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Graphical abstract: 
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Abstract: 

 

PEGylation typically improves the systemic exposure and tumour biodistribution of polymeric 

drug delivery systems, but may also restrict enzyme access to peptide-based drug linkers. The 

impact of dendrimer generation (G4 vs G5) and PEG length (570 vs 1100 Da) on the 

pharmacokinetics, tumour biodistribution, drug release kinetics and anti-cancer activity of a 

series of PEGylated polylysine dendrimers conjugated with doxorubicin via a cathepsin-B 

cleavable valine-citrulline linker was therefore investigated in rodents. Although the smallest 

G4 PEG570 dendrimer showed the most efficient cathepsin-mediated doxorubicin release, 

systemic exposure and tumour uptake were limited. The largest G5 PEG1100 dendrimer 

showed good tumour uptake and retention, but restricted drug liberation and therefore limited 

anti-cancer activity. Superior anti-cancer activity was achieved using an intermediate sized 

dendrimer that showed better drug release kinetics, systemic exposure, tumour uptake and 

retention. The data suggest that balancing PEG molecular weight and dendrimer size is critical 

when designing chemotherapeutic dendrimers. 
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Introduction: 

 

Nanomedicines are playing an increasingly important role as first-line chemotherapeutics as a 

result of their ability to reduce toxicity and accumulate in tumours via the enhanced permeation 

and retention (EPR) effect 1-4. The unique environment within tumours and cancer cells, such 

as the low extracellular pH and upregulation of enzymes that facilitate tumour invasion, is 

commonly exploited as a means to promote tumour-specific drug liberation, thereby sparing 

healthy tissues 5-7. Although clinical application of chemotherapeutic nanomedicines has to this 

point focussed more on liposomes (approx. 100 nm diameter), several nanomaterials with 

smaller dimensions (<50 nm) are currently being evaluated in clinical trials 2, 8, 9. These smaller 

nanomaterials have been suggested to provide benefits over larger (eg. liposomal) structures 

by virtue of better convection from tumoural sites of extravasation, and reduced uptake into 

the mononuclear phagocyte system (MPS) 10, 11. 

 

PEGylated polylysine dendrimers (approx. 10 nm diameter) provide one example of systems 

of this type and exhibit tuneable biodegradation 12, 13, low MPS uptake, extended systemic 

exposure, effective EPR into tumours and reduced adverse effects 5, 14-16. Drugs can be 

associated with dendrimers via non-covalent encapsulation or covalent conjugation to the 

dendrimer surface17. The major advantage of covalent drug conjugation is that by employing 

tumour-specific chemical linkers (such as acid-sensitive bonds or enzyme-specific peptides), 

constructs can be designed to display good stability in the systemic circulation, but selective 

drug liberation within tumours17. 

  

Previous studies in our laboratory have examined the utility of an acid labile hydrazone to 

conjugate the anthracycline drug doxorubicin (Dox) to polylysine dendrimers, thereby enabling 
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tumour-specific liberation of unmodified drug. These constructs displayed good anticancer 

activity in rodent models of primary breast and secondary lung cancer, but also showed some 

evidence of ‘burst’ drug release 5, 14, 18. Peptide-based linkers that are explicitly cleavable by 

enzymes that are overexpressed within tumours are expected to provide better control over in 

vivo drug liberation. For example, cathepsin B expression is upregulated in many solid tumours 

and is correlated with an invasive phenotype, but is constitutively expressed at only low levels 

in non-cancerous tissues 19-21. The peptides glycine-leucine-phenylalanine-glycine (GLFG) and 

valine-citrulline (VCit) are specifically cleavable by cathepsin B and have been used previously 

to good effect to conjugate chemotherapeutic drugs to antibodies and drug carriers 22-24. In light 

of these data, we therefore sought to engineer PEGylated polylysine dendrimers where 

doxorubicin was conjugated to the dendrimer surface via a VCit linker. Drug liberation from 

peptide linkers such as this, however, relies on enzyme access, and the dendrimer structure and 

extent of surface PEGylation might be expected to sterically restrict enzyme access to the 

peptide and limit drug release and anti-tumour activity. Whilst the effect of dendrimer 

generation and PEG molecular weight on the intravenous pharmacokinetics of PEGylated 

polylysine dendrimers has been previously characterised 15, 25, 26, the impact of these parameters 

on peptide-drug release kinetics and tumour targeting has not been investigated in detail 

 

Herein we describes the influence of dendrimer generation and PEG chain length on rates of 

drug liberation from a PEGylated dendrimer conjugated to doxorubicin via a self-immolate di-

glycolic acid (DGA)-VCit-para-amino benzoate (PAB) linker and profile effects on 

intravenous pharmacokinetics, tumour retention and anti-cancer activity in a mouse A549 

xenograft tumour model. The VCit peptide- linker was employed in light of previous data 

showing that this linker liberates doxorubicin two-fold more efficiently than a GLFG linker 27. 

Four dendrimer constructs were evaluated: a generation 4 dendrimer conjugated with a 50% 
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surface of PEG570 or PEG1100 and a generation 5 dendrimer conjugated with a 50% surface 

of PEG570 or PEG1100 (Table 1).  
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Experimental Section: 

Materials and reagents 

 

Soluene, IRGA-Safe Plus, and scintillation vials were purchased from Perkin-Elmer, Inc. 

(Waltham, MA, USA). Doxorubicin (Dox), thiazolyl blue formazan (MTT), sodium-1-heptane 

sulfonate, cathepsin B and hydrogen peroxide (30% w/v) were obtained from Sigma-Aldrich 

(Sydney, NSW, Australia). Polyethylene cannulas (0.96 x 0.58 mm external and internal 

diameter) of medical grade were purchased from Microtube Extrusions (NSW, Australia). 

DMEM-F12 and DMEM media, glutamax and penicillin-streptomycin were obtained from 

Gibco (NY, USA). All other reagents were analytical grade.  

 

Dendrimers 

 

Dendrimers were synthesised and characterised as described in the supporting information. 

Briefly, G4 and G5 dendrimers were synthesised with 3H-lysine in the penultimate lysine layer 

to allow quantification in biological samples. The dendrimer surface contained PEG570 or 

PEG1100 conjugated to ε-amino groups, and doxorubicin conjugated via a DGA-VCit-PAB 

linker to α-amino groups (Figure 1, Table 1). The synthesis and characterisation of the smallest 

dendrimer (G4PEG570) was described previously along with in vitro Dox release kinetics, cell 

growth inhibition and intravenous pharmacokinetics and biodistribution27. These data are 

replicated here and compared to the biological behaviour of the 3 larger dendrimer constructs. 

 

In vitro Dox release kinetics 
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Dendrimers (1 µg/mL Dox equivalents) were incubated with 1 IU/ml cathepsin B in 500 µl 0.1 

M acetate buffer containing EDTA (0.01 M) and glutathione (0.05 M) at 37°C with continuous 

shaking. Aliquots of the reaction solution (50 µl) were taken immediately after addition of the 

dendrimer and from 1 to 48 h later, and assayed for free Dox via HPLC. 

 

The analytical separation of the samples was performed using a C18, 3.5 µm, 4.6 x 50 mm 

Zorbax RP column (Agilent, CA, USA) with a C18-AB guard column (Machery Nagel, 

Switzerland) and a flow rate of 1.4 mL/min. Mobile Phase A consisted of 0.05% w/v formic 

acid and 0.2% v/v heptane sulphonate in 15% acetonitrile (pH 4.0). Mobile phase B was 100% 

acetonitrile. Samples were injected onto the column and eluted using a binary gradient as 

follows: 0-2.55 min, 18-34% B; 2.55-2.8 min, 35-80% B; 2.8-4 min, 80% B; 4-4.5 min, 80-

18% B; 4.5-6 min, 18% B. The linear range was 25 to 1000 ng/ml. 

 

In vitro growth inhibition assays 

 

A549 human lung carcinoma cells were purchased from ECACC (Salisbury, UK) and MCF7 

human breast adenocarcinoma cells were a kind donation from Erica Sloan, Monash 

University, Australia (and tested negative for mycoplasma infection). A549 cells were grown 

in DMEM-F12 media supplemented with 10% fetal bovine serum, 1% Glutamax and 1% 

penicillin/streptomycin in a humidified incubator with 5% CO2 at 37C. MCF7 cells were 

grown in DMEM with the same supplements. The in vitro growth inhibitory effects of each 

dendrimer was tested against both cell lines in 96 well microplates. Briefly, cells were seeded 

to a density of 5000 cells per well in 100 µL media. After overnight seeding, media was 

replaced with 100 µL drug-free media or media containing 0.001 to 500 µM doxorubicin or 

dendrimer (as doxorubicin equivalents) or an equivalent mass of a G5 dendrimer containing a 
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50% surface of PEG1100 and 50% unreacted amine. Cell viability was assessed after 2 days 

via MTT assay as previously described 28. 

 

Animals 

 

Male Sprague Dawley rats (250–300 g) were obtained from the Monash Animal Research 

Platform (VIC, Australia) for pharmacokinetic studies. Male and female balb/c nude mice (6-

8 weeks) were obtained from the Animal Resources Centre (WA, Australia) for tumour uptake 

and efficacy studies. Animals were maintained on a 12 hour light/dark cycle and were provided 

water at all times. Food was withheld from rats overnight after cannulation surgery and for 8 h 

after dosing but was provided at all other times. All experimentation involving animals was 

approved by the institutional Animal Ethics Committee and the Australian code of practice for 

the humane treatment of research animals was followed. 

 

Intravenous pharmacokinetics and biodistribution of dendrimers in rats 

 

Rats were cannulated via the right jugular vein and carotid artery under isoflurane anaesthesia 

as previously described 12. After overnight recovery from surgery, rats were administered 5 

mg/kg of dendrimer (as mg of dendrimer-drug construct) in 1.3 mL of sterile saline over 2 mins 

via the jugular vein cannula. Blood samples (200 µL) were then collected from the carotid 

artery cannula immediately after the completion of dosing and serially for up to 7 days post 

dose. Total excreted urine was collected daily and analysed via scintillation counting as 

described previously 12. Major organs (liver, kidney, spleen, pancreas, heart, lungs) were 

collected for biodistribution analysis after termination. Organs were then analysed for 3H 

biodistribution via scintillation counting as previously described 12.  
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Tumour biodistribution in mice bearing A549 tumour xenografts 

 

Tumour biodistribution was evaluated in female nude mice bearing subcutaneously implanted 

A549 tumours. A549 cells were isolated from cell culture plates (described above) via trypsin 

digestion and 50 µl of a cell suspension containing 6x107 cells/mL in 1:1 matrigel: Ca+2/Mg+2 

free PBS (ie. 3 x 106 cells) was injected into the right flank. Once tumours reached 100 mm3, 

0.1 mg of each dendrimer was injected in a volume of 50 µL sterile saline via a lateral tail vein 

to 8 mice per dendrimer. Animals were then sacrificed by cervical dislocation 1 or 4 days later, 

and blood (via cardiac puncture), tumour tissue, thigh muscle, heart, lungs, liver, fat, kidneys, 

spleen and pancreas were collected for 3H biodistribution analysis as described previously12.  

 

Antitumour efficacy of Dox-dendrimers in tumour bearing mice 

 

The anti-tumour efficacy of two Dox-conjugated dendrimers was evaluated in male and female 

nude mice (n=4-5 per dendrimer, 1:1 male:female mice per group) bearing subcutaneously 

implanted A549 tumours. Tumours were established as described above and dosing was 

initiated once tumours reached 50-75 mm3. Mice were administered 50-100 µl of saline, 

doxorubicin solution (5 mg/kg), G5PEG570 or G5PEG1100 (5 mg/kg Dox equivalents) via a lateral 

tail vein. Dosing was repeated 3, 7 and 10 days later. Mice were then monitored for a further 

24 days, with body weight and tumour volume measured every second day. Mice were 

euthanised if an ethical end point was reached (tumours reached 1cm wide or mice lost 15% 

body weight). All surviving mice were sacrificed 34 days after the first dose. 

 

Pharmacokinetic calculations and Statistics 
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Plasma concentrations of dendrimer were calculated based on the tritium content of plasma and 

the specific activity of the dendrimer dosed. Plasma concentrations and pharmacokinetic 

parameters were calculated based on the caveat that all 3H-label in plasma remains associated 

with intact dendrimer. Pharmacokinetic parameters including the area under the plasma 

concentration vs time profiles (AUC0-), terminal elimination rate(kel), initial distribution 

volume (VC), terminal volume of distribution (VDB), plasma clearance (Cl) and half-life (t1/2) 

were determined as previously described 
25. Statistical differences in pharmacokinetic 

parameters were compared via 1-way ANOVA with Tukey’s post-test. Differences between 

tumour:blood ratio’s at 1 and 4 days for each dendrimer were compared via Student’s unpaired 

T-test. Statistical differences between groups in the anti-tumour efficacy study were calculated 

via 2-way ANOVA followed by Bonferroni’s post-test for least significant differences. 

Significance was determined at a level of p<0.05.   
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Results: 

 

Kinetics of Dox release in the presence of cathepsin B 

 

The kinetics of Dox release from the 4 dendrimers was initially examined in vitro in the 

presence of 1 IU/ml cathepsin B (Fig 2). The smallest dendrimer (G4PEG570, ~22 kDa) exhibited 

the fastest rate of Dox release, with 48% of Dox liberated in 48 h. G4PEG1100 and G5PEG570 (~ 

27-45 kDa) resulted in lower (29%), and very similar rates of Dox release over 48 h. Only 5% 

of Dox conjugated to the largest G5PEG1100 construct (60 kDa) was released over 48 h. These 

data suggest that an increase in dendrimer generation by one and/or doubling PEG chain length 

significantly limits enzyme access to the peptide linker. In contrast, total molecular weight (as 

evidenced by the intermediate sized dendrimers) did not significantly affect drug release. 

 

Growth inhibitory effects of doxorubicin dendrimers 

 

In general, the ability of the dendrimers to inhibit cancer cell growth correlated with in vitro 

Dox release kinetics (Fig 3). For example, both intermediate sized dendrimers (G4PEG1100 and 

G5PEG570), that had similar in vitro drug release rates, exhibited similar IC50 values in A549 

cells (both ~ 10 µM) and MCF7 cells (both ~ 1 µM). In contrast, IC50 values for G5PEG1100 

were approximately 10 fold higher. Unexpectedly, the smallest G4PEG570 construct that showed 

the most efficient Dox release kinetics displayed lower cytotoxicity than the other dendrimers 

against both cell lines. An explanation for the lack of cytotoxicity for this construct is not 

apparent at this time, but may suggest that drug release profiles in cell culture do not completely 

match the drug release profiles obtained in the cell-free system (where drug release is evaluated 

in the absence of cellular material and serum proteins). This may reflect differences plasma 
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protein interactions with the Dox-conjugated dendrimer surface in cell culture systems 

resulting in differences in enzyme access, or differences in the levels of cathepsin expression 

in cell culture.  

 

Intravenous pharmacokinetics and dendrimer biodistribution in rats  

After intravenous administration, all four constructs showed prolonged plasma exposure and 

persisted in blood for more than 1 week (Fig 4). The clearance of the three smallest constructs 

was very similar, despite differences in molecular weight (22 to 45 kDa). A reduced terminal 

volume of distribution for G4PEG570 resulted in a shorter elimination half-life (Table 2). Despite 

the similarities in total plasma clearance, the proportion of the G4PEG570 dose excreted via the 

urine over 5 days was greater than two-fold higher than the two intermediate sized dendrimers, 

suggesting differing mechanisms of clearance between G4PEG570, and the G4PEG1100 and 

G5PEG570 constructs.  

In contrast to the three smaller dendrimers, the largest G5PEG1100 construct was cleared more 

slowly and demonstrated more prolonged plasma exposure. G5PEG1100 largely avoided 

elimination via the urine, with only 4% of the 3H dose recovered in urine over 7 days.  

The patterns of organ biodistribution in rats are shown in Figure 5. Consistent with previous 

observations for a range of PEGylated dendrimers 25, biodistribution to the liver was low, but 

increased with increasing construct molecular weight. Thus, less than 2% of the G4PEG570 dose 

was recovered in the liver after 5 days, when compared to over 10% for G5PEG1100 after 7 days. 

Organ biodistribution was low for all of the dendrimers at 5-7 days post dose, consistent with 

the stealth effect of PEGylated nanomaterials 29. 

Biodistribution of dendrimers in mice bearing A549 tumour xenografts 
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To evaluate the initial extent of dendrimer tumour biodistribution and to provide an indication 

of tumour retention over time, the tumour (and organ) biodistribution profiles of the dendrimers 

were examined at two different time points in A549 tumour bearing mice (Fig 6). In general, 

the organ biodistribution and blood profiles of the four dendrimers after 1 day were consistent 

with the data in rats, and as size increased, retention in the blood and major organs increased 

(Fig 6A).  

 

Tumour uptake was lowest for G4PEG570 (3%/g) and increased for the three higher molecular 

weight dendrimers, all of which showed similar initial tumour biodistribution (7-8% per g, ~2-

fold higher than control tissues such as muscle and fat). While the three larger dendrimers all 

exhibited reasonable tumour-specific biodistribution after 1 day, in the case of the largest 

construct (G5PEG1100) dendrimer concentrations in the blood at day 1 were approximately two-

fold higher. As such the efficiency of tumour uptake relative to blood exposure was lower. This 

is quantifiably evident in the tumour:blood ratios for each dendrimer after 1 day (Fig 7) which 

show higher levels in the tumour relative to the blood for the two intermediate sized 

dendrimers. In contrast, tumour uptake and tumour:blood ratios were lower for the G4PEG570 

dendrimer (most likely as a function of increased plasma clearance) and the G5PEG1100 

dendrimer (potentially reflecting slower extravasation and tumour accumulation).  

 

Each of the dendrimers displayed higher concentrations in tumour tissue than in blood after 4 

days, with tumour:blood ratio’s of ≥2 for the three largest dendrimers (less than 1.5 for 

G4PEG570; Fig 6B and 7). In addition, retention of the 3 largest dendrimers in tumour tissue was 

approx. 2 fold higher than in other tissues with the exception of the MPS organs which showed 

similar biodistribution to tumour tissue (Fig 6B). Notably, tumour biodistribution of the 
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G5PEG1100 dendrimer did not decline from day 1 to day 4 (7-8% dose/g), suggesting prolonged 

tumour retention and/or slow tumour accumulation. In contrast, tumour concentrations of the 

intermediate sized dendrimers decreased slightly from 6-8% dose/g on day 1, to 4-5% dose/g 

on day 4, suggesting a greater predisposition to clearance from the tumour over time, or more 

obvious dendrimer ‘dilution’ by virtue of tumour growth over 3 days.  

 

Anti-tumour efficacy  

 

The in vitro and in vivo data described above suggest that the largest G5PEG1100 dendrimer 

displays improved tumour biodistribution and retention when compared to the other 

dendrimers. In contrast, enzyme-mediated Dox release is limited, presumably as a result of 

hindered enzyme access to the dendrimer surface. For the intermediate sized dendrimers 

comprising lower molecular weight (570 Da) PEG conjugated to a larger (G5) scaffold, or 

larger PEG (1100 Da) conjugated to a smaller (G4 scaffold), tumour retention was slightly 

lower than that for the G5PEG1100 dendrimer, although Dox release was significantly more 

efficient. We therefore sought to evaluate whether the dominant factor in dendrimer utility was 

drug release rate, or dendrimer retention in the tumour. This was achieved by comparing the 

ability of G5PEG570 (lower tumour retention, higher drug release) and G5PEG1100 (higher tumour 

retention, lower drug release) to suppress the growth of A549 tumours. 

 

The anti-tumour activity of G5PEG570 was therefore compared to G5PEG1100 and Dox alone at 

equivalent doses (in drug equivalents) in A549 tumour bearing mice (Fig 8A). Tumour volume 

increased rapidly in the saline control group, reaching ~1000 mm3 (the ethical end point) by 

day 34. In contrast, tumour growth was inhibited to varying extents by all Dox treatments. 

Tumour growth inhibition was similar (p>0.05) in mice dosed with Dox solution or G5PEG1100. 
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However, tumour volumes in mice given G5PEG570 started to steadily decline after 26 days, 

despite the last dose being given on day 10 (Fig 8A), and showed significantly better anticancer 

activity when compared to G5PEG1100 and the Dox solution. Changes in body weight during and 

after treatment did not differ significantly between the Dox-treatment groups. However, mice 

delivered the Dox-dendrimers appeared to gain weight more rapidly after the last dose than 

mice delivered the Dox solution formulation, suggesting that the dendrimers were better 

tolerated by mice when compared to dose equivalents of the Dox solution formulation (Fig 

8B). 
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Discussion: 

 

PEGylation provides an excellent approach to prolong the plasma exposure and activity of 

therapeutic proteins and drug delivery systems, but may also mask antigen binding sites30 and 

hinder enzyme access to peptide-based drug linkers on polymeric drug delivery systems such 

as dendrimers. In the case of drug delivery systems, the steric hindrance resulting from surface 

PEGylation can be overcome (or at least limited) by non-covalently loading drugs within the 

dendrimer scaffold, or by covalently conjugating drugs to the surface via linkers activated by 

chemical hydrolysis. Both of these approaches, however, suffer from relatively low control 

over drug release rates in vitro and in vivo5, 17. In contrast, peptide-based linkers that are 

selectively cleavable by enzymes overexpressed within solid tumours or cancer cells may 

provide more control over in vivo drug release profiles and better limit systemic side effects. 

To this point however, the impact of dendrimer generation and PEG chain length on the 

‘cleavability’ of surface-presented peptide-based drug linkers and the resultant impact on anti-

tumour activity has not been systematically explored. The data presented here show that fine 

tuning dendrimer generation and surface PEG loading is critically important to developing 

constructs that strike a balance between prolonged plasma exposure, tumour uptake and drug 

release kinetics, and that therefore maximise chemotherapeutic activity.  

 

The smallest dendrimer (G4 polylysine conjugated with PEG570) exhibited the most efficient 

Dox release, with almost 50% of the drug load liberated in 48 h. This likely reflected the 

relative lack of steric hindrance introduced by the shorter PEG chain and the greater surface 

curvature of the G4 dendrimer combined with lower PEG surface loading (16 PEGs on a G4 

dendrimer when compared to 32 PEGs on a G5 dendrimer). By increasing dendrimer 

generation by 1, or doubling PEG chain length (G5PEG570 and G4PEG1100 respectively) Dox 
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release decreased by approx. 33%. Notably increasing both generation and PEG length 

significantly decreased drug release by ~90%, presumably due to increased steric shielding of 

the peptide linker. These general trends have been shown previously for proteins and other 

polymers 31, 32. The effect of increasing dendrimer generation from 4 to 5 has a similar impact 

on hydrodynamic radius as increasing PEG chain length from 570 to 1100 (an increase of 

approx. 20-30%)33, 34. Increasing dendrimer size by one generation, however, increases surface 

area by only ~ 50%, while the number of PEG groups doubles. This effectively increases the 

density of PEG surface coverage and presumably restricts cathepsin access to the VCit peptide. 

The results therefore suggest that increasing dendrimer generation, or doubling PEG chain 

length have quantitatively similar effects on restricting enzyme access to surface conjugated 

peptides.  

 

Cancer cells produce and release larger quantities of cathepsin B when compared to non-

cancerous cells, stimulating the use of the VCit linked dendrimers examined here. Consistent 

with this suggestion, each of the four dendrimers was able to inhibit the growth of A549 and 

MCF7 cells in vitro. However, the higher expression of cathepsin B by MCF7 cells, when 

compared to A549 cells 35, appeared to enhance drug release leading to greater susceptibility 

of the MCF cells to Dox. In general, the IC50 of the dendrimers correlated with rates of Dox 

release (Fig 2) with the exception of G4PEG570 which surprisingly showed the least efficient 

growth inhibitory effect (in spite of good release in in vitro release tests). The reason for this 

anomaly is not known at this time but may suggest that drug release profiles in cell culture do 

not completely match cathepsin-mediated release profiles in buffered (cell-free) systems.  

 

In vitro bioactivity and drug release kinetics are important determinants of the in vivo 

anticancer efficacy of macromolecular drug delivery systems. However, in vivo exposure and 
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clearance are also important drivers of tumour biodistribution13, and therefore in vivo activity. 

Specifically, the tumour biodistribution of dendrimers has previously been shown to correlate 

with plasma exposure, where dendrimers that exhibit longer elimination half-lives typically 

show higher tumour biodistribution13. The plasma exposure of the four dendrimers examined 

here generally correlated with molecular weight after intravenous administration in rats and 

mice. Thus, the smallest G4PEG570 dendrimer was cleared faster (and primarily via the urine as 

observed previously for similarly sized ~22 kDa PEG-dendrimers 25) than the largest G5PEG1100 

dendrimer (which was poorly renally cleared). The two intermediate sized dendrimers 

displayed very similar pharmacokinetics. As seen previously with other PEGylated polymeric 

systems, liver uptake was low in all cases 36-38.  

 

As expected, tumour biodistribution and retention correlated with plasma exposure. As such, 

the G4PEG570 dendrimer resulted in limited tumour uptake while G5PEG1100 exhibited the highest 

tumour uptake over the 4 day period. Notably, the advantage shown by the G5PEG1100 dendrimer 

appeared to be due to continued accumulation and reduced clearance from the tumour rather 

than an increase in initial uptake. Thus the G5PEG1100 dendrimer showed equivalent tumour 

uptake after 1 and 4 days (approx. 8% dose/g), despite continuing tumour growth (by a further 

~25% over 3 days), consistent with its slow plasma clearance. Despite this, however, G5PEG1100 

failed to show better anti-cancer activity than the Dox solution alone in tumour-bearing mice, 

presumably reflecting an inability to efficiently liberate Dox in the presence of cathepsin B 

(Fig 2, 5% in 48 h). Conversely, the intermediate sized constructs accumulated within tumours 

to the same extent as G5PEG1100 after 1 day (~8% dose/g), but were more effectively cleared 

from the tumours, or at least failed to continue to accumulate resulting in somewhat lower 

levels at day 4 (~5% dose/g). In vitro drug release, however was much improved when 

compared to the larger dendrimer, and this was seemingly the dominant factor since the 
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G5PEG570 dendrimer showed significantly better chemotherapeutic activity in mice when 

compared to G5PEG1100 or Dox solution alone. Similar observations have been made by Zhu 

and colleagues using partly PEGylated PAMAM dendrimers conjugated with Dox via acid-

labile and stable linkers39.  

 

Our laboratory previously showed that a G5PEG1100 dendrimer conjugated with Dox via an acid-

labile hydrazone linker displayed similar prolonged systemic exposure and high tumour 

biodistribution in rats, but in this case anti-cancer efficacy was similar to Dox solution in both 

rat and mouse breast cancer xenograft models 5, 14. One reason for this lack of difference in 

activity between dendrimer-Dox and Dox solution could be limited control over Dox release 

from the dendrimer. This system exhibited an initial rapid (burst) release of Dox once 

solubilised that may have limited ultimate drug delivery to the tumour. In contrast, our results 

showing improved chemotherapeutic activity with G5PEG570 versus Dox solution were 

comparable to previous observations reported for other cathepsin B sensitive Dox-dendrimer 

systems that were constructed with different dendrimer scaffolds and linker chemistries 40, 41. 

For instance, Lee and Zhang synthesised approx. 60 nm dendrimer nanoparticles based on PEG 

which were conjugated to doxorubicin via cathepsin B cleavable GLFG linkers. Lee40 showed 

that whilst doxorubicin alone did not significantly inhibit the growth of CT26 tumours in mice, 

administration of an equivalent doxorubicin dose in cathepsin-cleavable and non cathepsin-

cleavable dendrimer nanoparticles reduced tumour growth to approximately 20 to 50% of that 

in control mice. Interestingly though, both nanoparticles showed good anticancer activity 

despite the cathepsin-cleavable construct showing 4-fold better doxorubicin release in vitro 

compared to the non cathepsin-cleavable system. Zhang41 on the other hand, showed that 

intravenous administration of 5 mg/kg doxorubicin equivalents of a cathepsin-cleavable 
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dendrimer nanoparticle slowed the growth of subcutaneously implanted SKOV3 tumours by 

approximately 50% when compared to an equivalent dose of unconjugated doxorubicin. 

 

In summary, the current study demonstrates that PEG chain length and dendrimer generation 

are both important determinants of pharmacokinetics, drug release and ultimately anti-cancer 

efficacy. Specifically, the results suggest that increasing PEG chain length increases the steric 

shielding of surface-presented peptides, thus reducing drug release, and that increasing 

dendrimer generation increases surface PEG density leading to a similar effect. In contrast 

increasing dendrimer size and PEGylation reduces dendrimer clearance, enhances plasma 

exposure and improves tumour uptake and retention. On balance, however, optimal tumour 

growth inhibition is dependent on maximising dendrimer uptake and retention within the 

tumour, as well as rate of drug liberation in the tumour. This was optimally achieved here by 

using a construct where the extent of PEGylation led to intermediate tumour retention and drug 

liberation, rather than constructs that showed poor tumour retention and good drug release, or 

prolonged tumour retention, but limited drug release. The results therefore provide an improved 

framework for the future design of targeted PEGylated dendrimer based chemotherapeutic 

systems with improved chemotherapeutic activity. 
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Table 1. Chemical properties of the dendrimers examined. 

 

 G4PEG570 G4PEG1100 G5PEG570 G5PEG1100 

MW (kDa) 22.6  28.6 45.1 61.1 

Generation 4 4 5 5 

PEG chain  (Da) 570 1100 570 1100 

Dox loading (% w/w) 21 10 21 14 
3H activity (µCi/mg) 1.51 0.99 0.81 0.54 

 

 

 

 

Table 2. Pharmacokinetic parameters of the dendrimers after intravenous administration to rats 

at 5 mg/kg. Data represent mean ± s.d. (n=3-4). *p<0.05 cf. G4PEG570; † p<0.05 cf. G5PEG1100. 

Data for G4PEG570 are reproduced from reference27. 

  

  

 G4PEG570 G4PEG1100 G5PEG570 G5PEG1100 

Kel (h
-1) 0.020 ± 0.001 0.009 ± 0.001* 0.011 ± 0.002* 0.008 ± 0.001* 

t½ (h) 36 ± 3 76 ± 6* 66 ± 15* 83 ± 6* 

Vc (ml) 12 ± 1 13 ± 1 13 ± 1 14 ± 1 

VDB (ml) 43 ± 6 84 ± 3*† 68 ± 14† 46.1 ± 4 

Cl (ml/h) 0.8 ± 0.1† 0.8 ± 0.1† 0.7 ± 0.02† 0.4 ± 0.03 

AUC0- (ug/ml.h) 1526 ± 119† 1737 ± 157† 1855 ± 76† 3368 ± 229 

% 3Η in Urine 43 ± 10 18 ± 7* 19 ± 2* 4 ± 1* 
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Figure Legends: 

 

Figure 1. Structure of a G5 PEGylated polylysine dendrimer conjugated with Dox via a 

cathepsin B-cleavable self-emolative VCit peptide linker. The fifth lysine generation shown (R 

group; conjugated to the G4 scaffold via *) contains PEG (570 or 1100 Da) conjugated to 

surface ε-amines and Dox (attached via the linker) to α-amines. Spacer chemistry is described 

in the supporting information. 

 

Figure 2. Kinetics of doxorubicin release from each dendrimer in the presence of 1 IU/ml 

cathepsin B. Data represents mean ± s.d. (n=3). Data for G4PEG570 are reproduced from 

reference 27. 

 

Figure 3. Cytotoxicity of the dendrimers against human lung carcinoma A549 cells (A) and 

human mammary MCF7 cells (B) after 3 days. Data represent mean ± s.d. (n=3). Data for 

G4PEG570 are reproduced from reference 27. 

 

Figure 4. Plasma concentration-time profiles of the dendrimers after intravenous 

administration to rats at 5 mg/kg. Data represent mean ± s.d. (n=3-4). Data for G4PEG570 are 

reproduced from reference 27. 

 

Figure 5.  Biodistribution of the dendrimers 5 (for G4PEG570) or 7 (for all other dendrimers) 

days after intravenous administration to rats. Data represent mean ± s.d. (n=3-4). Data for 

G4PEG570 are reproduced from reference 27. 
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Figure 6. Biodistribution of the dendrimers 1 day (A) or 4 days (B) after intravenous 

administration to nude mice bearing subcutaneously implanted A549 tumours. Values 

represent mean ± s.d. (n=4).   

 

Figure 7. Tumour:blood ratio of dendrimers 1 or 4 days after intravenous administration in 

A549 xenograft mice. Data represent mean ± s.d. (n=4). * p<0.05 cf. 1 day. 

 

Figure 8. Tumour growth (A) and percent change in body weight (B) over time in A549 tumour 

bearing mice administered saline, Dox, G5PEG570 or G5PEG1100 intravenously on day 0 (after 

tumours reached 50-75 mm3), 3, 7 and 10.  Dox and dendrimers were administered at 5 mg/kg 

Dox equivalents. Green dotted line represents the last administered dose. Data represent mean 

± s.d. (n=4-5 mice). # Represents p<0.05 between saline and all other groups. *Represents 

p<0.05 between G5PEG570 and both Dox and G5PEG1100. 
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Figures: 
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DENDRIMER SYNTHESIS AND CHARACTERISATION 

 

General experimental procedures: 

Chemicals were purchased from Aldrich and used without further purification. All unlabeled amino 

acids were purchased from Bachem (Bundendorf, Switzerland) or GL Biochem (Shanghai, China). 

PEG reagents were purchased from Quanta Biodesign Ltd (Ohio, USA). All solvents were HPLC 

grade and used without further purification. (L)-(4,5-3H)-lysine was purchased from PerkinElmer 

(Vic, Australia). Lysine dendrimer precursors were prepared according to published procedures 

(Boyd BJ et al, Mol Pharmaceutics, 2006). NMR spectra were recorded in CD3OD or DMSO-d6 on 

a Bruker (Bruker Daltonics Inc, NSW, Australia) 300 UltraShield™ 300MHz NMR instrument. 

HPLC/(ESI)MS were conducted on a Waters (Millipore Corporation, Milford, MA, USA) 2795 with 

2996 Diode Array Detector (Chromatograms show total UV absorbance 200-300 nm) coupled to a 

Waters ZQ4000 with ESI probe (Chromatograms show positive TIC), inlet flow split to give around 

50 L/min to the MS. Chromatography was performed using the ‘hydrophobic’ or ‘hydrophilic’ 

methods described below. 

 

LCMS Methods: 

Method 1 - Hydrophobic:  

Samples were eluted over a Waters XBridge C8 (3.5 micron, 3.0 x 100 mm) column. Samples were 

eluted at a flow rate of 0.4 ml/min (buffer 0.1% TFA or formic acid) as follows: 40 to 90% ACN/water 

(1-7 min); 90% ACN/water (7-9 min); 90 to 40% ACN/water (9-11 min); 40% ACN/water (11-15 

min).  

Method 2 - Hydrophilic:  

Samples were eluted over a Waters XBridge C18 (3.5 micron, 3.0 x 100 mm). Samples were eluted 

at a flow rate of 0.4 ml/min (buffer 0.1% TFA or formic acid) as follows: 5 to 60% ACN/water (1-10 

min); 60% ACN/water (10-11 min); 60 to 5% ACN/water (11-13 min); 5% ACN/water (13-15 min).  

Method 3 - Hydrophilic:  

Samples were eluted over a XBridge C8 (3.5 micron, 3.0 x 100 mm) column. Samples were eluted at 

a flow rate of 0.4 ml/min (buffer 0.1% TFA, formic acid or 100mM ammonium formate) as follows: 

5 to 80% ACN/water (1-7 min); 80% ACN/water (7-12 min); 80 to 5% ACN/water (12-13 min); 5% 

ACN/water (13-15 min).  



 
Synthetic scheme 1 

 

 

 

(4), (5) and (13) were synthesised and characterised as described previously (Scheme 1). 

 

 

BHALys[Lys]16[Lys(α-NHDGA.Et3N)(ε-NHPEG570)]32 (14): 

 

 
Synthesis: To a stirred mixture of BHALys[Lys]16[Lys(α-NH2.TFA)(ε-NHPEG570)]32 (55.8 mg, 1.8 

µmol) and diglycolic anhydride (10.3 mg, 88.8 µmol) in anhydrous DMF (3 mL) at room temperaure 

was added triethyl amine (24.7 µL , 177.5 µmol). The mixture was left to stir at room temperature 

overnight. The reaction mixture was concentrated in vacuo and purified by ultrafiltration on 10KD 

MWCO membrane (Pellicone, regenerated cellulose, water). The purified material was obtained as 

an off-white solid after freeze drying, 52.4 mg (84%).  

 

Characterisation: 1H NMR (CD3OD) 7.34-7.26 (m, 12H), 4.44-3.83 (m, 289H), 3.78-3.42 (m, 

1130H), 3.38 (s, 94H), 3.25-3.15 (m, 124H), 2.51-2.43 (m, 64H), 1.96-1.30 (m, 465H).  

 
 



1HNMR (CD3OD): 

 
 

Calculated number of H’s per region (assuming complete PEGylation):  

a = BHA 10H; b and c = Lys (-CH) 63H; PEG-CH2 1472H; DGA 128H; Et3N (CH2) 64H total 

1727H; d = PEG-Me 96H; e = Lys (-CH2) 126H; f = PEG-CH2 (toamide) 64H; g = Lys (-

CH2) 378H; Et3N (CH3) 96H; total 474H. (Found 2178H, calc 2497H). 

 

 

BHALys[Lys]8[Lys(α-NH-DGA. Et3N)(ε-NHPEG1100)]16 (15): 

 

 
Synthesis: To a stirred mixture of BHALys[Lys]8[Lys(α-NH2.TFA)(ε-NHPEG1100)]16 (62.9 mg, 2.7 

µmol) and diglycolic anhydride (7.4 mg, 64 µmol) in anhydrous DMF (2 mL) at room temperaure 

was added triethyl amine (17.9 µL , 128 µmol). The mixture was left to stir at room temperature 

overnight. The reaction mixture was concentrated in vacuo and purified by ultrafiltration on 10KD 

MWCO membrane (Pellicone, regenerated cellulose, water). The purified material was obtained as 

an off-white solid after freeze drying, 56.9 mg (90%).  

 

Characterisation: HPLC (Hydrophilic method 3, 100 mM ammonium formate buffer) Rt 7.77 min. 
1H NMR (CD3OD) 7.37-7.26 (m, 9H), 4.41-4.03 (m, 131H), 3.90-3.40 (m, 1454H), 3.38 (s, 53H), 

3.25-3.11 (m, 84H), 2.50-2.45 (m, 32H), 1.97-1.29 (m, 252H).  
1HNMR (CD3OD): 



 
Calculated number of H’s per region (assuming complete PEGylation):  

a = BHA 10H; b and c = Lys (-CH) 31H; PEG-CH2 1408H; DGA 64H; Et3N (CH2) 32H total 

1535H; d = PEG-Me 48H; e = Lys (-CH2) 62H; f = PEG-CH2 (toamide) 32H; g = Lys (-

CH2) 186H; Et3N (CH3) 48H; total 234H. (Found 2015H, calc 1921H). 

 

HPLC: 

 
 

 

 

 

 

 

 



BHALys[Lys]16[Lys(α-NH-DGA.Et3N)(ε-NHPEG1100)]32 (16): 

 

 
Synthesis: To a stirred mixture of BHALys[Lys]16[Lys(α-NH2.TFA)(ε-NHPEG1100)]32 (75 mg, 1.6 

µmol) and diglycolic anhydride (8.9 mg, 76.4 µmol) in anhydrous DMF (3 mL) at room temperaure 

was added triethyl amine (21.3 µL, 153 µmol). The mixture was left to stir at room temperature 

overnight. The reaction mixture was concentrated in vacuo and purified by ultrafiltration on 10KD 

MWCO membrane (Pellicone, regenerated cellulose, water). The purified material was obtained as 

an off-white solid after freeze drying, 55.2 mg (69%).  

 

Characterisation: 1H NMR (CD3OD) 7.39-7.25 (m, 10H), 4.48-4.01 (m, 192H), 3.90-3.40 (m, 

3312H), 3.36 (s, 96H), 3.28-3.14 (m, 136H), 2.54-2.42 (m, 64H), 1.96-1.23 (m, 476H).  

 
 

 

1HNMR (CD3OD): 

 
Calculated number of H’s per region (assuming complete PEGylation):  

a = BHA 10H; b and c = Lys (-CH) 63H; PEG-CH2 2816H; DGA 128H; Et3N (CH2) 64H total 

3071H; d = PEG-Me 96H; e = Lys (-CH2) 126H; f = PEG-CH2 (toamide) 64H; g = Lys (-

CH2) 378H; Et3N (CH3) 96H; total 474H. (Found 4286H, calc 3841H). 

 

 

 

 

 



 

BHALys[Lys]8[Lys(α-NH-DGA-Val-Cit-PAB-Dox)(ε-NHPEG570)]16 (5): 

 

 
Synthesis: To a stirred mixture of BHALys[Lys]8[Lys(α-NHDGA.Et3N)(ε-NHPEG570)]16 (13) (14.8 

mg, 0.90 µmol) and PyBOP (8.9 mg, 20 µmol) in anhydrous DMF (3 mL) at room temperaure was 

added DIPEA (12 µL, 70 µmol) and Dox-PAB-Cit-Val (16.4 mg, 17.2 µmol). The mixture was left 

to stir at room temperature overnight. The reaction mixture was concentrated in vacuo to yield a 

viscous red oil which was purified via SEC (Sephadex LH20, MeOH). The purified material was 

obtained as a red solid after freeze drying, 10.2 mg (38%).  

 

Characterisation: HPLC (Hydrophilic method 3, 100mM ammonium formate buffer) Rt 8.71 min. 1H 

NMR (CD3OD) δ 8.16-6.95 (m, 69H), 4.69-3.98 (m, 151H), 3.97-3.43 (m, 727H), 3.37 (s, 48H), 3.24-

3.02 (m, 80H), 2.51-2.38 (m, 32H), 1.98-0.89 (m, 360H). 1H NMR shows an average of 8 DOX units 

per dendrimer (50% capped). Theoretical MW 30,039 Da. Actual MW 22,592 Da (8 DOX 

units/dendrimer).  

 

1H NMR (CD3OD): 

 

 



 

Calculated number of H’s per region (assuming complete PEGylation):  

a = BHA 10H; Dox 112H (16 x 7H): total 122H; b and c = Lys (-CH) 31H; PEG-CH2 736H; DGA 

64H; Dox 192H (16 x 12H): total 1023H; d =PEG-Me 48H ; e = Lys (-CH2) 62H; f = PEG-CH2 

(toamide) 32H; g = Lys (-CH2) 186H; Dox 320H (16 x 20H); total 506H. (Found 1467H, 

calc 1793H ). 

 

 

HPLC: 

 

 
 

 

BHALys[Lys]16[Lys(α-NH-DGA-Val-Cit-PAB-Dox)(ε-NHPEG570)]32 (6): 

 

 
Synthesis: To a stirred mixture of BHALys[Lys]16[Lys(α-NHDGA.Et3N)(ε-NHPEG570)]32 (46.0 mg, 

1.37 µmol) and PyBOP (27.4 mg, 50 µmol) in anhydrous DMF (5 mL) at room temperaure was added 

DIPEA (37 µL, 210 µmol) and Dox-PAB-Cit-Val (50.1 mg, 52.8 µmol). The mixture was left to stir 

at room temperature overnight. The reaction mixture was concentrated in vacuo to yield a viscous red 

oil which was purified via SEC (Sephadex LH20, MeOH). The purified material was obtained as a 

red solid after freeze drying, 38.2 mg (46%). HPLC (Hydrophilic method 3, 100 mM ammonium 

formate buffer) Rt 8.69 min.  

 

Characterisation: 1H NMR (CD3OD) δ 8.07-7.23 (m, 117H), 4.58-3.37 (m, 2018H), 3.25-3.11 (m, 

144H), 2.52-2.40 (m, 88H), 2.14-0.97 (m, 699H). 1H NMR shows an average of 16 DOX units per 



dendrimer (50% capped). Theoretical MW 60,025 Da. Actual MW 45,129 Da (16 DOX 

units/dendrimer). 
1HNMR (CD3OD): 

 
Calculated number of H’s per region (assuming complete PEGylation):  

a = BHA 10H; Dox 224H (32 x 7H): total 234H; b = Lys (-CH) 63H; PEG-CH2 1600H; DGA 

128H; PEG-Me 96H; Dox 384H (32 x 12H): total 2271H; c = Lys (-CH2) 126H; d = PEG-CH2 

(toamide) 64H; Dox 64H (32 x 2H): total 128H; e = Lys (-CH2) 378H; Dox 576H (32 x 

18H); total 954H. (Found 3066H, calc 3713H). 

 

 

HPLC: 

 
 

 



 

 

BHALys[Lys]8[Lys(α-NH-DGA-Val-Cit-PAB-Dox)(ε-NHPEG1100)]16 (7): 

 
 

Synthesis: To a stirred mixture of BHALys[Lys]8[Lys(α-NHDGA.Et3N)(ε-NHPEG1100)]16 (56.9 mg, 

2.41 µmol) and PyBOP (24.1 mg, 50 µmol) in anhydrous DMF (5 mL) at room temperaure was added 

DIPEA (32 µL, 190 µmol) and Dox-PAB-Cit-Val (43.9 mg, 46.3 µmol). The mixture was left to stir 

at room temperature overnight. The reaction mixture was concentrated in vacuo to yield a viscous red 

oil which was purified via SEC (Sephadex LH20, MeOH). The purified material was obtained as a 

red solid after freeze drying, 38.2 mg (43%).  

 

Characterisation: HPLC (Hydrophilic method 3, 100 mM ammonium formate buffer) Rt 9.16 min. 
1H NMR (CD3OD) δ 7.86-7.13 (m, 37H), 4.56-4.10 (m, 129H), 3.88-3.38 (m, 1504H), 3.36 (s, 52H), 

3.23-3.09 (m, 71H), 2.45-2.41 (m, 37H), 2.13-0.90 (m, 336H). 1H NMR shows an average of 5 DOX 

units per dendrimer (31.2% capped). Theoretical MW 38498 Da. Actual MW 28257 Da (5 DOX 

units/dendrimer). 
 

1HNMR (CD3OD): 

  



 

 

Calculated number of H’s per region (assuming complete PEGylation):  

a = BHA 10H; Dox 112H (16 x 7H): total 122H; b and c = Lys (-CH) 31H; PEG-CH2 1504H; 

DGA 64H; Dox 192H (16 x 12H): total 1791H; d =PEG-Me 48H ; e = Lys (-CH2) 62H; f = PEG-

CH2 (toamide) 32H; g = Lys (-CH2) 186H; Dox 320H (16 x 20H); total 506H. (Found 

2166H, calc 2561H). 

 

HPLC: 

 
 

 

BHALys[Lys]16[Lys(α-NH-DGA-Val-Cit-PAB-Dox)(ε-NHPEG1100)]32 (8): 

 
Synthesis: To a stirred mixture of BHALys[Lys]16[Lys(α-NHDGA.Et3N)(ε-NHPEG1100)]32 (22.1 mg, 

0.44 µmol) and PyBOP (8.8 mg, 20 µmol) in anhydrous DMF (5 mL) at room temperaure was added 

DIPEA (12 µL, 70 µmol) and Dox-PAB-Cit-Val (16 mg, 16.9 µmol). The mixture was left to stir at 

room temperature overnight. The reaction mixture was concentrated in vacuo to yield a viscous red 

oil which was purified via SEC (Sephadex LH20, MeOH). The purified material was obtained as a 

red solid after freeze drying, 30 mg (43%).  

 

Characterisation: HPLC (Hydrophilic method 3, 100 mM ammonium formate buffer) Rt 8.66 min. 
1H NMR (CD3OD) δ 8.16-7.15 (m, 104H), 4.57-4.08 (m, 237H), 3.90-3.40 (m, 2977H), 3.38 (s, 97H), 

3.26-3.11 (m, 138H), 2.52-2.40 (m, 64H), 1.93-0.84 (m, 719H).1H NMR shows an average of 15 

DOX units per dendrimer (46.8% capped). Theoretical MW 76,941 Da. Actual MW 61,115 Da (15 

DOX units/dendrimer). 



 
 

1HNMR (CD3OD): 

 
 Calculated number of H’s per region (assuming complete PEGylation):  

a = BHA 10H; Dox 224H (32 x 7H): total 234H; b and c = Lys (-CH) 63H; PEG-CH2 3008H; 

DGA 128H; Dox 384H (32 x 12H): total 3583H; d =PEG-Me 96H; e = Lys (-CH2) 126H; f = PEG-

CH2 (toamide) 64H; g = Lys (-CH2) 378H; Dox 640H (32 x 20H); total 1018H. (Found 

4336H, calc 5121H). 
 

HPLC: 
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