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ABSTRACT 53 

PolyPEG star polymers have potential utility as cost-effective polymeric drug delivery vehicles, and as 54 

such it is important to develop an understanding of their biopharmaceutical behaviour. Moreover, while a 55 

number of studies have evaluated the utility of PolyPEG stars in vitro, investigation of these novel 56 

materials in vivo has been limited.  Herein we evaluated the pharmacokinetics of a 64 kDa tritiated PEG-57 

based star polymer following subcutaneous and pulmonary administration in rats. After subcutaneous 58 

administration, the star polymer showed near complete bioavailability (~80%) and a similar organ 59 

biodistribution profile to the polymer after intravenous administration. After intratracheal instillation to 60 

the lungs, the star polymer showed limited bioavailability (~3%) and most of the administered radiolabel 61 

was recovered in lung tissue and faeces after 6 days. The data reported here suggests that star polymers 62 

display similar pharmaceutical behaviour to PEGylated dendrimers after subcutaneous and inhaled 63 

delivery and may therefore be used as similar, but more cost effective drug delivery vehicles.  64 
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ABBREVIATIONS: 68 

PEG - Polyethylene glycol 69 
RAFT - Reversible addition fragmentation chain transfer 70 
PDI - Polydispersity index  71 
VDM - 2-Vinyl-4,4-dimethyl-5-oxazolone  72 
OEGA - Oligo(ethylene glycol) methyl ether acrylate  73 
EPR – Enhanced permeation and retention 74 
AIBN – Azobisisobutyronitrile 75 
DMAC - N,N-dimethylacetamide 76 
GPC – Gel permeation chromatography 77 
TEM – Transmission electron microscopy 78 
NMR – Nuclear magnetic resonance 79 
SEC – Size exclusion chromatography 80 
MPS – Mononuclear phagocyte system 81 
BALF – Bronchoalveolar lavage fluid 82 
DPM – Disintegrations per minute 83 
MTX – Methotrexate 84 
IFN – Interferon 85 
 86 
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 88 



INTRODUCTION 89 

 90 

Aside from destroying rapidly dividing cancer cells, anti-cancer drugs also attack healthy proliferative 91 

cells in the gastrointestinal (GI) tract, bone marrow and hair follicles, resulting in adverse side effects 92 

such as inflammation and ulceration of the GI tract, nausea and alopecia (1, 2). Nanotechnology promises 93 

to circumvent such undesirable adverse side effects by providing functional nanoparticle platforms that 94 

deliver therapeutic agent/s to the desired target and enable controlled and potentially site specific drug 95 

liberation. To achieve this outcome, nanoparticle platforms require stability in the systemic circulation 96 

and at the site of administration, biocompatibility, and the ability to accumulate at the target site. The 97 

biocompatibility and plasma exposure of nanoparticle and polymer-based drug delivery vectors can be 98 

improved via surface coverage with polyethylene glycol (PEG), which inhibits plasma protein binding 99 

and subsequent sequestration by macrophages of the mononuclear phagocyte system (MPS) (3, 4). 100 

Importantly, prolonging plasma circulation times promotes passive uptake of the nanoparticle into solid 101 

tumours via the enhanced permeation and retention (EPR) effect (5). In addition, there may be some 102 

advantage to using smaller (10-20 nm) nanoparticles as tumour-targeted drug delivery vectors as opposed 103 

to larger (typically >100 nm) systems, since smaller particles have enhanced motility at the site of 104 

extravasation in a solid tumour to enable access to more drug resistant cells in hypoxic regions of the 105 

tumour microenvironment (6-8). 106 

 107 

A number of different nanoparticle formulations have been developed to exploit the EPR effect, and it is 108 

generally accepted that nanoparticles <100 nm are the most optimal for accumulation (9). Owing to their 109 

precise molecular structure and surface functionalities, significant interest has been focused on 110 

dendrimers for drug delivery applications (10-12).  However, dendrimer production is expensive 111 

(especially for higher order structures where higher molecular sizes are desired) due to the repeated 112 

nature of their synthesis and increased production costs may hinder their successful clinical translation 113 

and market performance.  It is therefore important to explore other potential alternatives that display the 114 

same benefits of dendrimers, but with greater synthetic simplicity.   115 



Star polymers possess many of the characteristics of dendrimers, with the significant advantage that it is 116 

easier to tune their size. Star polymers have versatile design characteristics and can be synthesised using 117 

relatively simple techniques. The star polymers are assembled by cross-linking linear polymer chains to 118 

form a star shaped polymer. This simple yet versatile construction enables easy transition to large scale 119 

production and thus reduces overall production costs. Synthesis and post-modification of star polymers 120 

with low polydispersity (PDI<1.2) and tuneable physiochemical properties using arm-first reversible 121 

addition-fragmentation chain transfer (RAFT) polymerisation has previously been demonstrated (1, 13, 122 

14). The flexibility of the RAFT-derived platform was exhibited by pH stimulated intracellular delivery 123 

of both doxorubicin and heat shock protein Hsp90 inhibitor in mammalian cancer cell lines (15, 16). 124 

Moreover, star polymers have shown promise as theranostic vectors, particularly with MRI contrast 125 

imaging techniques (17-21).  126 

 127 

Recently, we also characterised the impact of molecular weight (hydrodynamic volume) on the 128 

pharmacokinetics of intravenously (IV) delivered 3H labelled star polymers in rats and tumour-bearing 129 

nude mice (22). The stars were synthesised by cross linking poly[(oligoethylene glycol) acrylate] 130 

(POEGA) arms to form a star shaped polymer (Figure 1). Additionally, the stars were constructed with 131 

vinyl dimethyl oxazolone (VDM) functional groups in the core. The VDM groups in the core were then 132 

exploited to attach tritiated ethanolamine via amide bonds and yield 3H labelled star polymers. The 133 

polymer remained intact in circulation, enabling pharmacokinetic calculations based on radioactivity 134 

detected in plasma samples at varying time points. In general, as the molecular weight of star polymers 135 

was increased, plasma exposure and tumour biodistribution increased. This correlation between molecular 136 

weight and systemic disposition after intravenous administration in rats can also be found for polylysine 137 

dendrimers with different PEG chain lengths (23). Due to the similarities in biopharmaceutical behaviour 138 

between star polymers and dendrimers described so far, further comparisons should be conducted to test 139 

the capabilities of star polymers as a viable alternative to dendrimers.  140 

 141 



Targeting is a significant challenge in nanomedicine and in a recent review Cheng et al (24) emphasised 142 

the advantage of using a holistic approach to polymer nanoparticle design to couple the molecular design 143 

characteristics with a specific mode of delivery. Although IV administration is the most direct route for 144 

delivering nanoparticles to the bloodstream (and also the conventional route for the administration of 145 

chemotherapeutic drugs and nanomedicines), other routes of administration offer specific advantages over 146 

conventional IV delivery. Subcutaneous (SC) delivery, for instance, can allow self-administration without 147 

the need for trained medical personnel to administer the dose. Maximal plasma concentrations are also 148 

reduced when compared to IV administration which may limit systemic side effects. In addition, SC 149 

administration may allow the site-specific targeting and controlled release of the therapeutic payload in 150 

lymph nodes draining the injection site, providing an opportunity to target lymph node metastases 151 

downstream from a primary tumour (25). However, the main drawback of SC delivery is the potential for 152 

incomplete absorption and drug liberation at the injection site which can cause localised toxicity. This can 153 

be limited, nonetheless, via optimisation of the polymers physicochemical properties and drug linker 154 

chemistry to facilitate efficient absorption and drug-polymer stability at the injection site.  155 

 156 

Another attractive route of administration is inhaled delivery to the lungs, which can provide a needle-157 

free means of delivering nanomedicines to the systemic circulation, or allow direct access of associated 158 

drugs to lung-resident diseases (such as lung cancer, chronic obstructive pulmonary disease and lung 159 

infections) while limiting the systemic exposure of potentially toxic drugs (26-28). Absorption from the 160 

lungs is facilitated by the large surface area of the lung, a thin alveolar epithelial layer and extensive 161 

blood supply (29-31). Numerous studies have therefore been conducted to explore the potential for 162 

nanoparticles to improve the treatment of lung-resident diseases when compared to the inhaled 163 

administration of the drug alone (32-34). In general, the kinetics of nanoparticle (such as dendrimer) 164 

clearance from the lungs is size-dependent.  Typically, small (< 30 nm) nanoparticles display enhanced 165 

absorption from the lungs when compared to larger nanoparticles which display preferential clearance via 166 

the mucociliary escalator. This mechanism facilitates movement of mucus and trapped particles into the 167 

throat, allowing it to be swallowed and excreted via the faeces (32).   168 



Thus far, the biopharmaceutical behaviour of PEGylated dendrimers after subcutaneous and pulmonary 169 

administration has been investigated (32, 35-37) and in general the advantages of pulmonary delivery of 170 

nanoparticles as novel therapeutics are well known (38). However, the pharmacokinetics of star polymers 171 

delivered by non-intravenous routes has not yet been described. Here, we have therefore characterised the 172 

plasma pharmacokinetics and biodistribution of a 64 kDa tritiated PolyPEG star polymer synthesised via 173 

an arm-first RAFT polymerisation after subcutaneous and pulmonary (liquid instillation) administration 174 

in rats.  175 

176 



MATERIALS AND METHODS 177 

Materials  178 

Radiolabelled 64 kDa 3H PolyPEG star polymers were synthesised and fully characterised as detailed 179 

previously employing arm-first RAFT polymerisation (22).  180 

Oligo (ethylene glycol) methyl ether acrylate (OEGA480, Mw = 480 g mol-1, 99%), N, N’-Methylenebis 181 

(acrylamide) (87%) and azobisisobutyronitrile (AIBN) were acquired from Sigma Aldrich and used as 182 

received. Tritiated ethanolamine was purchased from American Radiolabeled Chemicals Inc (USA) in 183 

ethanol (1 mCi/mL and 40 Ci/mmol). Polyethylene tubing (0.96 X 0.58 mm outer and internal diameter 184 

respectively) was obtained from Masterflex (Vernon Hills, IL, USA). Soluene®, IRGA-Safe Plus, and 185 

scintillation vials were purchased from Perkin-Elmer, Inc. (Waltham, MA, USA). Isoflurane was 186 

purchased from Delvet Pty Ltd. (NSW, Australia). Marcain® was obtained from AstraZeneca Pty Ltd. 187 

(North Ryde, NSW, Australia). Saline for injection was obtained in 100 mL polyethylene bags from 188 

Baxter Healthcare Pty. Ltd. (NSW, Australia). Heparin (10 000 IU/mL) was obtained from Faulding (SA, 189 

Australia). Syringe filters were obtained from Pall Corporation (Ann Arbor, MI, USA). Hydrogen 190 

peroxide (30% w/v) was obtained from Sigma-Aldrich (St. Louis, MO, USA). Isopropyl alcohol was 191 

purchased from Honeywell Burdick & Jackson (MI, USA). All other reagents were AR grade.  192 

Animals 193 

Male Sprague-Dawley rats (240-300 g) were purchased from Monash Animal Services (VIC, Australia). 194 

Animals were accommodated on a 12 h light/dark cycle and were provided water at all times. Food was 195 

withheld from rats only following surgery and for 8 h post dose, but was freely available at all other 196 

times. All animal experiments were sanctioned by the Institutional Animal Ethics Committee.  197 

Pharmacokinetics after pulmonary and subcutaneous administration to rats 198 

Rats had polyethylene cannulas implanted into the right carotid artery and were attached to 199 

harness/swivel assemblies as previously described to allow for blood sample collection from freely 200 



moving rats (39). Rats were housed in metabolism cages for the duration of the study to allow the 201 

separate collection of urine and faeces. Rats were allowed to recover overnight from surgery prior to 202 

dosing. The IV pharmacokinetics of the star polymer was reported previously (22) and is reproduced here 203 

for comparison to pulmonary and SC profiles and to allow calculation of bioavailability.  204 

Rats administered star polymer via the subcutaneous (SC) route were anaesthetised lightly under 205 

isoflurane and the dosing solution (10 mg/ml in saline) was injected SC into the inner left hind limb 206 

(approximately 0.5 cm above the ankle as previously described) (40) via a 27 G needle to provide a dose 207 

of approximately 5 mg/kg (and dosing volume of 0.5 ml/kg). A zero time blood sample (200 uL) was 208 

then collected from the carotid artery cannula. Rats were then returned to their metabolic cages where 209 

they were housed for the remainder of the study. 210 

Additional blood samples (150-200 uL) were collected into heparinized (10 IU) Eppendorf tubes from the 211 

carotid artery cannula over 6 days as previously described (39) at 30 min, 1, 2, 3, 4, 6, 8, 24, 48, 72, 96, 212 

120 and 144 h. Blood samples were centrifuged at 3500 x g for 5 min to isolate plasma. Plasma samples 213 

(100 uL) were then mixed with IRGA Safe-Plus (1 mL) in 6 mL scintillation vials and analysed for 3H 214 

content via scintillation counting on a Packard Tri-Carb 2000CA liquid scintillation analyser (Meriden, 215 

CT) (39). Urine and faeces were collected over the 6 days as previously described (39).  216 

Rats dosed via intratracheal (IT) instillation were anesthetised under isoflurane and posed in a semi-217 

supine position on a dosing support board as previously described (32). The dosing solution (containing 218 

1.5 mg of polymer in 0.1 mL saline) was drawn up into a 1 mL syringe attached to a 23G needle and a 3 219 

cm length of polyethylene tubing (0.96 mm x 0.58 mm) behind 200 uL of air as previously described 220 

(32). With the guide of a small animal laryngoscope, the polyethylene cannula was inserted into the 221 

trachea to a distance of 2.5 cm past the larynx. The polymer solution was then imparted as a bolus into the 222 

lungs in tandem with inhalation. After the cannula was withdrawn from the lungs, a zero time point blood 223 

sample (200 uL) was collected. Rats were removed from the dosing support board and held in an upright 224 

position till consciousness returned before returning them to metabolic cages. Additional blood samples 225 



were then collected as described above for SC dosed rats. 226 

Biodistribution after pulmonary and subcutaneous administration 227 

To ascertain the fate of the star polymer after SC and pulmonary administration, the proportion of the 3H-228 

dose in major organs, urine, faeces, and bronchoalveolar lavage fluid (BALF; pulmonary group only) was 229 

determined via scintillation counting as previously described (39). Before dosing, blank urine and faeces 230 

samples were collected from each rat to provide background radioactivity values. After dosing, daily 231 

outputs of urine were collected from each rat and 200 ul aliquots mixed with IRGASafe and analysed via 232 

scintillation counting. Total radioactivity in faeces was quantified using a previously described method 233 

which involves analysis of radioactivity in 20 mg aliquots of mixed and dried faeces and incorporating 234 

additional spiked samples which are used to correct for 3H counting efficiency (39). After the last blood 235 

sample was obtained (144 h post dose), rats in the SC group were euthanised by IV injection of a lethal 236 

dose (1 mL) of sodium pentobarbital and major organs (heart, liver, spleen, lungs, pancreas, kidneys and 237 

brain) removed. In the pulmonary dosed group, rats were sacrificed under isoflurane anaesthesia via 238 

exsanguination from the carotid artery cannula. BALF was collected and analysed using a previously 239 

described method (32) that involved intubation of the trachea, followed by flushing BALF from the lungs 240 

via 3 X 5 mL washes of saline. Major organs, including lung tissue, were then collected weighed and 241 

homogenised using a Waring miniblender (Extech Equipment Pty. Ltd., Boronia, Australia). The 242 

homogenate for each organ was then processed using a method developed by Boyd et al (which includes 243 

a correction for counting efficiency) and then analysed via scintillation counting (39). 244 

Size exclusion chromatography of plasma, urine and BALF 245 

To identify the species of tritiated material present in plasma, urine, and BALF, samples were analysed 246 

by size exclusion chromatography (SEC). Specifically, plasma and urine collected 1, 3 and 5 days after 247 

dosing and BALF collected on day 6 were analysed. Samples (100-200 uL) were injected onto a 248 

Superdex 200 10/300 GL column (GE Heathcare, NSW, Australia) and eluted at a rate of 0.5 mL/min in 249 

mobile phase consisting of 50 mM phosphate buffer saline (PBS) containing 0.3 M NaCl (pH 3.5). The 250 



eluent was collected at 1 minute intervals into 6 mL scintillation vials using a Gilson FC 203B fraction 251 

collector (John Morris Scientific Pty Ltd., VIC, Australia). Samples were mixed with IRGA-Safe Plus (2 252 

mL) and then analysed on a scintillation counter.   253 

Pharmacokinetic calculation and statistical analysis 254 

The concentration of star polymer in plasma samples was converted from disintegrations per minute 255 

(dpm) to ng star polymer equivalents using the specific activity of the tritiated star polymer. It should be 256 

noted, however, that this approach assumes that tritiated material is associated entirely with the intact star 257 

polymer. The terminal elimination rate constants (k) were calculated by regression analysis of elimination 258 

phase data points in the plasma concentration-time profiles. Plasma half-lives (t
1/2

) were derived from ln 259 

2/k. Area under the curve (AUC0-144 h) values were calculated using the linear trapezoidal technique. The 260 

extrapolated AUC values (AUC144 h-∞) were determined by division of the last plasma concentration by k. 261 

The bioavailability for pulmonary and SC dosed rats was derived by dividing AUC0- after pulmonary 262 

and SC delivery by AUC0- after intravenous administration (22).  Pharmacokinetic parameters and organ 263 

biodistribution of pulmonary and SC dosed rats were compared to intravenous administered rats (22) via 264 

an unpaired Student’s t test for significant differences. Significance was determined as p < 0.05.  265 

266 



RESULTS 267 

Plasma pharmacokinetics and biodistribution after subcutaneous administration 268 

The plasma concentration vs time profiles of the star polymer after IV, SC and pulmonary administration 269 

are illustrated in Figure 2, and pharmacokinetic parameters are shown in Table 1. The star polymer was 270 

rapidly absorbed after SC administration, reaching a peak plasma concentration of 24 µg/ml after 30 h. 271 

Plasma concentrations in SC dosed animals after 24 h reflected those after IV dosing, and terminal half-272 

lives did not differ significantly after IV and SC administration. The star polymer therefore displayed near 273 

complete absorption from the SC injection site with a bioavailability of 78 ± 8 %. This was also reflected 274 

well in the proportion of the 3H-dose eliminated via the urine after SC dosing, where approximately 16% 275 

of the SC dose of 3H-labelled star polymer was excreted in urine over 6 days (compared to 21 % after IV 276 

dosing). Less than 5% of the dose was recovered in pooled faeces and this was below the level of accurate 277 

quantification. 278 

To ascertain the nature of the 3H-label quantified in plasma and urine samples collected over 6 days, 279 

samples collected 1, 3 and 5 days after dosing were analysed via SEC. When compared to the polymer in 280 

PBS (Figure 3A), the 24 h plasma sample displayed a similar SEC profile consisting of entirely intact 281 

polymer (Figure 3B). Similarly, only intact polymer was present in plasma after 3 days, although a slight 282 

shift to the right suggested the presence of slightly lower molecular weight polymer as a result of 283 

biodegradation (Figure 3B). Radiolabel in plasma was too low to obtain an SEC profile after 5 days 284 

(Figure 3B). Urine SEC profiles at both 24 and 72 h showed almost exclusively low molecular weight 285 

tritiated material (Figure 3C) suggesting that 16% of the polymer had degraded and was excreted via the 286 

urine. As described previously (22), we are unsure of the identity of the material that eluted at 287 

approximately 42 mins, but its elution time on SEC suggests that it is less than 1000 Da in size. The peak 288 

present at approximately 33 mins likely represents smaller star polymer resulting from scaffold 289 

degradation. 290 

At the end of the 6 day sampling period, major organs were analysed for 3H-star biodistribution. In 291 



general, the biodistribution of the SC administered star polymer did not differ significantly when 292 

compared to the polymer after IV administration. Major target organs included the liver and the spleen 293 

(consistent with star polymer biodistribution after IV administration), but absolute levels were low (eg. 294 

less than 5% of the SC dose was recovered in the liver after 6 days) (Figure 4).  295 

Plasma pharmacokinetics and biodistribution after pulmonary administration 296 

The star polymer displayed a rapid absorption phase from the lungs over the first 8h after IT dosing, 297 

followed by a slower absorption phase over the next 2 days. Plasma concentrations peaked at 0.7 ± 0.1 298 

µg/mL star polymer equivalents after approximately 2 days and this was followed by a slower plasma 299 

elimination phase with a terminal half-life of approximately 4 days, consistent with the terminal half-life 300 

after IV administration. The bioavailability after IT instillation was low at 3.2 ± 0.8 %, reflecting the large 301 

size of the PEG-based star.  302 

In contrast to the low bioavailability, 12 ± 1 % of the injected radiolabel was recovered in urine collected 303 

over the 6 days, suggesting that a proportion of the pulmonary administered 3H star polymer was 304 

absorbed from the lungs as lower molecular weight fragments of polymer degradation. This was 305 

confirmed by SEC analysis of urine samples collected after 1, 3 and 5 days which showed a 3H-labelled 306 

fragment eluting at approximately 42 min (Figure 3F) when compared to the elution time of 26 min for 307 

the intact polymer (Figure 3D). In contrast, only intact polymer was present in plasma samples collected 308 

up to 24 h post dose (Figure 3E). Radiolabel in plasma was too low to obtain an SEC profile beyond this 309 

time. The total proportion of dose that was recovered in faeces over 6 days was 21 ± 12 %, suggesting 310 

that a large proportion of the polymer was cleared from the lungs via the mucociliary escalator (Figure 311 

5A). 312 

After the 6 day blood sample was collected, rats were anaesthetised and euthanised via exsanguination 313 

through the carotid artery cannula. This was performed specifically for pulmonary dosed rats to prevent 314 

contamination of BALF by tritium present in blood.  In general, the pattern of organ biodistribution was 315 

similar after pulmonary and IV administration, with the exception of there being much lower levels of 3H 316 



(~10%) in the liver, spleen, pancreas, heart, kidneys and brain after pulmonary administration (reflecting 317 

the low bioavailability after pulmonary delivery) and much higher levels in the lung tissue (Figure 4).  318 

To highlight the pathways by which the star polymer was cleared from the lungs after IT administration, 319 

the proportion of the dose recovered after 6 days in alveolar macrophages, urine, faeces, BALF and lung 320 

tissue was compared in Figure 5A. Half of the administered dose was collectively recovered in the lung 321 

tissue (~25%) and faeces (~20%) after 6 days. Interestingly, the proportion of the dose recovered in the 322 

BALF was low (less than 5%) suggesting good penetration of the star polymer into the lung tissues. 323 

Alveolar macrophages contained only approximately 1% of the delivered dose. The SEC profile of the 324 

BALF (Figure 5B) exclusively showed the presence of high molecular weight material which was likely a 325 

result of protein binding to the remaining polymer. This may have also promoted the passage of the star 326 

polymer into lung tissue via transporters in the lungs which are responsible for clearing protein from the 327 

air-spaces of the lungs. 328 

329 



DISCUSSION 330 

Star polymers synthesised via the arm-first RAFT polymerisation approach have shown potential in in-331 

vitro models for controlled drug delivery and imaging applications (15, 16, 20, 41). Additionally, star 332 

polymers may be constructed with PEG-based scaffolds to inhibit macrophage sequestration and 333 

consequently increase circulation time (22). Synthesis of PolyPEG star polymers via RAFT involves 334 

fewer synthetic processes and provides higher yields compared to similarly structured macromolecular 335 

systems, such as dendrimers. We previously reported the pharmacokinetics and biodistribution profiles of 336 

three different sized polyPEG star polymers (49, 64 and 94 kDa) after IV administration in rats and 337 

tumour-bearing nude mice, and showed that molecular size had a profound impact on biopharmaceutical 338 

behaviour (22). However, the fate of star polymers after more site-directed (and less invasive) 339 

subcutaneous and pulmonary delivery routes has not previously been elucidated. Hence in this study we 340 

evaluated the pharmacokinetics of a model 64 kDa tritiated PolyPEG star polymer after subcutaneous and 341 

pulmonary delivery in rats.  342 

After subcutaneous administration, star polymers displayed near complete absorption from the SC 343 

injection site (~80% bioavailability). This was similarly reflected in the proportion of the 3H dose that 344 

was excreted via the urine and recovered in major organs when compared to IV dosed rats. While we 345 

previously reported that a similar sized PEGylated polylysine dendrimer (68 kDa) showed 94% 346 

bioavailability in rats after SC administration at the same injection site and dose, this did not differ 347 

significantly when compared to the bioavailability of the star polymer (p>0.05 via unpaired Student’s t-348 

test) (40). The incomplete bioavailability of the star polymer may be attributed to degradation of polymer 349 

at the injection site, since only low molecular weight material was quantified in urine over 6 days. It is 350 

unlikely that the size of the star polymer restricted convection and absorption from the injection site, 351 

since this only tends to occur with >100 nm nanoparticles (42). Moreover, the extensive PEG loading on 352 

the stars would be expected to enhance aqueous solubility and convection through interstitial water 353 

channels (42).  354 



In addition to showing near complete bioavailability after subcutaneous administration, the star polymer 355 

also displayed prolonged plasma exposure. This behaviour is primarily attributed to the presence of PEG 356 

side chains. PEGylation is a commonly employed tactic to increase the circulation time of drug carriers 357 

by limiting macrophage recognition and clearance via RES organs and by limiting filtration and 358 

elimination in the kidneys (43). For instance, when the pharmacokinetics of non-PEGylated and 359 

PEGylated poly(lactic-co-glycolic) acid (PLGA) nanoparticles encapsulating doxorubicin were compared 360 

by Park et al., the non-PEGylated particles were cleared 5 fold more rapidly than the PEGylated 361 

counterparts (44). Additionally, previous work that characterised the impact of PEGylation on the IV and 362 

SC pharmacokinetics of interferon α2b (IFN, 19 kDa) revealed that conjugation of a single linear 12 kDa 363 

PEG chain (IFN-PEG12) prolonged plasma exposure by over an order of magnitude and improved 364 

bioavailability when compared to the unmodified protein (45). This was a result of the PEG chain 365 

improving both the in vivo stability of the protein and reducing the volume of distribution.  366 

Although the bioavailability of the star polymer was high after SC administration, drug-loading may have 367 

a significant impact on biopharmaceutical behaviour (when compared to the non-drugylated construct). 368 

For instance, while the 68 kDa fully PEGylated polylysine dendrimer displayed 94 % bioavailability, a 369 

similar sized dendrimer containing 50% surface PEG and 50% surface doxorubicin showed lower SC 370 

bioavailability (~43%) (36). This later study, however, followed the drug rather than the radiolabelled 371 

scaffold, and therefore bioavailability may have been higher by virtue of the fact that drug is liberated 372 

from the polymer over time. Similarly, polylysine dendrimers containing 50% PEG1100 (at -amino 373 

groups on terminal lysines) and 50% methotrexate (at α-amino groups on terminal lysines) displayed 374 

bioavailabilities in the range 59% to 76% (35). Considering the similarity between dendrimers and star 375 

polymers (with regards to their size and branched construction), star polymers are expected to behave in a 376 

similar manner following drug loading after subcutaneous administration.  377 

Delivery of star polymers by IT instillation resulted in limited (~3%) absorption from lungs into the 378 

systemic circulation. Most of the remaining dose was recovered in the lung tissue (25%) and faeces 379 

(20%) after 6 days, suggesting that the star polymer can both penetrate into lung tissue (where it can be 380 



degraded or absorbed intact) and be cleared via the mucociliary escalator. Interestingly, despite the 381 

PEGylated surface of the star polymer (which was expected to enhance its solubility in the lung lining 382 

fluid and prevent penetration of the large polymer through the epithelial lining of the lungs), the material 383 

displayed limited retention in lung lining fluid after 6 days (~3%). This pattern of lung distribution was 384 

also observed after pulmonary administration of similar sized (77 kDa) PEGylated polylysine dendrimers 385 

in rats. In the latter case, IT instillation of the polylysine dendrimers resulted in limited bioavailability 386 

(~2% of dose) and retention in BALF (~1% of dose) after 7 days, with a significant amount quantified in 387 

lung tissue (~40% of dose) (32). Further, in this previous study the remainder of the dose was recovered 388 

in faeces (suggesting that most of the dendrimer dose was cleared from the lungs via the mucociliary 389 

escalator), as opposed to the star polymer where only 20% was cleared via this route. One explanation for 390 

this discrepancy is that the star polymer appeared to display more pronounced degradation in the lungs 391 

and excretion of low molecular weight material via the urine (~12%) in contrast to the dendrimer where 392 

less than 1% was recovered in urine over 7 days.  393 

The star polymer examined here displayed slower lung tissue absorption and increased bioavailability 394 

compared to other nanoparticles that have been evaluated as inhalable drug delivery vehicles. For 395 

instance, radiolabelled PEGylated gold nanoparticles (11-31 nm) administered to rats via IT instillation 396 

displayed >97% dose retention in lung tissue after 24 hours, and between 0.4% and 0.5% of dose was 397 

absorbed from the lungs and recovered in other organs and blood (46). A further 26-38% of the dose 398 

displayed mucociliary clearance, which was evidenced by the recovery of radiolabel in faeces. Carbon-399 

based nanodiamonds (2-10 nm) have also been examined after pulmonary administration (47). 400 

Specifically, Zhang et al investigated the biodistribution of rhenium radiolabelled nanodiamonds after 401 

intratracheal instillation in mice. They recovered 34% and 27% of the dose from lungs after 24 h and 48 h 402 

respectively. Urinary excretion of nanodiamonds was low, with ~0.3% of the instilled dose recovered per 403 

gram of urine. Whilst a plethora of other nanoparticles, polymers and colloids have been evaluated as 404 

inhalable drug carriers, the pharmacokinetic behaviour of these has generally been evaluated by following 405 

loaded drugs, rather than the nanoparticles themselves. Hence, it is not possible to compare the 406 



pulmonary pharmacokinetics of the star polymer described herein to these other systems, since 407 

pharmacokinetics will be based in large part on the rate of drug liberation in the lungs. The lung clearance 408 

of proteins that are similar in size to the star polymer described here (such as albumin)  have also been 409 

evaluated, but these generally display receptor-mediated absorption from the lungs and therefore better 410 

systemic availability (48).  411 

CONCLUSION 412 

This study evaluated the systemic fate of tritiated PolyPEG star polymer after subcutaneous and 413 

pulmonary administration. Bioavailability was high after SC administration and patterns of organ 414 

biodistribution were similar when compared to administration via the IV route. After IT instillation, 415 

systemic absorption of the intact polymer was low, primarily as a result of its high molecular weight, and 416 

most of the administered dose was recovered in the lungs, faeces and urine after 6 days. This suggested 417 

that the major routes of lung clearance of large PEGstar polymers is biodegradation to lower molecular 418 

weight materials (which are subsequently absorbed from the lungs and excreted via the urine) and 419 

mucociliary clearance. The accumulation of radiolabel in the lung tissue, coupled with limited 420 

bioavailability, suggests that PEGstar polymers can act as drug depots in the lungs after inhaled 421 

administration to facilitate sustained drug release. Collectively, the results suggest that star polymers may 422 

be suitable and more cost-effective alternatives as polymer-based drug delivery vehicles after IV, SC and 423 

inhaled administration when compared to more well defined, but expensive dendrimers and other 424 

nanomaterials that exhibit poor control over drug release.   425 
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FIGURE LEGENDS: 565 

 566 

Figure 1. Chemical structure of arm first star polymer consisting of POEGA arm and core. The radiation 567 

symbol depicts the approximate location of the core confined 3H radiolabel.  568 

 569 

Figure 2. Plasma concentration vs time profile after intravenous, subcutaneous and pulmonary 570 

administration of the star polymer (5 mg/kg). Values are given as mean ± SD (n = 3-5). IV data was 571 

reproduced from ref (22). 572 

 573 

Figure 3. Size exclusion chromatography profiles of plasma and urine from rats dosed with star polymer 574 

(5 mg/kg) via pulmonary and subcutaneous administration. Panel A and D – star polymer in mobile 575 

phase. Panel B – plasma after SC administration. Panel C – urine after SC administration. Panel E – 576 

plasma after pulmonary administration. Panel F – urine after pulmonary administration. 577 

 578 

Figure 4. Organ biodistribution of 3H radiolabel 6 days after intravenous, pulmonary and subcutaneous 579 

administration of 3H labelled star polymer (5 mg/kg) to rats. Panel A – Percentage of 3H dose recovered 580 

per organ. Panel B – Percentage of 3H recovered per gram of tissue. Data are presented as mean ± SD (n 581 

= 3-5). * Indicates p<0.05 cf. IV. 582 

 583 

Figure 5. Biodistribution of 3H radiolabel in alveolar macrophages, urine, faeces, BALF and lungs (Panel 584 

A) and size exclusion profile of BALF (Panel B) 6 days after pulmonary administration of 3H labelled 585 

star polymer (5 mg/kg) to rats. The arrow on panel B denotes the retention time of the intact polymer 586 

peak in mobile phase.  587 
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