 
consistently more effective than free dauno- 
rubicin and doxorubicin (Table 3). 

Cytotoxicity activity 
Figure 2 compares the effects of daunorubicin 

and its polymeric derivatives on survival of HeLa 
cells after exposure to the drugs for 24 hr. The 
covalent linking to the polyamino acids reduced 
the cytotoxic activity of the drug. This effect was 
more marked for the daunorubicin-PLL 
conjugate. In addition, the results of these 
cytotoxicity studies indicated no appreciable 

Table 1. Comfiarison ofantitumor activity of doxorubicin, daunorubicin and 
its polymeric derivatives against P388 leukemia* 

Drugt 

Molar ratio Optimal dose 
drug:polymer (mg/kg)S T/C (%)Q 

Doxorubicin 10 277 (242-312) 
Daunorubicin 4 189 (163-225) 
Daunorubicin-PAA (20,000) 35.5 32 312 
Daunorubicin-PAA (5000) 6.3 32 287 (273-300) 
Daunorubicin-PLL (2700) 2.8 6011 222 

*Mice were implanted i.p. with lo6 tumor cells. The range of median survival time(MST) 
of control mice was 8-9.5 days in 7 experiments. 

TPAA, poly-t_-aspartic acid; PLL, poly-L-lysine. In parentheses, molecular weight of the 
unconjugated polymer. 

tTreatment i.p. on day 1 after tumor transplantation. In the conjugate the dose is 
expressed as dose of drug component. 

§MST of treated mice/MST of control mice X 100. In parentheses, range. 
IIMaximal dose tested. For the in viuo experiments only low-molecular-weight polymers 
were used, because they possess limited toxicity. 

Table 2. Effect of doxorubicin, daunorubicin and polymeric derivatives 
against Gross leukemia* 

Drugt 

Drug:polymer Optimal dose 
molar ratio (mg/kg)f T/C (%)§ 

Doxorubicin 7 224 (216-233) 
Daunorubicin 8 175 
Daunorubicin-PAA 27.3 12 433 (433-433) 
Daunorubicin-PLL 42 2511 125 

*CSH/He mice received 2 X lo6 leukemia cells i.v. on day 0. Median survival time (MST) 
of control mice was 6 days. 

tPAA, poly-t_-aspartic acid; mol. wt of PAA, 20,000. PLL, poly-L-lysine; mol. wt of PLL, 
2700. 

fTreatment i.v. on days 1,s and 5 after tumor transplantation. In the conjugate thedose is 
expressed as dose of drug component. 

gMST of treated mice/MST of control mice X 100. In parentheses, range. 
)IMaximal dose tested. Higher doses were not tested because of the difficulty of i.v. 
administration. This dose represents approximately the maximally tolerated dose. 

Table 3. Influence of treatment schedule on the activity of anthracycline 
derivatives against Gross leukemia* 

Days of i.v. 
treatment Daunorubicin 

T/C (%)t 
Doxorubicin DR-PAAS 

1, 3, 5 175 224 (216-233) 433 (433-433) 
1, 4, 7 325 (230-406) 358 (279-509) 456 (320-679) 
1, 5, 9 140 224 303 

*See Table 2 for experimental details. 
tAverage date of different experiments. In parentheses, range. Data obtained at the 

optimal doses for each drug are compared. 
fDR-PAA, daunorubicin-poly-t.-aspartic acid conjugate. 
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CONCENTRATION hg/ml) 

Fig. 2 Effect of daunorubictn and its polymeric derivatzves 
on survival of HeLa cells. (0) Daunorubicin; (0) dauno- 
rubicin-PAA conpgate (mol. wt 20,000); (0) daunorubicin- 
PAA conjugate (mol. wt 5300); (A) daunorubzcin-PLL 
conjugate (mol. wt 40,000); (A) daunorubicin-PLL conjugate 

(mol. wt 2700). 

molecular weight dependence for the dauno- 
rubicin-PAA conjugate. In contrast, the survival 
curves for daunorubicin linked to PLL indicated 
some influence of molecular weight on lethal 
activity of these polymeric derivatives, as expected 
by cytotoxic effects of PLL alone [7]. However, 
both drug-PLL conjugates tested showed low 
potency compared to the drug-PAA conjugate. 

DISCUSSION 
The results presented in this study indicate that 

the covalent binding of daunorubicin to poly- 
amino acids results in reduction of drug toxicity 
in both PAA and PLL conjugates. The 
attachment of the drug to PLL also produced a 
reduction in the toxicity of the polymer itself 
(results not shown). In contrast to PAA, which is a 
non-toxic polyamino acid [5], a molecular- 
weight-dependent toxicity of PLL has been 
reported [7]. 

The reduction in overall toxicity of toxicagents 
linked to carrier molecules is not unique for these 
polymeric derivatives, since this phenomenon has 
been already observed [8]. The reduction in drug 
toxicity after conjugation could allow the 
therapeutic use of very toxic drugs characterized 
by a low therapeutic index [9]. 

The reduced toxicity of daunorubicin-poly- 
amino acid conjugates was also accompanied by a 
reduction of drug potency and a reduced 
cytotoxicity to HeLa cells (Fig. 2). However, the 
low potency is a disadvantage only for the 
daunorubicin-PLL conjugate, since a lack of 
efficacy against Gross leukemia was found at the 
maximally tolerated dose (25 mg/kg). The 
difficulty of i.v. administration of higher doses 
precluded further studies in this tumor model. 
The drug activity against P388 leukemia was not 
lost by conjugation to PLL; however, both 
potency and efficacy were markedly reduced 

compared to those of the daunorubicin-PAA 
conjugate. The partial loss of drug activity in the 
PLL conjugate is surprising, since PLL has been 
used as the drug carrier for methotrexate [3, lo] 
and PLL itself has cytotoxic properties [7]. 

It is unlikely that the different antitumor 
activity of the drug in these conjugates is 
attributable to the difference in molecular weight, 
since cytotoxic properties of daunorubicin-PAA 
(Fig. 2) indicated no appreciable molecular- 
weight-dependence. Similarly, the in z&o activity 
of the drug linked to PAA did not change 
appreciably with a decrease in the molecular size 
of the polyamino acid used (Fig. 1). 

The mechanism(s) of the increased effectiveness 
of daunorubicin linked to PAA is still unclear, 
since no tumor specificity of this carrier is known. 
The improved therapeutic effect of the polymeric 
derivative of the drug could be explained by 
different events: (1) a slow release of doxorubicin 
from the conjugate could produce prolonged 
drug exposure of tumor cells. Anthracycline 
cytotoxicity is dependent on duration of drug 
exposure [l 11. Indeed, prolonged continuous 
infusion of doxorubicin has been reported to 
increase the therapeutic index of the drug [12]; (2) 
alternatively, a preferential uptake of drug- 
macromolecular conjugate by tumor cells, as a 
result of their preferential endocytotic activity 
[13], could facilitate the delivery of drug to target 
sites; and (3) finally, since a macromolecular drug 
derivative is expected to be partially removed by 
the reticuloendothelial system, drug storage by 
macrophages [14] and possible activation of 
macrophage function [14-161 could play a 
relevant role in the therapeutic effectiveness of the 
conjugate. Activated macrophages are recognized 
as an important component of natural resistance 
against malignant cells [17]. 

In any event, the different effectiveness of these 
conjugates suggests that the specific nature of the 
chemical linkage plays an important role in the 
activity of polymeric carrier-bound drugs. Indeed, 
the attachment of daunorubicin to polyamino 
acid by an easily hydrolyzable bond (i.e. ester 
linkages) potentiated its antitumor efficacy. In 
contrast, when the drug was attached by a more 
stable linkage (i.e. a C-N bond present in the 
daunorubicin-PLL conjugate), the activity was 
markedly reduced. The critical influence of the 
stability of the chemical linkage on activity has 
already been noted [2-4, 181. Polyamino acids 
have been used as multifunctional polymeric 
carriers of antitumor drugs [5, 10,191. When 
conjugation by reaction involving the bromo- 
derivative of daunorubicin [l] is used, only 
anionic polymers appear suitable to achieve 
optimal drug activity. 
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antibiotics produce cytotoxic effects through 
alternative mechanisms involving cell surface 
interaction [ZO]. 
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