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Abstract 

Background: Delivery of nanoparticles (NPs) to tumours can be impeded by high 

levels of hyaluronan (HA) in the stroma. Enzymatic depolymerisation of HA with 

PEGylated hyaluronidase (PEGPH20) improves the delivery of antibodies to tumours. 

However, it is unknown whether NP delivery is enhanced by this strategy.  

Materials & Methods: The impact of PEGPH20 pretreatment on the uptake and 

tumour penetration of model PEGylated polystyrene NPs was studied in mice with 

orthotopic breast cancers.  

Results: Tumour oxygenation and NP penetration, but not overall tumour uptake, of 

50nm NPs was significantly enhanced by PEGPH20 pre-administration.  

Conclusion: PEGPH20 has the potential to improve intratumoural penetration of NP-

based drug delivery systems and enhance access to cancer cells in poorly 

vascularised regions of the tumour.  

 

Graphical Abstract 

 

PEGylated hyaluronidase selectively depolymerises hyaluronan in the tumour stroma, 

while maintaining the architecture of the extracellular matrix. Ablation of systemic 

hyaluronan has minimal impact on pharmacokinetics and biodistribution of a model 
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polystyrene nanoparticle, but promotes intratumoural penetration in a human breast 

cancer xenograft with high hyaluronan content.  
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Introduction 

Encapsulation of chemotherapeutic drugs into long-circulating nanoparticles (NPs) 

has the potential to increase drug concentrations at target tissues while 

simultaneously reducing toxicity [1]. Passive targeting of NPs to, and retention within, 

tumours is thought to occur as a result of increased vascular permeability at the tumour 

site, combined with impaired lymphatic drainage from the tumour [2]. In spite of many 

promising preclinical studies, however, only a low fraction of dosed NPs typically 

reaches the tumour [3].  

Components of the tumour microenvironment (TME) have been identified as a barrier 

to NP delivery and may contribute to poor delivery efficiency [4]. The TME includes 

stromal cells, immune cells, fibroblasts and a range of extracellular matrix (ECM) 

components [5]. Over-production of tumour ECM components has the potential to 

increase interstitial fluid pressure (IFP) and solid stress and lead to hypoperfusion 

within tumours [6]. The ECM is the supporting network of structural components in the 

extracellular space of tissues and is a key element of the tumour stroma. The major 

components of interstitial and tumoral ECM are collagens, glycoproteins, 

proteoglycans and hyaluronan (HA) [7, 8]. These components provide structure, 

viscoelasticity and strength to the ECM and also play a role in cell regulation, 

proliferation and differentiation [9]. The glycosaminoglycan HA is distributed 

throughout connective, neural and epithelial tissues [10]. Importantly, high levels of 

HA in the stroma are observed in a variety of human tumours, including breast cancers 

and up to 30% of all tumours overexpress HA [11]. An overabundance of components 

in the tumour matrix can hinder the diffusion of NPs into tumours, and this is 

particularly true of collagen and HA [12-14].  

Approaches to degrade ECM components may therefore improve NP delivery to 

tumours during cancer treatment. Collagenase and hyaluronidase have both been 

used in attempts to enhance tumour penetration [15, 16]. For example, collagenase 

pre-treatment has been shown to successfully increase the uptake of macromolecules 

in a range of preclinical tumour models [17, 18]. However, there are limitations to the 

use of collagenase. Notably, the long turnover time of collagen (years) suggests that 

intentional collagen degradation will affect ECM structure for long periods, potentially 
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leading to toxicity and increased tumour progression [19]. Hyaluronidase 

administration directly into tumours has been successfully used to remove HA from 

the tumour stroma and in doing so to facilitate the enhanced administration of several 

NPs [20, 21]. Until recently, however, the use of hyaluronidases purified from animal 

species has been limited by toxicity/immunogenicity and systemic use has been 

precluded due to the very short (mins) plasma circulation time of hyaluronidase [22].  

To address these limitations, a PEGylated recombinant human hyaluronidase 

(PEGPH20) has been developed to prolong systemic circulation and to facilitate 

depolymerisation of HA from tumours after intravenous (IV) administration [23]. 

Depolymerisation of stromal HA with PEGPH20 has been shown to improve the 

tumour delivery of several therapeutics, including cytotoxic agents and monoclonal 

antibodies [16, 24]. Safety and tolerability have also been assessed in clinical studies 

and whilst some adverse reactions were noted, including musculoskeletal and 

thromboembolic events, these were managed by dexamethasone and prophylactic 

enoxaparin respectively [25]. Unfortunately, the results of a recent Phase III clinical 

trial failed to show improved overall survival in patients with stage IV pancreatic ductal 

adenocarcinoma after co-treatment with nab-paclitaxel/gemcitabine and PEGPH20 

[26]. However, this tumour is notoriously difficult to treat due to poor vascular 

perfusion, and the impact of PEGPH20 on the disposition of other NPs and in other 

tumours is not well described [27, 28]. 

We hypothesised that degradation of HA in the stroma would enhance the uptake and 

intratumoural penetration of model NPs to tumours. In the current study, we examined 

a series of polystyrene NPs (PSNPs) as models for typical spherical polymeric NPs. 

The surface of PSNPs with diameters of 50 and 200 nm was modified by PEGylation 

to prolong plasma circulation time and PSNPs were radiolabelled to enable 

quantification of in vivo disposition. Particle disposition was then examined after 

administration in the presence and absence of PEGPH20. Enzymatic 

depolymerisation of HA from the ECM had a limited impact on plasma 

pharmacokinetics and biodistribution of the long-circulating NP. Immunofluorescence 

and microscopy studies, however, showed that PEGPH20 selectively remodelled the 

tumour stroma such that HA was transiently removed, whilst gross vasculature 

distribution and collagen architecture remained unaffected. Depolymerisation of HA in 



7 
 
 

the tumour stroma resulted in a trend towards increased tumour accumulation for the 

smaller 50 nm PSNPs, however these differences were not significant. Importantly, 

intratumoural penetration of the model NP was enhanced by PEGPH20 

administration, and the extent of this effect was dependent on size of the NPs.  

 

Methods & Methods 

Materials  

Fluorescent, carboxylic acid-modified 20 and 200 nm polystyrene beads 

(FluoSpheres®) were from Molecular Probes (Carlsbad, CA, USA). PEGylated 

rHuPH20 (PEGPH20), biotinylated TSG6-Fc probe (HTI-601) and the human cell line 

MDA MB-231/HAS3 were kindly provided by Halozyme Therapeutics Inc. (San Diego, 

CA, USA). Pierce™ EDC (1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 

hydrochloride) and Sulfo-NHS (N-hydroxysulfosuccinimide) were from Thermo 

Scientific (Waltham, MA, USA). Amicon® 0.5 mL Ultra Centrifugal Filters 3K and 

phosphate-buffered saline (PBS 10X) were from Merck Millipore (Darmstadt, 

Germany). Alexa Fluor (AF) 568-streptavidin conjugate, Sytox Green, To-Pro-3 and 

4’,6-diamidino-2-phenylindole (DAPI) nuclear acid stains were purchased from 

Molecular Probes (Carlsbad, CA, USA). Ethanolamine [1-3H] hydrochloride was from 

American Radiolabeled Chemicals (St. Louis, MO, USA). Ultima Gold, Solvable, 

Pluronic F127, RPMI-1640, Mowiol 4-88, agarose A, hygromycin B and Tween 20 

were purchased from Sigma-Aldrich (St. Louis, MO, USA). CD31 antibody (rat anti-

mouse) was sourced from BD Biosciences (North Ryde, NSW, Australia). Alexa Fluor 

488 (goat anti-rat), Alexa Fluor 568 (goat anti-rat) and Alexa Fluor 647 (goat anti-rat) 

were purchased from Invitrogen (Carlsbad, CA, USA). Fetal bovine serum, 0.25% 

trypsin-EDTA and PenStrep (10,000 U/mL penicillin and 10,000 µg/mL streptomycin) 

were from Gibco (Carlsbad, CA, USA). Matrigel was purchased from Corning 

(Corning, NY, USA). Paraformaldehyde 16% was purchased from Proscitech (Kirwan, 

QLD, Australia). Heparin sodium (10000 U/mL) was from Hospira Australia Pty. Ltd., 

(Mulgrave VIC, Australia); sterile saline 0.9% in polyethylene bags was purchased 

from Baxter Healthcare Pty Ltd. (Toongabbie. NSW, Australia). Marcain® (0.5% 

bupivacaine) was obtained from AstraZeneca (Macquarie Park, NSW, Australia); 
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Betadine® antiseptic liquid was purchased from Sanofi-Aventis (Macquarie Park, 

NSW, Australia); Isoflurane inhalation anaesthetic was from Provet Pty Ltd. 

(Heatherton, VIC, Australia). Lethabarb® pentobarbitone sodium was supplied by 

Virbac (Australia) Pty Ltd. (Milperra, NSW, Australia). Water was obtained from a Milli-

Q water purification system (Millipore, Bedford, MA, USA). All other chemicals and 

solvents were of analytical purity or high-performance liquid chromatography (HPLC) 

grade. 

Methods 

Polystyrene nanoparticles were radiolabelled using a carbodiimide reaction and 

subsequently PEGylated using Pluronic® block copolymers to adsorb to the surface 

of the particles. Typically, 500 μL of a 2% w/v suspension of NPs was used. Particles 

were collected by centrifugation, using a centrifugal filter (3 kDa) at 15,000 x g, for 30 

mins and washed with phosphate-buffered saline (PBS, 0.1 M, pH 7.4). The 

suspended particles were reconstituted in 50 mM MES buffer (pH 5.2) to a total volume 

of 500 µL. EDC and Sulfo-NHS were both added to a final concentration of 50 mM 

and the reaction allowed to progress for 30 mins at 18°C on a plate rocker. The pH 

was then increased to 7.4 by addition of 1 M PBS. Ethanolamine was added to a final 

concentration of 12 mM. The reaction was then allowed to progress for a further 2 h 

at 18°C on a plate rocker. Particles were then washed twice with a 0.1% w/v aqueous 

solution of Pluronic F127 and were incubated overnight in 500 μL of 1% w/v Pluronic 

solution. To remove the excess Pluronic, polystyrene beads were washed at least 

three times by centrifugation. To separate potential aggregates, particles were 

dispersed by sonication with a QSonica Q500 probe ultrasonic processor (Newtown, 

CT, USA).  

Particle size and zeta potential measurements 

Dynamic Light Scattering (Malvern Nano-ZS Zetasizer, Malvern Instruments, 

Worcestershire, UK) was used to determine the average particle size (average particle 

diameter in nm based on light scattering by intensity). The size of the PSNPs and zeta 

potential was measured at a concentration of 20 μg/mL in 10 mM PBS at a pH of 7.4. 

Samples were analysed in triplicate and reported as the mean ± standard deviation of 
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the size by intensity measurement to account for multiple populations. One population 

was observed, unless stated otherwise. 

Quantification of radioactivity of NPs 

To determine the radioactivity of the particles post radiolabelling, particle suspensions 

were vortexed and an aliquot of 5 µL was taken. This suspension was mixed with 2 

mL of Ultima Gold liquid scintillation cocktail, vortexed and counted on a Packard Tri-

Carb 2000CA liquid scintillation analyser (Meriden, CT, USA). Radioactivity was 

calculated from 3 samples per formulation. Radioactivity is reported as the activity 

(microcurie, μCi) per mg material. 

Speciation of NP radiolabel complex 

Speciation of NP-radiolabel constructs was established in plasma via size exclusion 

chromatography (SEC) followed by collection of fractions post column. Samples (125 

µL) were injected onto a Superose 6 10/300 GL size exclusion column (GE Healthcare, 

NSW, Australia) and eluted at 0.5 mL/min in 0.1 M PBS. Column eluate fractions were 

collected at 1 min intervals and fractions were analysed for 3H content via liquid 

scintillation counting. Peak area was quantified using the AUC function of GraphPad 

Prism Version 8.0.2 for Windows (GraphPad Software, Inc., CA, USA), a threshold 

was applied for DPM lower than 100 to correct for background signal.  

Cell culture of human breast cancer cells 

The human breast cancer cell line MDA MB-231/HAS3 was grown in RPMI 1640 

medium with 10% v/v fetal bovine serum and 1% w/v PenStrep, at 37°C in an 

atmosphere containing 5% CO2. Cells lines transfected with hyaluronan synthase 3 

(HAS3) were used to generate high stromal burden tumours (i.e. those that express 

high levels of hyaluronan). The cells were grown in 75 or 150 cm2 flasks. Cells were 

subcultured using 0.25% w/v trypsin-EDTA every 3–4 days when 80–90% confluent. 

Antibiotic containing selection media was used to ensure the cell populations used to 

induce tumours expressed HAS3. The selection antibiotic (hygromycin B, 150 µg/mL) 

was added to the growth medium after one day of subculturing. Cells were maintained 

in selection media for two days before subculture and then grown in selection free 

media for two passages. 
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Animal details 

All surgical and experimental procedures were approved by the Monash Institute of 

Pharmaceutical Sciences Animal Ethics Committee and were conducted in 

accordance with the Australian and New Zealand Council for the Care of Animals in 

Research and Teaching guidelines. Pharmacokinetic studies and biodistribution 

studies were carried out on male Sprague-Dawley rats (250–330 g) supplied by 

Monash Animal Research Platform (Melbourne, Australia). Nanoparticle tumour 

studies were carried out on female tumour-bearing Balb/c Nu (nude) mice of 4–8 

weeks of age, in the weight range 18 to 22 g supplied by Animal Resources Centre 

(Perth, Australia). Animals were housed on a 12 h light/dark, at ambient temperatures 

(21-22°C). Food was withheld from animals for up to 12 h prior to surgery and up to 8 

h following dosing, and was freely available at all other times. Water was available ad 

libitum. 

Pharmacokinetic studies of nanoparticles 

Pharmacokinetics studies were described before in [29, 30]. Briefly, prior to 

administration of NPs, rats were anaesthetized under isoflurane and placed on a 

heated pad at 37°C. The jugular vein and carotid artery were surgically cannulated 

with polyethylene tubing (0.80 mm o.d. x 0.50 i.d., Microtube Extrusions, North Rocks, 

Australia) to facilitate IV administration and blood collection, respectively.  

Suspensions of NPs in sterile PBS were prepared and administered at a dose 

equivalent to 7 mg per kg per 1 mL infusion. Prepared solutions were dosed IV. Blood 

samples (100 μL) were obtained from the carotid artery cannula prior to infusion (pre-

dose), immediately after infusion (t = 0), and at 10, 20, 40, 60, 120, 240 and 480 min 

and 24, 48 and 72 h post dose. Blood samples were centrifuged at 5,000 x g for 5 

mins to separate plasma. Urine was collected over the sampling period. At the end of 

the study, rats were euthanised by IV administration of 100 mg/kg pentobarbitone 

while under anaesthesia. Plasma samples (50 μL) were added to an Ultima Gold 

scintillation cocktail (2 mL) and mixed directly for scintillation measurement. Tissues 

(liver, spleen, kidney, heart, lungs, pancreas and muscle) were collected for NP 

biodistribution analysis. Pharmacokinetic parameters (e.g. clearance, volume of 

distribution) were calculated using PK solver PK modelling software [31]. 
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Biodistribution studies of nanoparticles in rats 

Rats dosed with NPs were euthanized at various time points to study the 

biodistribution of NP post IV administration. Methods were as described previously 

[32]. Briefly the organs (heart, kidney, liver, lungs, pancreas and spleen) were 

removed by dissection and frozen (-20°C) until further processing. To assay, samples 

were thawed and weighed before they were placed in MACS M tubes (Mitenyi Biotech 

Australia Pty Ltd., NSW, Australia). Milli-Q was added to the organs (5 mL for liver, 10 

mL for other organs) before samples were homogenised using a GentleMACS Octo 

Dissociator (Mitenyi Biotech Australia Pty Ltd., NSW, Australia) running a standard 

program (program RNA_01). An aliquot of 100 mg was taken from the homogenate 

and placed in a 20 mL polypropylene scintillation vial and 2 mL Solvable was added 

to each sample. Tissues were kept overnight in an oven at 60°C to promote digestion. 

Samples were cooled to room temperature and hydrogen peroxide (30% v/v, 200 µL) 

was added and vials incubated for 30 mins at room temperature to bleach samples. 

Ultima Gold (10 mL) was added and samples were homogenised before being stored 

for at least 8 h at 4°C. Samples were measured using scintillation counting at a 

temperature of 12°C. Samples were measured in triplicate. The efficiency of extraction 

of the radiolabel was calculated by spiking three paired samples with ethanolamine [1-
3H]. This allowed calculation of the efficiency extraction of the radiolabel from tissue 

samples. Tissue samples of rats without any treatment were also processed as 

described above to provide for a background count, without spiked samples. The 

acquired data was used to establish an efficiency value for each sample using the 

following equation: 

 

𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠𝑡𝑡𝑠𝑠 (𝑠𝑠𝑠𝑠𝑑𝑑)−𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠𝑡𝑡𝑠𝑠(𝑠𝑠𝑠𝑠𝑑𝑑,𝑡𝑡𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑠𝑠𝑢𝑢𝑡𝑡𝑠𝑠𝑠𝑠)
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑠𝑠𝑢𝑢𝑠𝑠𝑡𝑡𝑡𝑡𝑠𝑠𝑢𝑢𝑢𝑢 (𝑠𝑠𝑠𝑠𝑑𝑑)      Equation 1 

 

Spiked tissue (dpm) is the radioactivity measured in the spiked sample, tissue (dpm, 

uncorrected) in the radioactivity in the non-spiked sample and spiked solution (dpm) 

is the radioactivity of the spike added to the spiked samples. The calculated efficiency 

value was used to correct the dpm output for each measured sample to correct for 
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quenching, which might have been resulted from tissue processing. The following 

equation was used: 

 

𝑡𝑡𝑒𝑒𝑡𝑡𝑡𝑡𝑡𝑡𝑒𝑒 (𝑑𝑑𝑑𝑑𝑑𝑑, 𝑒𝑒𝑐𝑐𝑐𝑐𝑐𝑐𝑒𝑒𝑒𝑒𝑡𝑡𝑒𝑒𝑑𝑑) = 𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠𝑡𝑡𝑠𝑠 (𝑠𝑠𝑠𝑠𝑑𝑑,𝑡𝑡𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑠𝑠𝑢𝑢𝑡𝑡𝑠𝑠𝑠𝑠)
𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑢𝑢𝑠𝑠𝑠𝑠𝑢𝑢𝑢𝑢𝑒𝑒

    Equation 2 

 

Tissue (dpm, corrected) is the true activity of the sample. The total activity of the whole 

organ was calculated based on the weight fraction of the sample. 

Induction of orthotopic breast cancer xenografts 

To establish tumour-bearing mice, animals were injected with cancer cells 

subcutaneously into the fourth mammary fat pad. A cell suspension containing 5 

million MDA MB-231/HAS3 cells was made up in a volume of 50 µL of 50% v/v PBS 

and Matrigel. Mice were monitored daily and weighed at least every second day. The 

size of the tumour was measured every two days with callipers. The volume of the 

tumour was calculated using the following equation: 

 𝑉𝑉 = �4π
3
� ∗ (𝑎𝑎 𝑥𝑥 𝑏𝑏2).      Equation 3 

Where a is the longest radius and b the shortest radius of the tumour. When the tumour 

reached a volume of 100 mm3, mice were divided randomly into groups for tumour 

studies. 

Biodistribution of nanoparticles in tumour bearing mice 

When tumours reached a volume of 100 mm3, biodistribution studies were initiated. 

Studies were conducted as previously described [33]. Animals were randomly divided 

into treatment groups of 5 to 7 animals. For PEGPH20 treated groups, animals were 

dosed with 1 mg/kg PEGPH20 in 50 µL sterile saline via IV tail vein injection 24 h prior 

to administration of NP. The NP dose was based on administration of a radioactive 

dose of 0.5 µCi per animal (to provide analytical sensitivity). Animals dosed with NPs 

were euthanized via exsanguination under anaesthesia at 24 h post dose. Organs 

were processed using a method similar to biodistribution studies of NPs in rats, expect 

for the following differences; a volume of 2 mL Milli-Q was added to the organs and 
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tumour before samples were homogenised. A single aliquot of 20 mg tissue was then 

taken to measure NP content. Volumes of other reagents were the same and 

extraction efficiency of the radiolabel was assessed as above by adding a spike to a 

paired sample. 

Nanoparticle tumour penetration studies 

For tumour penetration studies using fluorescently labelled NPs, one group of mice 

was pre-treated with PEGPH20 (1 mg/kg in 50 µL sterile saline) 24 h prior to the NP 

dose. A second (control) group did not receive PEGPH20 pre-treatment. A single dose 

of mixed 50 and 200 nm PSNPs (0.5 mg/kg for 50 nm NPs, 25 mg/kg for 200 nm NPs) 

was administered in 50 µL PBS, a dose which was similar in number of NPs dosed. 

Mice were sacrificed four days post NP dose. Organs and tumour were dissected, 

immunostained and imaged as described below.  

Preservation and sectioning of tissues 

Tumours were fixed in 4% v/v paraformaldehyde (PFA)-PBS solution for 24 h and 

mounted into a 3% w/v agarose gel. Tumours were sectioned into 100 µm sections 

using a Leica VT1200 S vibrating blade microtome (Leica, Nussloch, Germany). 

Immunofluorescence staining 

Blood vessels were stained using a rat-anti mouse CD31 antibody. Tumour sections 

were blocked with 10% v/v normal goat serum in 0.1 M PBS containing 0.1% v/v triton 

X-100 (PBST) for 2 h and incubated with a CD31 antibody for 48 h on a plate shaker 

at 4°C. Sections were washed after staining with 0.1 M PBST and incubated with a 

secondary goat anti-rat antibody (Alexa Fluor 568, 1:1000) in blocking buffer 

overnight. To remove excess secondary antibody, sections were washed with Hanks 

Balanced Salt Solution and stained with Sytox Green (1:300) for nuclear staining and 

mounted using fluorescence mounting media  

For hyaluronan (HA) immunofluorescence staining, tumours were sectioned into 10 

µm thick sections using a cryostat (Leica CM1850, Leica, Nussloch, Germany) and 

stained with a biotinylated proprietary HA probe (HTI-601) [34, 35].  Briefly, sections 

were blocked in 2% w/v bovine serum albumin and 2% v/v normal goat serum in PBST 

for 30 mins at room temperature. Sections were washed in washing buffer (PBST) and 
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blocked again with avidin/biotin for 10 mins. Sections were then incubated with HTI-

601 probe for 30 mins at a concentration of 0.5 µg/mL and washed again. Alexa Fluor 

568-streptavidin conjugate was then added for 2 h at a dilution of 1:1000 in PBST. 

Nuclei were stained with DAPI at a dilution of 1:1000 in PBST for 15 mins. Hypoxic 

regions were assessed using a Hypoxyprobe Kit (Hypoxyprobe, MA, USA). Briefly, a 

probe (pimonidazole HCl) was intraperitoneally administered to tumour bearing 

animals at a dose of 60 mg/kg between 1 to 1.5 h prior to the experimental endpoint. 

Tumours were excised and fixed, sections were blocked with 2% v/v normal goat 

serum in PBST for 30 mins and stained for blood vessels with a rat-anti mouse CD31 

antibody (1:200) and a goat-anti rat Alexa Fluor 568 (1:1000) secondary antibody. 

Hypoxia was detected with mouse FITC-conjugated anti-pimonidazole monoclonal 

antibody (1:50) in PBS for 2 h, nuclei were counterstained with To-Pro-3 (1:500) in 

PBS for 1 h. Sections were mounted on glass slides as described before. 

Image capturing 

Images were captured on a Leica TCS SP8 inverted confocal microscope running 

version 1.9 of LAS X and using a 40x (HC PL APO CS2 40x/1.30) objective, unless 

stated otherwise. Three randomly selected field of views were captured per tumour 

section from three different sections per tumour. A total of five to seven tumours were 

analysed per group. Images were taken as a z-stack with average height of 30–40 μm 

with a step size of 1 μm and line average of 4. Captured images were analysed using 

the Fiji distribution of Image J software as described in the image analysis section 

below. 

For animals dosed with PSNPs excitation was as follows: 405 nm for blue (50 nm 

NPs), 488 nm for Sytox Green, 561 nm for Alexa Fluor 568 and 633 nm for crimson 

(200 nm NPs). Emission was captured in the following bands 415–465 nm for blue, 

490–550 nm for green, 566–636 nm for Alexa Fluor 568 and 638–760 nm for crimson.  

HA and hypoxic regions were imaged on a Leica TCS SP8 inverted confocal 

microscope running version 1.9 of LAS X and using a 20x oil-immersion objective 

controlled by LAS X image acquisition and processing software (Leica, Wetzlar, 

Germany). Excitation of DAPI was at 405 nm, FITC (hypoxia) at 488 nm, AF 568 at 

561 nm and To-Pro-3 at 633 nm. Emission was captured in the following bands 415–
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465 nm for DAPI, 490–532 nm for FITC, 550–620 for AF 568 and 642–682 nm for To-

Pro-3. Two field of views were captured per tumour section from three different 

sections in each of 3 tumours.  

Detection of collagen fibres in tumour tissues was achieved by second harmonic 

generation (SHG) on a Leica TCS SP8 Multiphoton microscope running version 1.9 of 

LAS X and using a 25x (HCX IRAPO L 25x/0.95) objective. Excitation was at 880 nm 

from a SpectraPhysics InSight DeepSee femtosecond pulsed laser. Detection was via 

a forward PMT detector for forward propagation detection (cyan), a non-descanned 

detector (440-470nm emission filter) was used to detect the back scattered signal 

(magenta). 

Image analysis to determine intratumoural penetration 

An image processing method was developed to quantify intratumoural distribution of 

NPs as a function of distance travelled from the vasculature. The spatial analysis of 

NP penetration is often overestimated and variable when a single 2D slide is analysed 

(36). In these cases, blood vessels just below or above the plain are neglected, 

whereas NP fluorescence could still be detected [36]. In order to overcome this 

problem, in these studies, a 3D distance map was created by analysing a z-stack of 

images with an approximate thickness of 30 μm. The quantitative results of this 

analysis are therefore less variable and a more accurate estimation of tumour 

penetration from the blood vasculature. The imaging analysis script was modified from 

[33].  

Image analysis to determine NP extravasation was performed using the Fiji distribution 

of ImageJ as follows [37]. Channels were first separated. A Gaussian blur (sigma = 2) 

was then applied to the blood vessel channel to remove noise. A manual threshold 

was applied, converted to a binary mask and holes were filled. A Euclidian distance 

map was created from this mask. To quantify the intervascular distance, the Euclidian 

distance map was thresholded (threshold = 1), the mean intensity was logged and 

saved. Intensity as a function of pixel size (284 nm/pixel) was translated as average 

distance. To determine NP extravasation, the distance map was redirected to the 

channel of the blue and crimson particles. Intensity of particles was measured every 

4 pixels (284 nm/pixel, total 1.135 μm) for 27 repetitions. The average intensity at each 



16 
 
 

distance away from blood vessels was logged and saved. The signal to noise ratio 

was calculated by normalising fluorescence intensity for intensity associated with 

vasculature (i.e. 100% at a distance of 0 μm). Data were grouped per tumour slide, 

three sections per tumour and six tumours per group and plotted as a function of 

distance from the closest vasculature in μm using Graphpad Prism software version 

8.0.2 (GraphPad Software, La Jolla, CA, USA). The area under the curve (AUC) of 

each sample from 0 to 10 µm was generated in Graphpad Prism using the linear 

trapezoidal rule and plotted as a bar showing the mean and standard error of the mean 

(SEM).  
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Image analysis for hyaluronan, collagen density and hypoxia 

The collagen content of tumour sections was examined by SHG imaging [38]. A 

maximum projection was generated and channels were separated. The two channels 

with the collagen fibres (forward and backward) were manually thresholded. Areas of 

positive signal were quantified using the “measure” functionality in Fiji. “Total area” 

and “area fraction” were obtained for the area applied with the threshold. The 

calculated fraction was saved and normalised for the average tumour section 

thickness (52 µm). The range of thickness of tumour sections was between 24 and 92 

µm. Six tumours were analysed from each group, analysing three tumour sections and 

three field of view per section. Representative images represent the typical size, 

density and alignment of collagen fibres for both groups. Hyaluronan and hypoxic 

areas in tumours was quantified using a similar method as used for collagen content. 

Briefly, channels were separated and a manual threshold was applied to the channel 

for hypoxia stain. Areas of positive signal were quantified using the “measure” 

functionality in Fiji. “Total area” and “area fraction” were obtained for the area applied 

with the threshold. Three tumours were imaged from each group, analysing three 

tumour sections and three field of views per section. 

Statistical analysis 

Statistical analyses were assessed using a two-tailed unpaired Student’s t-test or one-

way ANOVA to determine the P value using GraphPad Prism 8.0.2 (GraphPad 

Software, La Jolla, CA, USA). Significance was tested at a confidence level of α = 0.05 

and significance concluded when P < 0.05 (* = P < 0.05, ** P < 0.01, *** P < 0.001, 

**** P < 0.0001). Values are expressed as mean ± standard error of the mean (SEM) 

for control and experimental samples, unless stated otherwise. 

Results 

Surface modification of PSNPs 

Tritiated ethanolamine was conjugated to the surface of particles using a carbodiimide 

reaction. Particles were subsequently PEGylated by surface adsorption of Pluronic 

F127. The size and zeta potential of the PSNPs were measured by DLS and these 

data are summarised in Figure 1. DLS measurements confirmed the size of the 50 
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and 200 nm particles and the negative zeta potential of the carboxylated particles. The 

determined radioactivity was 0.63 µCi/mg and 0.14 µCi/mg for 50 nm and 200 nm 

PSNPs, respectively. Radiolabelling of the particles had minimal impact on the size 

and surface charge of the particles. In contrast, PEGylation with Pluronic F127 

reduced zeta potential and resulted in a moderate increase in particle size of the 

particles, suggesting effective surface coating. 
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Figure 1. Schematic of radiolabelling and PEGylation of carboxylated PSNPs and 

characterisation. (A) 3H ethanolamine was conjugated to the surface of the particles via a 

carbodiimide reaction. Particles were PEGylated via passive adsorption of Pluronic F127. 

Characterisation of radiolabelled and PEGylated PSNPs. (B) Zeta potential and (C) Particle 

size measurements via DLS (mean ± SD; n = 3). 

Pharmacokinetics and biodistribution of PSNPs and the impact of hyaluronan 
depolymerisation in healthy rats 

To study the in vivo behaviour of the PSNPs and to evaluate the impact of size, surface 

chemistry and hyaluronan depolymerisation, tritiated PSNPs were IV administered to 

rats and plasma samples were taken over time, as shown in Figure 2. Non-PEGylated, 

(carboxylated,COOH) particles were rapidly cleared from the circulation and 

PEGylation of the PSNPs with Pluronic F127 significantly improved plasma exposure 
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(area under the curve, AUC). Smaller sized 50 nm PSNPs exhibited prolonged plasma 

circulation times compared to 200 nm PSNPs. A relatively low proportion of the 

injected dose (ID) was recovered in urine (less than 5% for the PEGylated PSNPs, 

Table 1). Radiolabel found in urine is likely to be unconjugated label, as the NP are 

larger than the molecular weight cut-off for renal excretion [39]. As such the stability 

of the label in vivo appeared to be good. Non-compartmental pharmacokinetic 

parameters were calculated using PK solver modelling software and are summarised 

in Table 1. The biodistribution of the 50 nm PSNPs in major organs was assessed at 

24 h post dose. As expected, the liver and spleen were the major clearance organs 

for particle removal from the circulation by cells of the mononuclear phagocyte system. 

Non-PEGylated PSNPs accumulated most significantly in the liver, whereas 

PEGylated PSNPs accumulated in the liver and spleen.  
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Figure 2. Pharmacokinetics and biodistribution of 3H labelled PSNPs in rats. Plasma 

concentration versus time profiles of 3H labelled (A) 50 nm and (B) 200 nm PSNPs following 

IV administration to rats. Biodistribution data of 3H labelled 50 nm PSNPs in major organs 24 

h post NP dose (8 h for 50 nm COOH) with and without pre-administration of PEGPH20. (C) 

Data as % injected dose per organ and (D) Data as % injected dose per tissue weight. Mean 

± SEM; n = 3–4, * P < 0.05, **** P < 0.0001. 

 

Next, the influence of systemic depolymerisation of HA on NP pharmacokinetics and 

biodistribution was determined for the 50 nm PEGylated PSNPs, as these showed 

prolonged plasma circulation, relative to the non-PEGylated PSNPs. Systemic 

depolymerisation of HA was achieved by administration of a pre-dose of 1 mg/kg IV 

PEGPH20 via the jugular vein 24 h prior to the NP dose. Pre-administration of 

PEGPH20 had a small but significant impact on the pharmacokinetics of the PSNPs. 

The systemic AUC was reduced by 36% and clearance increased. No changes to 

volume of distribution were observed and therefore half-life was reduced (Table 1). 

Consistent with the small effect of PEGPH20 on the systemic pharmacokinetics of the 

50 nm PSNPs, biodistribution studies revealed that HA depolymerisation had similarly 

little impact on patterns of particle accumulation in the major organs.  

 

Table 1. Calculated pharmacokinetic parameters and urinary recovery of PSNPs after IV 

administration to rats in the presence and absence of PEGPH20 (data normalised to 7 mg/kg) 

(mean ± SD.; n = 3–4); ** P < 0.01, *** P < 0.001 (50 F127 vs 50 F127 + PEGPH20) 

Pharmacokinetic 

Parameter 

50 
COOH 

50 F127 50 F127 + 
PEGPH20 

200 
COOH 

200 
F127 

T1/2* (h) 1.5 ± 1 9.6 ± 0.4 6.8 ± 0.7** 5.5 ± 3.7 9.5 ± 8.7  

AUC0-∞† 
(µg/mL*h) 

51.4 ± 19 2894 ± 

247 

1789 ± 215*** 73 ± 29  231 ± 71  

Cl‡ (mL/h/kg) 45 ± 18 0.7 ± 0.1 1.2 ± 0.1** 35 ± 14  17 ± 2  

Vdss§ (mL/kg) 41 ± 23 9.8 ± 1.3 9.7 ± 1.1 54 ± 31  97 ± 78  

Urine (% ID) n/a || 5 ± 1 n/a n/a n/a 
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*: elimination half-life; †: area under the curve; ‡: clearance; §: volume of distribution; ||: not 

available 

Particle speciation to confirm integrity of radiolabel 

The integrity of attachment of the 3H radiolabel to the PEGylated 50 nm PSNPs was 

assessed in the formulation and in plasma at several time points post NP dose. 

Samples were analysed via size exclusion chromatography (SEC) at 0, 8 and 24 h 

post NP dose as shown in Figure 3. 
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Figure 3. Size exclusion chromatography profiles of 3H labelled 50 nm PSNPs. (A) In vitro (B) 

in plasma samples from rats at time-points 0, 8 and 24 h post IV dose.  

Data from the plasma samples showed that the majority of radiolabel was still 

associated with the NP after IV administration.  

Tumour accumulation of 50 nm PEGylated PSNPs and the impact of PEGPH20 
pre-administration 

In light of the long circulating behaviour of the smaller PSNPs, tumour accumulation 

was assessed in an orthotopic MDA MB-231 breast cancer model with hyaluronan 

synthase 3 (HAS3) overexpression. As expected, tumour uptake for the non-

PEGylated, short-circulating COOH PSNPs was very low (< 0.1% injected dose, ID, 

Figure 4). In contrast, PEGylated PSNPs showed higher tumour accumulation of 0.4% 

ID. Stromal HA ablation with PEGPH20 resulted in a further 2-fold increase in tumour 

accumulation. This trend, however, was not significantly different when compared to 

the untreated control group, due to variability between animals. Normalisation of 
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tumour weights (ID/g tissue) revealed similar trends with tumour accumulation for the 

PEGylated PSNPs after PEGPH20 pre-treatment reaching 4% ID/g tissue. The impact 

of PEGPH20 on tumour accumulation in this tumour thus appears to be moderate. 
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Figure 4. Biodistribution data of 3H labelled 50 nm PSNPs in tumour bearing mice 24 h post 

NP dose with and without pre-administration of PEGPH20. Tumour accumulation on right y-

axis. (A) As % injected dose per organ and (B) as % injected dose per tissue weight (mean ± 

SEM; n = 4–7). 

PEGPH20 selectively depolymerises hyaluronan in the tumour stroma 

The effect of PEGPH20 on the tumour stroma was investigated in an MDA MB-

231/HAS3 orthotopic breast cancer model. Tumoural HA was assessed using 

immunofluorescence with a proprietary biotinylated HA probe. Figure 5 shows that 

control tumours displayed a high pericellular HA content. Treatment with PEGPH20 

completely ablated HA content 24 h post IV administration and no fluorescence was 

detected in tumour sections at this time-point. Low amounts of HA were present in the 

tumour three days post administration, suggesting HA regeneration, which was 

confirmed by image processing [23]. Collagen content in tumours was also analysed 

to determine the effect of PEGPH20 on the primary structure of the ECM. 

Representative images (Figure 5b) show typical size, density and alignment of 

collagen fibres in both the presence and absence of PEGPH20. Quantification of the 

signal did not uncover any significant changes in collagen fibre density in the tumours 

96 h after administration of PEGPH20, suggesting that PEGPH20 has a limited impact 
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on collagen structure. The average intervascular distance (i.e. the average distance 

between two blood capillaries) in the tumour sections was also determined in tumour 

sections stained for a blood vessel marker (CD31). A representative 3D image 

showing tortuous and disorganised blood vessels in the tumour is shown in Figure 5c. 

This was unaltered after PEGPH20 pre-administration. Quantification of the average 

intervascular distance using Euclidian distance maps revealed an intervascular 

distance value of ~20 µm, regardless of treatment. Based on these results, the region 

of interest for NP diffusional distance is between 1 to 10 µm i.e. up to half the average 

distance between two blood vessels. At distances beyond 10 µm from one blood 

vessel, on average, opposing diffusional forces from the next nearest neighbour 

vessel are expected to impede further NP penetration. As such interpretation of 

particle penetration data was conducted up to 10 µm from the vessel wall.  

The hypoxic state of tumours was also assessed using a hypoxia marker 

(Hypoxyprobe), 24 h post administration of PEGPH20. Fluorescent images (Figure 5d) 

showed that untreated, control tumours had pronounced areas of hypoxia. In contrast, 

treatment with PEGPH20 resulted in a reduction in the fluorescent signal. 

Quantification of the signal confirmed this observation, and showed that 

depolymerisation of tumoural HA had the potential to relieve hypoxic tumour stress. 

Possible explanations for this effect include a reduction in IFP which might also be 

expected to enhance tumour perfusion. 
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Figure 5. Administration of PEGPH20 depolymerises tumour HA, decreasing hypoxia. In 

contrast collagen architecture and vascularisation are unchanged. (A) Representative images 

of an orthotopic breast cancer (MDA MB-231/HAS3) xenograft treated with 1 mg/kg IV 

PEGPH20. Hyaluronan staining in green (HTI-601), nuclei in blue (DAPI) at 24 h and 72 h 

post PEGPH20 administration, scale bar is 50 µm. (B) Second harmonic generation imaging 

of collagen fibres in the presence or absence of 1 mg/kg PEGPH20, 96 h post treatment. 

Collagen is shown in the forward signal in aqua, backward signal in purple. Scale bar 

represents 50 μm. Quantification of the collagen positive area revealed no changes in collagen 

architecture. (C) The representative image (tile scan) shows blood vessels (CD31, red) in a 

tumour section, including hypervascular areas (thick arrows) and hypovascular areas (narrow 

arrows). Intervascular distance was quantified and visualised. PEGPH20 had no impact on 

the average intervascular distance in tumour sections. Scale bar represents 100 μm. (D) 

Hypoxia in tumour sections was reduced 24 h after 1 mg/kg IV PEGPH20 administration. 

Hypoxic regions (Hypoxyprobe, green), blood vessels (CD31, red) and nuclei (DAPI, blue). 

Scale bar represents 100 μm. Data are presented as mean ± SEM; n = 3-6; * P < 0.05, **** P 

< 0.0001. 

Stromal HA depolymerisation with PEGPH20 enhances intratumoural 
penetration of 50 nm PSNPs 

The 50 and 200 nm PEGylated PSNPs contained different fluorophores, making it 

possible to distinguish between fluorescent signals of co-administered particle 

populations. The 50 nm PSNPs contained a blue dye (excitation/emission maxima 

365/415 nm) and the 200 nm PSNPs a crimson dye (excitation/emission maxima 

625/645 nm). Fluorescent NPs were seen in all tumour sections and high co-

localisation was evident between NPs and the vasculature for both size NPs (Figure 

6, a). The smaller, 50 nm NPs showed a more diffuse pattern around the blood vessels 

when compared to the bigger particles. Clusters of particles were seen in the 200 nm 

NP channel, in close proximity to the blood vessels.  

The distribution/penetration of NPs away from the blood vessels was analysed using 

the Fiji distribution of ImageJ image processing software [37]. Relative fluorescence 

intensity of the NPs was plotted as a function of distance from the nearest blood 

vessel. Fluorescence intensity at a distance of 0 µm reflects fluorescence associated 

with the blood vessel and was normalised to 100%. This could be fluorescence within 

the vessel or associated with vascular endothelial cells. Fluorescence further from the 
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blood vessel reflects extravasated NPs that have penetrated into the tumour mass. 

This fluorescence signal was reduced at distances further from the vasculature for all 

particles, due to a reduction in the concentration of NP as they diffuse away from the 

blood vessels. 
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Figure 6. Qualitative and semi-quantitative analysis of intratumoural distribution of 50 and 200 

nm F127 PSNPs in the absence or presence of PEGPH20. (A) Immunofluorescence imaging 

of tumour sections after IV administration of PSNPs. Tumour sections were stained for blood 

vessels (CD31, red) and show fluorescence of 50 nm (yellow) and 200 nm PSNPs (purple) 

and nuclei (Sytox Green, blue). A high co-localisation is observed between blood vessels and 

NP signal. Fluorescence of 50 PSNPs shows a more diffuse signal in the tumour mass after 

PEGPH20 administration. Scale bar represents 25 μm. (B) Intratumoural distribution plot for 

both PSNPs in the absence and presence of PEGPH20. Penetration of 50 nm PSNPs was 

significantly enhanced up to 5 μm from the vasculature and was unchanged for 200 nm 

PSNPs. C) Semi-quantified fluorescence for tumour penetration for PSNPs in the absence or 

presence of PEGPH20. PEGPH20 pre-administration ~ doubled the intratumoural exposure 

of 50 nm PSNPs while no effect was observed for 200 nm PSNPs. Data are presented as 

mean ± SEM; n = 6 mice; * P < 0.05, **** P < 0.0001. 

The distribution plot for the 50 nm PSNPs (Figure 6, b) showed that the particles 

penetrated into the tumour mass. Pre-administration of PEGPH20, however, led to a 

higher fluorescence intensity at distances up to 5 µm from the blood vessels. No 

differences in NP penetration were observed at distances further from the vasculature. 

This data suggests that HA depolymerisation improved the intratumoural penetration 

of 50 nm PEGylated NPs up to 6 µm from the blood vessels. Quantification of the 



28 
 
 

larger, 200 nm PSNPs revealed a lower degree of NP penetration into the tumour, 

consistent with the confocal images. There was no difference in intratumoural 

penetration in tumours pre-treated with PEGPH20. It is likely that these larger particles 

did not extravasate as well from the vasculature due to their size [33]. Overall tumour 

fluorescence of PSNPs was determined by measuring the area under the curve of NP 

fluorescence as a function of distance from vasculature (Figure 6, c). The tumour 

fluorescence of the NPs was analysed up to a distance of 10 µm from the blood vessel 

wall, to reflect the (average) midpoint between two blood vessels. The data confirmed 

the trends shown in the distribution plots. Overall NP exposure in the extravascular 

area of the tumour was increased approximately 2-fold for the PEGPH20 group after 

administration of 50 nm PSNPs, whereas no effect was observed for the 200 nm 

PSNPs. 

Discussion 
Hyaluronidase, in its long circulating form (PEGPH20), has been reported to alter the 

tumour stroma after IV administration, and has the potential to improve the tumour 

delivery of anticancer agents [40]. However, to this point, the impact of HA 

depolymerisation with PEGPH20 on the in vivo disposition of polymeric NPs has not 

been studied. The current study therefore aimed to investigate the impact of IV 

administration of PEGPH20 on the pharmacokinetics and tumour delivery of a series 

of model PNSPs.  

PSNPs were first modified by conjugation of a tritium (3H) radiolabel and surface 

adsorption of Pluronic F127 in order to radiolabel and PEGylate respectively. This was 

confirmed by scintillation counting and DLS and an increase in hydrodynamic radius 

and reduction in zeta potential was evident after adsorption of Pluronic F127. These 

effects are consistent with literature precedent [41, 42]. The influence of particle size 

and zeta potential on the pharmacokinetics and biodistribution of PSNPs was 

subsequently examined after IV administration in rats. The results confirm previous 

observations and show in general that smaller (50 nm) particles exhibit longer 

circulation times than comparator larger (200 nm) particles, and that PEGylated 

particles show prolonged circulation times over non-PEGylated particles [43]. 

Biodistribution confirmed that the primary routes of clearance for all particles was via 
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hepatic and splenic uptake, with the importance of the spleen increasing for larger 

PEGylated particles [44, 45]. 

The plasma pharmacokinetics and biodistribution of the longer circulating 50 nm 

PEGylated PSNPs was subsequently assessed in the presence of PEGPH20, to 

determine the effect of systemic HA depolymerisation on NP disposition. A reduction 

in plasma exposure post PEGPH20 administration was apparent, and non-parametric 

pharmacokinetic parameter estimates suggested that this reflected changes to 

clearance rather than volume of distribution. Consistent with limited differences in 

volume of distribution, biodistribution studies showed that the effect of HA 

depolymerisation on NP accumulation in major organs was limited.  

The importance of monitoring the in vivo properties of NP constructs has often been 

neglected in nanoparticle PK studies [46]. Dissociation, degradation or release of the 

payload could result in the generation of a mixture of species, ultimately resulting in 

misinterpretation of the behaviour of the construct. Speciation of radiolabelled NP 

constructs is therefore essential in understanding of NP behaviour [30, 47]. To assess 

whether the 3H radiolabel was still associated with the NP examined here in vivo, SEC 

was employed to separate the radiolabelled species present in plasma. The fraction 

of non-NP associated radiolabel remained constant after in vivo administration. This 

suggests that the covalently bound radiolabel was stable over the course of the 

experiment and NPs remained intact in plasma.  

Accumulation of the 50 nm PSNPs in MDA MB-231/HAS3 tumours was subsequently 

studied and found to be dependent on the NP surface chemistry. Thus, the PEGylated 

NPs accumulated more efficiently into tumours when compared to non-PEGylated 

particles, likely reflecting the longer circulation time of these NPs [48, 49]. 

Depolymerisation of stromal HA with PEGPH20 resulted in a trend towards improved 

tumour uptake, however, no significance differences were detected, potentially due to 

relatively high inter-subject variability. The impact of PEGPH20 on tumour 

accumulation of polymeric NPs has not been described previously. However, 

enzymatic depolymerisation of HA via intratumoural injection of non-PEGylated 

human hyaluronidases has been shown to result in an ~2-fold increase in tumour 

accumulation of polymeric NPs [20, 50, 51]. These findings suggest that tumour 
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uptake of NPs can be enhanced by remodelling the tumour stroma using 

hyaluronidase. It is not clear why the results seen here with PEGPH20 were less 

effective, or at least more variable, than previous studies of local injection of 

hyaluronidase. The relatively large tumour size in the previously reported studies (> 

250 mm3) could have amplified the effects of hyaluronidase, as larger tumours contain 

relatively higher HA levels. Depletion of HA in larger tumours could therefore result in 

more pronounced effects on NP uptake [52]. Alternatively, the data may reflect 

different tumour models, or the attainment of lower tumour levels of hyaluronidase 

after IV administration of PEGPH20 compared to intratumoural injection of 

hyaluronidase. 

Depolymerisation of tumoural HA by PEGPH20 has been studied previously in various 

cancer models [23, 24, 35]. Consistent with these studies, a dose of 1 mg/kg 

PEGPH20 led to complete loss of HA from the tumour stroma. Partial reconstitution of 

HA was observed 72 h after PEGPH20 administration, reaffirming the suggestion that 

reduced levels of HA in the ECM are evident for only short periods, and that HA turn-

over rates are relatively rapid [23]. In contrast, collagen turn-over is much slower 

(years) and treatments that lead to modification in stromal collagen might therefore be 

expected to alter the ECM architecture for prolonged periods of time, potentially 

leading to toxicity and increased tumour progression [19, 53]. As such interventions 

that target HA levels are expected to have a greater safety margin than those that 

target collagen. Collagen content in tumours was therefore also examined here and 

quantified after thresholding and segmenting individual fibres [54]. This analysis 

revealed no significant differences in collagen density 96 h post administration of 

PEGPH20. As collagen turnover is slow, regeneration is unlikely over this timeframe 

suggesting limited effects of a single PEGPH20 dose on collagen structure [7]. The 

collagen density (as area fraction) observed here (approximately 4%) was consistent 

with previous studies where collagen content in a similar tumour xenograft model was 

between 4 and 6% [54]. To determine the effects of HA depolymerisation on blood 

vessel architecture, confocal images were analysed to assess the average inter-

vascular distance in the tumour. The average distance between blood vessels was 

20–21 µm, irrespective of pre-administration of PEGPH20. Measurement of an 

average inter-vascular distance provides perhaps the best overall indication of 
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structure, but is an approximation since blood vessels are not uniformly distributed in 

tumours and the distances between individual blood vessels can be highly variable, 

with hyper and hypo-vascularised areas depending on the area of the tumour. Hypoxia 

was also examined and in this case pre-administration of 1 mg/kg PEGPH20 was able 

to significantly reduce tumour hypoxia, presumably reflecting HA depolymerisation 

and a reduction in solid stress. Consistent with these data, a correlation between 

tumour HA content and hypoxia has been described before in multiple pre-clinical 

tumour models, including human xenografts, patient-derived xenografts and murine 

cancer models [55, 56]. In previous studies an inverse correlation was observed 

between blood vessel density and hypoxia, suggesting that normalisation of tumour 

blood vessels induced by hyaluronidase administration also relieved the hypoxic state 

of tumours [56]. In contrast, in the current studies no effects on tumour vascularisation 

were evident. Never the less, since hypoxia stimulates cancer cells to develop 

adaptive mechanisms that enable them to resist the cytotoxic effects of 

chemotherapeutics, reversal of hypoxia with PEGPH20 presents the opportunity to 

limit the development of drug-resistant cancer cells. 

Extravasation of NPs from the blood stream into a tumour mass is (ideally) followed 

by penetration of NPs into the tumour tissue. The degree of intratumoural penetration, 

however, is dependent on both the physicochemical properties of NPs and the 

characteristics of the TME [57]. Notably, penetration into the tumour is highly 

dependent on particle size, where smaller particles are typically able to penetrate 

deeper into tumour tissue than larger particles [4]. Stromal remodelling has therefore 

been suggested as a strategy to enhance intratumoural disposition of NPs. The data 

obtained here for the PSNPs suggest that the 50 nm PSNPs effectively penetrate up 

to 6-10 µm into the tumour mass from the vasculature, whereas extravasation and 

tumour penetration of the larger 200 nm PSNPs was low with most NP fluorescence 

being co-located with blood vessels. Intratumoural penetration of 6-10 µm for the 50 

nm particles is significant realising that the average distance between blood vessels 

was ~10 μm. The effect of particle size on intratumoural penetration has been 

described previously for a range of NPs. In general, smaller sized NPs penetrate more 

deeply into a tumour mass than larger NPs [4, 58, 59]. Tumour penetration distances 

have also been reported for NPs with different physicochemical properties including 



32 
 
 

spherical particles and polymer brushes, with diameters ranging between 25 and 200 

nm. Maximal diffusional distances were reported to be 4–10 µm [33], 25–42 µm [59], 

25–50 µm [36], 150 µm [60] up to 200 µm [61]. Our analysis suggests that some of 

these published diffusional distances may be overestimated since they are 

significantly greater than the average distance between blood vessels. This may 

reflect the fact that spatial analyses of particle diffusion are often calculated from 2D 

distance maps, neglecting blood vessels just above or below the plane of 

measurement and therefore overestimating distance travelled when compared to the 

3D analysis performed here [36].  

The data show that intratumoural penetration of 50 nm PSNPs was significantly 

enhanced up to 5 µm from the vasculature after stromal HA depolymerisation by 

PEGPH20. This highlights the potential to use this approach to maximise exposure of 

cancer cells in less well perfused regions of the tumour.  

No previous studies have examined the impact of PEGPH20 on tumour penetration of 

NPs. However, the current data are consistent with similar studies that have examined 

the effects of stromal HA depolymerisation using alternative strategies. For example, 

intratumoural administration of (ovine) hyaluronidase has been shown to reduce IFP 

and consequently increase uptake and penetration of 100 nm liposomal doxorubicin 

into an osteosarcoma xenograft [62]. In an alternate approach, a 90 nm polymeric NP 

with human recombinant hyaluronidase (rHuPH20) embedded in the NP shell, showed 

enhanced uptake and penetration into a 4T1 breast tumour compared to NPs without 

enzyme [50]. These studies are consistent with the data reported here and confirm 

that depolymerisation of HA is a potentially powerful way to improve intratumoural 

penetration of NPs.  

Conclusion 

The results of this study show that systemic administration of PEGPH20 is able to 

selectively depolymerise HA in the tumour ECM, sparing collagen and blood vessel 

structure, and increasing tumoural penetration of 50 nm PEGylated PSNPs. In 

contrast effects on larger PSNPs were limited and differences in systemic 

pharmacokinetics and biodistribution were small for all NPs examined.  
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Summary points 

• Polystyrene NPs (PSNPs) were radiolabelled with 3H-ethanolamine and 

PEGylated with Pluronic F127 

• Pharmacokinetic studies in rats confirmed that (50 nm) particles exhibit longer 

circulation times than comparator larger (200 nm) particles, and that PEGylated 

particles show prolonged exposure over non-PEGylated particles. 

• PEGPH20 pre-administration reduced plasma exposure of the smaller 50 nm 

PSNPs. The 200nm particles were not studied further since PEGylation had 

only a moderate effect on circulation time. 
• A single dose of 1 mg/kg PEGPH20 led to complete loss of HA from the tumour 

stroma 

• Depolymerisation of stromal HA with PEGPH20 resulted in a trend towards 

improved tumour uptake for 50 nm PSNPs, however, no significance 

differences were detected. 

• Intratumoural penetration of 50 nm PSNPs was significantly enhanced up to 5 

µm from the vasculature after stromal HA depolymerisation by PEGPH20. 

• Extravasation and tumour penetration of the larger 200 nm PSNPs was low with 

most NP fluorescence being co-located with blood vessels. Tumour penetration 

was not improved by PEGPH20 administration. 

• The data show that depolymerisation of HA is a potentially powerful way to 

improve intratumoural penetration of NPs and optimise access to poorly 

perfused cancer cells. 
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Figure/Table Legends 

Figure 1. Schematic of radiolabelling and PEGylation of carboxylated PSNPs and 

characterisation. (A) 3H ethanolamine was conjugated to the surface of the particles 

via a carbodiimide reaction. Particles were PEGylated via passive adsorption of 

Pluronic F127. Characterisation of radiolabelled and PEGylated PSNPs. (B) Zeta 

potential and (C) Particle size measurements via DLS (mean ± SD; n = 3). 

Figure 2. Pharmacokinetics and biodistribution of 3H labelled PSNPs in rats. Plasma 

concentration versus time profiles of 3H labelled (A) 50 nm and (B) 200 nm PSNPs 

following IV administration to rats. Biodistribution data of 3H labelled 50 nm PSNPs in 

major organs 24 h post NP dose (8 h for 50 nm COOH) with and without pre-

administration of PEGPH20. (C) Data as % injected dose per organ and (D) Data as % 

injected dose per tissue weight. Mean ± SEM; n = 3–4, * P < 0.05, **** P < 0.0001. 

Figure 3. Size exclusion chromatography profiles of 3H labelled 50 nm PSNPs. (A) In 

vitro (B) in plasma samples from rats at time-points 0, 8 and 24 h post IV dose.  

Figure 4. Biodistribution data of 3H labelled 50 nm PSNPs in tumour bearing mice 24 

h post NP dose with and without pre-administration of PEGPH20. Tumour 

accumulation on right y-axis. (A) As % injected dose per organ and (B) as % injected 

dose per tissue weight (mean ± SEM; n = 4–7). 

Figure 5. Administration of PEGPH20 depolymerises tumour HA, decreasing hypoxia. 

In contrast collagen architecture and vascularisation are unchanged. (A) 

Representative images of an orthotopic breast cancer (MDA MB-231/HAS3) xenograft 

treated with 1 mg/kg IV PEGPH20. Hyaluronan staining in green (HTI-601), nuclei in 

blue (DAPI) at 24 h and 72 h post PEGPH20 administration, scale bar is 50 µm. (B) 

Second harmonic generation imaging of collagen fibres in the presence or absence of 

1 mg/kg PEGPH20, 96 h post treatment. Collagen is shown in the forward signal in 

aqua, backward signal in purple. Scale bar represents 50 μm. Quantification of the 

collagen positive area revealed no changes in collagen architecture. (C) The 

representative image (tile scan) shows blood vessels (CD31, red) in a tumour section, 

including hypervascular areas (thick arrows) and hypovascular areas (narrow arrows). 

Intervascular distance was quantified and visualised. PEGPH20 had no impact on the 

average intervascular distance in tumour sections. Scale bar represents 100 μm. (D) 
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Hypoxia in tumour sections was reduced 24 h after 1 mg/kg IV PEGPH20 

administration. Hypoxic regions (Hypoxyprobe, green), blood vessels (CD31, red) and 

nuclei (DAPI, blue). Scale bar represents 100 μm. Data are presented as mean ± SEM; 

n = 3-6; * P < 0.05, **** P < 0.0001. 

Figure 6. Qualitative and semi-quantitative analysis of intratumoural distribution of 50 

and 200 nm F127 PSNPs in the absence or presence of PEGPH20. (A) 

Immunofluorescence imaging of tumour sections after IV administration of PSNPs. 

Tumour sections were stained for blood vessels (CD31, red) and show fluorescence 

of 50 nm (yellow) and 200 nm PSNPs (purple) and nuclei (Sytox Green, blue). A high 

co-localisation is observed between blood vessels and NP signal. Fluorescence of 50 

PSNPs shows a more diffuse signal in the tumour mass after PEGPH20 

administration. Scale bar represents 25 μm. (B) Intratumoural distribution plot for both 

PSNPs in the absence and presence of PEGPH20. Penetration of 50 nm PSNPs was 

significantly enhanced up to 5 μm from the vasculature and was unchanged for 200 

nm PSNPs. C) Semi-quantified fluorescence for tumour penetration for PSNPs in the 

absence or presence of PEGPH20. PEGPH20 pre-administration ~ doubled the 

intratumoural exposure of 50 nm PSNPs while no effect was observed for 200 nm 

PSNPs. Data are presented as mean ± SEM; n = 6 mice; * P < 0.05, **** P < 0.0001. 

Table 1. Calculated pharmacokinetic parameters and urinary recovery of PSNPs after 

IV administration to rats in the presence and absence of PEGPH20 (data normalised 

to 7 mg/kg) (mean ± SD.; n = 3–4); ** P < 0.01, *** P < 0.001 (50 F127 vs 50 F127 + 

PEGPH20) 
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