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Abstract: Many different types of tumour have previously been shown to over-express cell-surface receptors involved in 
the uptake of Vitamin B12 (VB12). We have examined the potential of using VB12 as a targeting agent for the delivery of 

pHPMA-conjugated daunomycin in four murine tumour models. VB12-targeted-duanomycin-HPMA conjugates were 
found to increase both the number of survivors and the survival time of tumour-bearing mice. The data indicate that VB12 
may be highly effective in enhancing the efficacy of polymer-bound cytotoxins, particularly in those tumours that over-

express receptors involved in vitamin B12 uptake. 
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INTRODUCTION 

Many workers have endeavored to increase the 

circulating half-life of cytotoxic drugs used in cancer 

treatment by linking the drugs to polymers. This has the 

advantage of reducing the toxicity of the drug, as well 

as the additional advantage of targeting the altered 

tumour vasculature and restricted/occluded lymphatic 

drainage often found in tumour masses, a phenomenon 

called “the enhanced permeability and retention (EPR) 

effect” [1]. Polymer-based targeting has been used with 

doxorubicin conjugated to N-(2-Hydroxypropyl) 

methacrylamide (HPMA) copolymer, which was used in 

Phase I/II clinical trials to varying effects [2-7]. Less 

success was found with HPMA conjugates of paclitaxel 

or camptothecin [4. 5], however encouraging results 

have been found from Platinum-HPMA chelates [8-13]. 

Whilst linkage of small cytotoxic molecules to a 

polymer such as pHPMA increases the amount of drug 

that reaches and is retained by some tumour tissue, 

the polymer-bound chemotherapeutic does not 

preferentially accumulate equally in all tumour types 

[7], or in small-non-vascularized metastases, nor does 

it result in increased rates of internalization of the 

chemotherapeutic into the tumour cells. Additionally, 

the increased size of the drug-polymer conjugate can 

restrict the exit of the conjugate from the vasculature. 

Targeted chemotherapy for cancer treatment offers 

potential advantages in tumour treatment due to 

greater specificity of delivery, and the ability to utilize 

mechanism for vascular transcytosis thus increasing 

the amount of drug which reaches the extracellular 
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space, and subsequently increasing the uptake of the 

cytotoxin into the tumour cells. One problem with this 

approach is, however, to identify generic markers that 

are over-expressed on the surface of tumour cells but 

not on normal tissue. In order to overcome both of 

these restrictions we have been examining the 

potential of using targeting agents, such as vitamins to 

increase the uptake and retention of polymer-bound 

cytotoxins into the tumour mass. 

Previous studies by various workers have shown 

that many aggressive tumours over-express surface 

receptors involved in the uptake of vitamin B12 [14-31]. 

The degree of over-expression has been found to 

correlate with the stage of tumour growth, with the 

highest levels found on stage IV carcinomas [1, 25, 30, 

31]. Thus increased uptake of the vitamin B12-targeted 

Rhodamine-pHPMA copolymer has been observed in 

Colo-26 (Colon carcinoma), P815 (Mastocytoma), 

M109 (Lung), RENCA and RD995 (Renal), and 4T1, 

JC and MMT06056 (Breast) cancers. Little or no 

uptake was observed in BW5147 (lymphoma), B16 

(melanoma), LL-2 (Lung), CHT-116 (Colon), L1210 

(leukaemia), and Ov2008 and ID8 (Ovarian) cancers. 

Over-expression of surface receptors involved in the 

uptake of vitamin B
12 

has enabled several workers to 

successfully image malignant, but not benign tumours, 

through the use of imaging agents such as 
111

In-DTPA-

vitamin B12 [25-27, 32]. 

In the studies reported here we have endeavored to 

combine the passive tumour targeting obtainable with 

polymer-bound daunomycin (Dnm) with the active 

tumour targeting of vitamin B12 and have been able to 

increase the effectiveness of treatment of the tumours 

with polymer-bound Dnm when compared to treatment 

with free Dnm. For these studies Dnm was linked to the 
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polymer via a well established tetrapeptide 

biodegradable linker, Gly-Phe-Leu-Gly, which permits 

release of drug by the action of lysosomal enzymes [4]. 

These studies have shown that the effectiveness of 

passive targeting is highly variable between tumours 

and that the vitamin B12-targeted polymers may be able 

to greatly increase the uptake of drug-polymer 

conjugates into the tumour mass and increase the 

effectiveness of the conjugated Dnm cytotoxin without 

increasing by-stander toxicity.  

EXPERIMENTAL METHODS 

VB12 was obtained from Rousell-Uclaf whilst all 

other reagents were from Sigma-Aldrich, Sydney 

Australia. Gly-Phe-Leu-Gly was obtained from Peptec, 

Melbourne, Australia. Tumour cell lines were obtained 

from the following sources: JC, 4T1, ATCC; Colo-26, 

Access Pharmaceuticals, Dallas; Renca, Chuck 

Grissom, University of Utah. Animals were obtained 

from the Animal Resources Centre, Perth, Western 

Australia. All animal experiments were carried out 

following approval from the institutional Animal Ethics 

Committee. PolyHPMA was prepared according to 

methods described previously [33, 34] and size purified 

on Sepharose 6B according to the method of Kissel 

and co-workers [35] to yield high and low molecular 

weight preparations (see Table 1). The resultant 

polymer was modified with Gly-Phe-Leu-Gly-Dnm to 

yield pHPMA-N- -Lys-N- -Su-TP-Dnm (Dnm-HPMA) 

using a modification of methods described previously 

[11]. Briefly, pHPMA dissolved at 20 mg/ml in dry 

DMSO, was activated with an equal weight of CDT, 

added as a powder, and reacted overnight with an 

equal volume of a complex of lysine and copper (Lys-

Cu-Lys), dissolved at 100 mg/ml in DMSO containing 

50 mg/ml DIEA, to yield pHPMA-N- -Lys-Cu-Lys. The 

free alpha amino and carboxyl groups on the complex 

were exposed following treatment with EDTA and 

extensive dialysis. Succinylated Gly-Phe-Leu-Gly was 

prepared by dissolving the tetrapeptide at 100 mg/ml in 

DMSO and reacting it with an equal weight of succinic 

anhydride. The resultant Succinyl-TP was purified by 

RP-HPLC on a Vydac C18 column, eluting with a 

gradient of 0-80% acetonitrile in 0.1% TFA. The eluted 

peptide was lyophilized until used. The peptide was 

dissolved in DMF and DCC/NHS was used to activate 

the free carboxyl group on succinylated-Gly-Phe-Leu-

Gly-Dnm, which was then reacted with pHPMA-N- -

Lys, to yield pHPMA-N- -Lys-N- -Su-TP-Dnm (Dnm-

HPMA). Glycyl-N-vitamin B12 was made using standard 

methods via CDT activation of the 5’hydroxyl-group on 

vitamin B12 [36, 37]. Briefly, dry vitamin B12 was 

dissolved in DMSO at 100 mg/ml and stirred rapidly. 

CDT (3.5 molar excess) was added as a powder and 

used to activate the vitamin B12 for 20 minutes. A ten-

fold molar excess Glycine was dissolved at 100 mg/ml 

in DMSO containing 1% triethylamine and added to the 

activated VB12. The reaction was allowed to proceed 

overnight at room temperature, at which time the VB12-

conjugate was precipitated by the addition of acetone 

to 80% and left to stand. The supernatant was 

decanted and the pellet dissolved in distilled water. The 

product was then purified by binding to Dowex 1 x 2, 

and elution with 2.5% acetic acid. The VB12-N-Gly-

COOH derivative was activated with DCC/NHS in 

DMSO and used to link to the free alpha amino groups 

on pHPMA-N- -Lys-N- -Su-TP-Dnm to yield VB12-

[Dnm-HPMA], and the product purified via extensive 

dialysis. Representative analysis of VB12-[Dnm-HPMA] 

is shown in Table 1. 

Tumour Growth Inhibition Studies 

Four tumour cell lines, which had previously been 

shown to have VB12-dependent uptake of VB12-bound 

pHPMA Rhodamine polymer, were injected 

subcutaneously at 2 x 10
6
 cells/mouse These included 

two breast cell lines, 4T1 and JC, plus one colon 

cancer line, Colo-26 and a renal cell line, RENCA. 

Tumours were monitored until they had reached 

approximately 50 mg in weight, at which time the mice 

(n=10 per group) received 3 daily intravenous 

Table 1: Analysis of VB12-[Dnm-HPMA]. Dnm Substitution was Calculated from its Spectrum using Published 

Extinction Co-Efficients (OD290, OD480, OD495, and OD532 nm). VB12 Substitution was also Obtained from OD278, 
OD361 and OD550 after Making Appropriate Deductions for Dnm Spectra. Mw, Mn and PDI were Determined 
Using a Malvern Zetasizer 

Polymer # VB12 (wt %) # DNM (wt %) Mw Mn PDI 

Dnm-HPMA (LMW) 0 (0%) 4.1 (7.9%) 27132 13800 1.5 

VB12-Dnm-HPMA 3 (15.6 %) 4.1 (7.5%) 31200 17900 1.74 

HMW-HPMA  11.5 (7.8%) 80050 65080 1.65 
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injections of either 5 mg/kg daunomycin (Dnm), 20 mg 

Dnm/kg of polymer-bound Dnm, or saline (untreated 

controls). Animal weights, tumour size and animal 

survival were then measured at least three times per 

week. Statistical analysis was performed using 

Students Ttest. 

RESULTS AND DISCUSSION 

Initial dosing studies were performed in mice 

bearing the Colo-26 tumours using non-targeted 

pHPMA-N- -Lys-N- -Su-TP-Dnm (Dnm-HPMA) in 

order to establish the maximum tolerated dose (MTD) 

to be used in subsequent studies (Figure 1). These 

studies compared low molecular weight (LMW) (22 

kDa) Dnm-HPMA at 22.5, 45 and 90 mg/kg Dnm, with 

high molecular weight (80 kDa) Dnm-HPMA (HMW-

Dnm-HPMA) (20 mg/kg). It was not possible to use 

higher doses of the HMW-Dnm-HPMA due to the 

viscous nature of the high molecular weight material. 

These studies established that the MTD for the LMW 

Dnm-HPMA was around 20 mg/kg, which was 

therefore used in further studies. Despite its apparently 

greater efficacy, further experimentation using the 

HMW Dnm-HPMA was precluded due to its highly 

viscous nature, which made it extremely difficult to 

administer. 

Administration of either the LMW or HMW Dnm-

HPMA was found to dramatically improve the survival 

rate of tumour bearing mice with 4 out of 10 mice in 

either group surviving to over 200 days, with no 

evidence of tumours being found at sacrifice at Day 

200. In contrast, all mice were dead by day 45 in either 

the control or Dnm-treated mice. Treatment with the 

HMW (20 mg/kg) Dnm-HPMA lead to a more effective 

reduction in tumour weight than treatment with LMW 

(22.5 mg/kg) Dnm-HPMA (P<0.05, days 3, 8, 13, 27, 

31-41) 

i) Treatment of Various Tumours with [pHPMA-Lys-
N-Su-TP-Dnm] (Dnm-HPMA) 

In the current studies, injection of Dnm-HPMA 

polymer conjugates (20 mg Dnm/kg) into tumour-

bearing mice was found to be highly effective in 

treatment of Colo-26, and RENCA tumour-bearing cell 

lines, with full regression of Dnm-TP-HPMA-treated 

Colo-26 (4 of 10, day 183; Figure 1a, b, c) and RENCA 

(7 of 10, day 80; Figure 4a, b, c) tumours. In contrast, 

treatment with these conjugates in 4T1 and JC breast 

cancer-bearing mice had a partial effect on tumour 

growth and increased survival time from 30-35 days 

(4T1, JC) in control mice to 40-45 days (4T1, JC, 

respectively) in treated mice (Figures 2a, b and 3a, b, 

respectively). A significant reduction in tumour mass 

was found in both 4T1 (P<0.05, days 5-29) and JC 

(P<0.05, days 6-24) following treatment with Dnm-

HPMA. Dnm-HPMA polymer conjugate was also tested 

against P815 mastocytoma (data not shown), however, 

there was only a small increase in the effectiveness of 

polymer-bound drug over free Dnm, possibly due to a 

lack of sensitivity of this cell line to Dnm. Apart from the 

known difference in sensitivity of various cancer lines to 

different chemotherapeutic agents, the variability of 

response to the Dnm-HPMA in the different cell lines 

could also be due to differences in expression of drug 

resistance genes such as the P-glycoprotein, known to 

be induced by doxorubicin in breast cancer cell lines 

[38-40], or other factors such as uneven drug 

distribution in solid tumour masses [41], or non-uniform 

processing of the polymers inside the cell [42], or 

differences in tumour vasculature [7]. Whatever the 

reason for the variability, similar results to those 

reported above have also been reported in clinical trials 

of Dox-TP-pHPMA (PK1) [7]. 

ii) Treatment with VB12-N-Glycyl-[pHPMA-Lys-N-Su-
TP-Dnm] 

In vitro experiments using targeted Rhodamine-

Lysyl-pHPMA have shown it is possible to greatly 

increase the uptake of Rho-Lysyl-pHPMA into many 

tumour lines, through the use of vitamin B12 as a 

targeting agent [11, 31]. In order to examine the 

potential of targeting with vitamin B12 in vivo, studies 

were performed comparing non-targeted pHPMA-N- -

Lys-N- -Su-TP-Dnm to vitamin B12 targeted pHPMA-N-

-Lys-N- -Su-TP-Dnm prepared by direct linkage of N-

Glycyl-5’O-vitamin B12 to free -amino-groups on 

preformed pHPMA-N- -Lys-N- -Su-TP-Dnm polymer 

conjugates.  

Treatment of RENCA tumour-bearing mice with 

both targeted and non-targeted pHPMA-Lys-Su-TP-N-

Dnm (Dnm-HPMA) copolymer conjugate was highly 

effective in reducing the size of the tumour mass and 

also in increasing the long-term survivors. Complete 

tumour regression was achieved following treatment 

with the non-targeted Dnm-polymer complex (7 of 10) 

and the VB12-targeted polymer (8 of 10) at day 80, with 

the group receiving the VB12-targeted polymer 

marginally more effective at controlling tumour growth 

(days 28-52) (Figure 4a), than the non-targeted Dnm-

Polymer. In contrast, all of the control mice were dead 

by day 45 (Figure 4b). Free Dnm administered at the 

maximum tolerated dose (5 mg, MTD) (Figure 4c) had 
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a 

 
b 

 
c 

Figure 1: Survival of Colo-26 tumour-bearing mice following treatment with Daunomycin (Dnm) or Dnm-HPMA. The tumour size 
of each mouse was monitored until the tumour reached approximately 50 mg in weight. Mice were then injected iv with 3 doses 
(day 1, 2, 3) of either Dnm (5 mg/kg) or Dnm- HPMA (22.5, 45, or 90 mg/kg Dnm) or HMW Dnm- HPMA (20 mg/kg Dnm). 

a. Top Panel Tumour Growth; b. Middle Panel Kaplan-Meyer Plot of survivors; c. Bottom Panel Modification in body weight 
following treatment. 
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a 

 

b 

Figure 2: Survival of 4T1 tumour-bearing mice following treatment with Daunomycin (Dnm) or Dnm-HPMA. The tumour size of 
each mouse was monitored until the tumour reached approximately 50 mg in weight. Mice were then injected iv with 3 doses 
(day 1, 2, 3) of either Dnm (5 mg/kg) or Dnm-HPMA (20 mg/kg Dnm). 

a. Top Panel Tumour Growth; b. Bottom Panel Kaplan-Meyer Plot of survivors. 

no effect upon tumour control. Similar results were 

found when 4T1 (Figure 5) bearing mice were treated 

with both targeted and non-targeted Dnm-HPMA 

copolymer conjugate. 

Polymer-bound Dnm was found to be much more 

effective in tumour treatment than equitoxic doses of 

free Dnm in various tumour models. The effectiveness 

of treatment with the pHPMA-N- -Lys-N- -Su-TP-Dnm 

was increased still further in RENCA and 4T1 tumour 

models, which are known to over-express receptors 

involved in VB12 uptake, when these mice were treated 

with VB12-targeted polymer-drug complex. Treatment 

with VB12-targeted and untargeted pHPMA-N- -Lys-N-

-Su-TP-Dnm resulted in increased numbers of 

survivors, reduction in tumour mass, and reduced 

toxicity over free Dnm given under the same treatment 

regime. In two of the cell lines, Colo-26 colon 

carcinoma and RENCA renal carcinoma, treatment 

resulted in greatly increased survival rates and 

reduction in tumour mass to undetectable levels 183 

days after initial treatment (40%) in Colo-26 bearing 

tumour mice, and at day 82 (60% Dnm-HPMA, 80% 

VB12-[Dnm-HPMA]) in RENCA tumour bearing mice. 

This is in contrast to control animals, or those treated 

with MTD levels of Dnm, where all animals were 
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moribund by day 34, or 42 respectively. This dramatic 

improvement in survival rate of treated mice is even 

more impressive when one considers that the long term 

survivors only received 3 doses of polymer-bound 

Dnm, at sub-MTD levels. 

CONCLUSIONS 

Administration of Dnm-HPMA polymer conjugates to 

different tumour-bearing cell lines showed highly 

variable control of tumour growth, which ranged from 

retardation of growth to long term elimination of the 

tumours, depending upon the tumour cell line. There 

was no evidence of any effect on tumour growth when 

free Dnm was administered. The efficacy of polymer-

conjugated Dnm was greatly increased when the 

polymer conjugate was targeted with VB12 and 

administered to mice bearing tumours that over-

express receptors involved in vitamin B12 uptake. 

These data confirm the observations on increased 

uptake of the polymer-bound fluorophore, rhodamine, 

when the polymer is targeted with VB12 and 

demonstrate that this increased uptake leads to more 

effective Dnm delivery, and resultant anti-tumour 

activity. The results of these experiments have 

enormous potential in increasing the efficacy of drug 

treatment in colon, renal and breast cancers. 

 

a 

 

b 

Figure 3: Survival of JC tumour-bearing mice following treatment with Daunomycin (Dnm) or Dnm-HPMA. The tumour size of 
each mouse was monitored until the tumour reached approximately 50 mg in weight. Mice were then injected iv with 3 doses 
(day 1, 2, 3) of either Dnm (5 mg/kg) or Dnm-HPMA (20 mg/kg Dnm). 

a. Top Panel Tumour Growth; b. Bottom Panel Kaplan-Meyer Plot of survivors. 
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a 
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Figure 4: Treatment of RENCA tumour- bearing mice with with Daunomycin (Dnm), Dnm-HPMA or VB12-[Dnm- HPMA]. The 
tumour size of each mouse was monitored until the tumour reached approximately 50 mg in weight. Mice were then injected iv 
with 3 doses (day 1, 2, 3) of either Dnm (5 mg/kg) or Dnm- HPMA (20 mg/kg Dnm).  

a. Top Panel Tumour Growth; b. Middle Panel Kaplan-Meyer Plot of survivors; c. Bottom Panel Modification in body weight 
following treatment. 
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Figure 5: Survival of 4T1 tumour-bearing mice following treatment with Daunomycin (Dnm), Dnm-HPMA or VB12-[Dnm-HPMA]. 
The tumour size of each mouse was monitored until the tumour reached approximately 50 mg in weight. Mice were then injected 
iv with 3 doses (day 1, 2, 3) of either Dnm (5 mg/kg), Dnm-HPMA (20 mg/kg Dnm) or VB12-[Dnm-HPMA] (20 mg/kg Dnm). Data 
presented is a Kaplan-Meyer Plot of survivors. 

Further work is underway to examine alternative VB12-

conjugation chemistry and to optimize the dose regime 

for tumour treatment. 
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