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Abstract: 27 

Understanding the effect of liposome size on tendency for accumulation in tumour tissue requires 28 
preparation of defined populations of different sized particles. However, controlling the size 29 
distributions without changing the lipid composition is difficult, and differences in compositions 30 
itself modify distribution behaviour. Here a commercial microfluidic format as well as traditional 31 
methods were used to prepare doxorubicin-loaded liposomes of different size distributions but with 32 
the same lipid composition, and drug retention, biodistribution and localization in tumour tissues 33 
were evaluated. The small (~50 nm diameter) liposomes prepared by microfluidics and large (~75 nm 34 
diameter) liposomes displayed similar drug retention in in vitro release studies, and similar 35 
biodistribution patterns in tumour-bearing mice. However, the extent of extravasation was clearly 36 
dependent on size of the liposomes, with the small liposomes showing tissue distribution beyond 37 
the vascular area compared to the large liposomes. The use of microfluidics to prepare smaller size 38 
distribution liposomes compared to sonication methods is demonstrated, and allowed preparation 39 
different size distribution drug carriers from the same lipid composition to enable new 40 
understanding of tissue distribution in compositionally consistent materials is demonstrated.  41 

42 
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Introduction: 43 

Conventional cancer chemotherapy with small molecule cytotoxic drugs has notable limitations, 44 
including severe dose limiting side effects brought about by the lack of tumour selective 45 
biodistribution and activity, rapid systemic clearance and the high potential for surviving cancer cells 46 
to develop multiple drug resistance. The discovery three decades ago that solid tumours exhibit 47 
enhanced permeation and retention (EPR) of nanosized particles as a result of the malformation of 48 
blood and lymphatic vessels therefore represented a turning point in cancer chemotherapy 49 
(reviewed in 1). The EPR effect relies upon the long circulation of nanomedicines to enable sufficient 50 
time for the escape of nanoparticles from the blood vessels in the tumour (termed ‘extravasation’). 51 
This is evidenced by a positive correlation between plasma half-life and the proportion of dose 52 
recovered in tumours in mice after 1-2 days2.  53 

The first chemotherapeutic nanomedicine to take advantage of the EPR effect was Doxil®/Caelyx®, a 54 
PEGylated liposomal formulation of doxorubicin (Dox). The liposomes are approximately 80-100 nm 55 
in diameter (in the current paper measuring  and display a plasma elimination half-life in humans of 56 
over 2 days. However, while nanoparticles and macromolecules effectively accumulate within 57 
tumours via EPR and show tumour selective biodistribution compared to control tissues (such as 58 
muscle), larger sized colloidal particles such as liposomes display limited convection from the site of 59 
extravasation within a tumour3. Chemotherapeutic liposomes are therefore highly effective at 60 
delivering its drug payload to cancer cells in the highly vascularised peritumoural region (the 61 
invasion front of the tumour), but is less effective at delivering drugs to cancer cells in the less well 62 
perfused, hypoxic regions4. This is due to a combination of the dense extracellular matrix of the 63 
tumour (composed of collagen and hyaluronan) which provides a physical barrier for tumour 64 
penetration, and high interstitial fluid pressure that provides an outward pressure gradient5.  65 

The limited delivery of nanomedicines to cancer cells located further from blood vessels presents 66 
further undesired consequences. Cancer cells in the more hypoxic regions of the tumour display 67 
slower proliferation rates. This makes them less vulnerable to DNA intercalating drugs and develop 68 
survival mechanisms that allow them to better resist the effect of chemotherapeutic drugs and 69 
radiation therapy compared to cells surrounding blood vessels6. These mechanisms include the 70 
downregulation of p53 that controls drug-mediated apoptosis and upregulation of p-glycoproteins 71 
that provide a major pathway for the efflux of many chemotherapeutic drugs6. Chemotherapeutic 72 
nanomedicines can therefore provide promising initial therapy, since cells in the well perfused 73 
regions of the tumour are destroyed, but the remaining drug resistant cells can later rapidly 74 
regenerate a drug-resistant tumour. These also often display a more invasive and metastatic 75 
phenotype than the initial tumour. 76 

There are a number of ways in which these limitations can be overcome, at least to some extent. 77 
Approaches such as the administration of VEGF and other factors to normalise tumoural blood 78 
vessel integrity and reduce interstitial fluid pressure (reviewed in1), or enzymes such as 79 
hyaluronidase or collagenase to weaken the tumours extracellular matrix have shown some 80 
promise7. Each of these approaches however, may come with some drawbacks, including limiting 81 
EPR and increasing tumour invasion and metastasis. Another approach is to use smaller 82 
nanomedicines that are sufficiently large to display prolonged systemic circulation (and therefore 83 
efficient EPR), but small enough to penetrate further into tumours to access cancer cells located 84 
further from blood vessels. Previous work by Cabral et al. demonstrated the effectiveness of this 85 
approach, by showing that 30 nm micelles distributed further into the tumour interstitium and 86 
displayed better chemotherapeutic efficacy than larger micelles3b. Micelles however, are limited as 87 
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drug delivery vehicles since they can only be used to formulate relatively hydrophobic drugs, while 88 
liposomes can be used to formulate both hydrophilic and hydrophobic drugs. Polymeric particles 89 
have enabled investigation of the size dependent distribution of particles in tumour tissues8, 90 
although the correlation to the behaviour of liposomes is not clear. There is therefore some 91 
advantage to exploring the potential for small sized liposomes (approx. 50 nm diameter) to 92 
overcome some of the limitations exhibited by existing liposome-based chemotherapeutics.  93 

The formulation of liposomes commonly employs techniques such as ultrasonication and extrusion.9  94 
For liposomal formulations such as Caelyx®, which are composed of long chain saturated 95 
phospholipids, these methods typically result in liposomes of 80 -100 nm in diameter. Alternatively, 96 
dilution of solvent-based precursor liquids can be used. Using egg lecithin, Batzri and Kom showed 97 
that the dissolution of lipids in ethanol, followed by rapid injection of the ethanol solution into a 98 
stirred buffer to precipitate the phospholipids, resulted in the formation of liposomes of comparable 99 
size to that formed from sonication.10 Zhigaltsev et al. extended this approach by using a microfluidic 100 
mixer,11 using unsaturated phospholipids to produce liposomes with an average diameter of 40 nm. 101 
It was also demonstrated that doxorubicin could be efficiently loaded and retained in the liposomes. 102 
However, it is also known that liposomes based on unsaturated phospholipids are less effective in 103 
retaining the encapsulated actives due to greater membrane fluidity. Consequently, Zhigaltsev et al. 104 
also showed that liposomes with diameter of approximately 57 nm could be formed using saturated 105 
lipids via the microfluidic approach, which is smaller than those in the commercial formulation 106 
(approx. 80 nm diameter).12 However, the drug delivery potential of the liposomes was not 107 
investigated. The microfluidic preparation of drug-loaded liposomes, and the versatility of the 108 
approach to tune liposome properties is an area of intense current research13. 109 

The aim of the present study was to firstly, determine the influence of the microfluidic mixing 110 
parameters on the resulting liposome size distribution, to determine the optimal conditions to 111 
produce small sized liposomes. The optimised preparation was then used to compare the in vitro 112 
and in vivo behaviour of large (100 nm) doxorubicin-loaded liposomes prepared using the 113 
conventional sonication approach to smaller DOX-loaded liposomes prepared using the microfluidic 114 
approach and the commercial formulation Caelyx®. The encapsulation efficiency, doxorubicin 115 
retention and release, biodistribution patterns after administration and tumour retention and 116 
permeation were all studied using a tumor xenograft model in mice to discriminate the impact of 117 
liposome size on drug delivery potential.  118 

119 
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Methods: 120 

Materials 121 

Hydrogenated soy L-α-phosphatidylcholine (HSPC, >99%), 1,2-dioleoyl-sn-glycero-3-phosphocholine 122 
(DOPC, >99%) and 1,2 distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene 123 
glycol)-2000] (DSPE-PEG2000, >99%) were purchased from Lipoid (Germany). L-α-dipalmitoyl [2-124 
palmitoyl-9,10-3H(N)] (3H-DPPC, 1 mCi/mmol) was obtained from American Radiolabelled Chemicals 125 
Inc (MO, USA). 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B 126 
sulfonyl) (ammonium salt) (16:0 Liss Rhod PE, >99%) and 1,2-dipalmitoyl-sn-glycero-3-127 
phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl) (ammonium salt) (16:0 NBD PE, >99%) 128 
were from Avanti Polar Lipids (Alabama, USA). Doxorubicin (as the HCl salt) was from Mesochem 129 
Technology (Beijing, China, 99%). RPMI cell culture medium , fetal bovine serum (FBS, GMP quality), 130 
HPLC grade acetonitrile (Reag. Ph Eur), sodium-1-heptanesulfonic acid (>98%) and Triton-X100 131 
(>97%) were purchased from Sigma (NSW, Australia). Glutamax, penicillin/streptomycin, Matrigel 132 
Hank’s balanced salt solution (HBSS, Ca2+/Mg2+ free) and 0.05% trypsin-EDTA were from Invitrogen 133 
(Vic, Australia). Illustra G25 microspin columns were purchased from GE Healthcare (NSW, Australia). 134 
Tissue TEK OCT was from Sakura Finetek (CA, USA). Soluene tissue solubiliser and IRGA-Safe 135 
scintillation cocktail were purchased from Perkin Elmer (WA, Australia). Sterile saline was from 136 
Baxter Healthcare (NSW, Australia). All other reagents were AR grade. The commercial formulation 137 
Caelyx® was donated by the Alfred Hospital (Victoria, Australia).  138 

Synthesis of liposomes 139 

HSPC, cholesterol and DSPE-PEG2000 at a mole ratio of 10:7:114 were weighed into a glass vial and 140 
dissolved in chloroform. For radiolabelled liposomes, a trace amount (5 Ci/mL) of 3H-DPPC was also 141 
added. For fluorescent-labelled liposomes, 16:0 Liss Rhod PE or 16:0 NBD PE was added to the 142 
chloroform solution. The total mole fraction of fluorescent-tagged lipid in total lipid was 1%. After 143 
full dissolution of the lipid mixture, chloroform was removed using a vacuum oven at 50 C. The 144 
resulting lipid cake was frozen until required. 145 

For the formation of large liposomes, the dried lipid cake was immersed in 4% w/v ammonium 146 
sulfate and sonicated using a probe ultrasonicator (Misonix S4000) at 25% of max setting, in pulse-147 
mode of 1 sec on and off, for 10 min at ambient temperature. The translucent appearance of the 148 
dispersion indicated the formation liposomes.  149 

For the formation of small liposomes, the dried lipid cake was dissolved in ethanol at 65 C and was 150 
mixed with 4% w/v ammonium sulfate solution using a microfluidic mixer (NanoAssemblr, Precision 151 
Nanosystems, Vancouver, BC). The influence of the mixing parameters on the resulting liposome size 152 
distribution was investigated to determine the optimal conditions to produce small sized liposomes, 153 
using the software in the NanoAssemblr equipment to control the flow rate and flow ratios f the 154 
incoming organic and aqueous streams. The optimised conditions were then used to make 155 
liposomes for consequent in vitro and in vivo studies (flow rate ratio of 9:1 aqueous/ethanol and a 156 
combined total flow rate of 10 mL/min). The resulting dispersion with 2 mg/mL HSPC was 157 
immediately diluted with 4% w/v ammonium sulfate to reduce the ethanol concentration to ~0.5% 158 
w/v. The dispersion was concentrated by pressure ultrafiltration with an Amicon 8050 pressure 159 
ultrafiltration cell fitted with a Millipore Ultracel® PL-30 membrane until an HSPC concentration of 160 
~10 mg/ml was achieved. 161 
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For both large and small liposomes, the extra-vesicular ammonium sulfate was replaced with PBS 162 
(pH 7.4) using pressure ultrafiltration. The final concentration of HSPC was approximately 15 mg/mL. 163 
The liposomes were stored at 4 C until required. 164 

Loading of doxorubicin (Dox) 165 

Doxorubicin powder was dissolved in saline and added to the liposomes at a drug to HSPC molar 166 
ratio of 0.3:1. The mixture was incubated at 60 C for 45 min.  167 

Size measurement 168 

The size distribution of the liposomes was measured by dynamic light scattering (DLS) using a 169 
Malvern Zetasizer Nano ZS (Malvern Instruments, UK) at 37 C. The samples were measured without 170 
further dilution at each step of the manufacturing process. Three measurements were collected for 171 
each sample.  172 

Encapsulation efficiency 173 

An aliquot of freshly prepared, loaded liposomes (200 µL) was transferred to a PD10 size exclusion 174 
columns and eluted with saline to separate free from trapped doxorubicin to determine the 175 
encapsulated fraction. To release drug from the core of the liposomes, each fraction eluted from the 176 
column was spiked with 4% Triton X-100 solution, such that each sample would contain 50% v/v of 177 
the Triton solution, and the concentration of doxorubicin determined as described below. 178 

In vitro release of Dox from small and large liposomes 179 

The effect of liposome size on drug release was determined when stored as either the 2 mg/mL Dox 180 
at 4 °C, or when exposed to physiological temperatures (37 °C). The liposomes were incubated at the 181 
relevant total Dox concentrations and assayed for free and encapsulated Dox over time. Liposome-182 
encapsulated and free Dox were separated using Illustra MicroSpin G25 size exclusion columns.  183 

To compare Dox release from the liposomes at 4 °C (long term storage conditions), small and large 184 
liposomes were prepared in triplicate at 2 mg/mL Dox equivalents (equivalent to the concentration 185 
of Dox in the clinical Caelyx® formulation) in 50 mM PBS (pH 7.4) to give a total volume of 1 mL. 186 
Immediately after, 5 μl aliquots of each liposome solution (in triplicate) were collected and diluted 187 
further to 500 μl in PBS. The remainder of the liposome solutions were stored in the dark at 4 °C. 188 
Further 5 μL aliquots were taken 1, 2 and 3 weeks later. Immediately after collection, 50 μL aliquots 189 
of the diluted samples were applied to the top of pre-conditioned Illustra MicroSpin G25 columns as 190 
described previously15 and centrifuged at 750xg for 2 mins to elute intact liposomes. MilliQ water 191 
(200 μL) was then applied to the top of the column and centrifuged again to elute any remaining 192 
liposome. Free Dox was then eluted from the column by applying 2 X aliquots of acidified 25% v/v 193 
acetonitrile in water (300 μL, adjusted to approx. pH 4 with HCl) followed by centrifugation. The 194 
pooled fractions of liposome and free Dox were then stored at -20 °C until further analysis. 195 

The release of Dox from the small and large liposomes as well as Caelyx®, was evaluated upon 196 
dilution at two concentrations that represented the upper and lower end of clinically relevant 197 
plasma concentrations (20 μg/mL and 2 μg/mL respectively), at 37 °C. The three liposome 198 
formulations were diluted in PBS to these concentrations in triplicate (1 mL volume in Eppendorf 199 
tubes) and incubated in the dark in a 37 °C water bath for 7 days. Aliquots (50 μL) were collected 200 
from each Eppendorf tube immediately after dilution (day 0) and 1, 3 and 7 days later and applied 201 
directly to the top of a reconditioned MicroSpin column as described above. Liposome-encapsulated 202 
and free Dox were then separately eluted from the column and stored at -20 °C for later analysis. 203 
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Sample preparation and HPLC assay for doxorubicin 204 

Release experiments – Prior to extracting Dox from liposomes for HPLC analysis of loaded vs free 205 
Dox, all samples collected from the above experiments were initially thawed and dried at 60 °C 206 
under a stream of nitrogen gas to reduce the aqueous volume. Liposome pellets obtained above 207 
were disrupted using a previously described protocol15. Briefly, 650 μL isopropanol containing 1 mM 208 
HCl and 1% v/v Triton-X100 was added to the dried liposome pellets and incubated overnight at -20 209 
°C. Samples were then dried at 60 °C under nitrogen. All dried Dox-containing samples were then 210 
reconstituted in 200-2000 μL mobile phase A (see below) to bring the Dox concentrations to within 211 
the validated standard curve range (15.6 – 1000 ng/mL).  212 

HPLC assay – Dox was assayed using a previously published procedure and was revalidated for the 213 
liposomes explored here. Briefly, the HPLC system consisted of a Waters Alliance 3 HPLC (MA, USA) 214 
with a Nucleosil C18 AB column (125 × 14 mm, 100 Å pore size, 5 μm particle size; Machery-Nagel, 215 
Duren, Germany) equipped with a C18 AB guard column (8 × 3 mm, 100 Å pore size, 5 μm particle 216 
size; Machery-Nagel). Dox samples or standards (50 μL) were eluted from the column at 1.4 mL/min 217 
using a gradient elution profile (described in15) consisting of mobile phase A (15% v/v acetonitrile, 218 
0.2% w/v heptane sulfonic acid and 0.04% formic acid) and mobile phase B (100% acetonitrile). The 219 
standard curve for Dox (15.6 to 1000 ng/mL) was prepared as described above for the samples (by 220 
running standard samples across MicroSpin columns followed by further treatment) to take into 221 
account sample extraction efficiency. 222 

Animals 223 

Female BALB/C nude mice (8 weeks) were obtained from the Animal Resources centre (WA, 224 
Australia) and were provided standard rodent pellets and water ad libitum. Mice were housed on a 225 
12 hour light/dark cycle in a temperature (21-22 °C) controlled environment. Animal experiments 226 
were approved by the institutional Animal Ethics Committee (Approval number MIPS.2015.13(LISA 227 
KAMINSKAS) “Tumour biodistribution of small and large liposomes”.) 228 

Cell culture and induction of solid mammary tumours 229 

MDA-MB231 human breast carcinoma cells were obtained from ATCC (VA, USA) and tested negative 230 
for mycoplasma. Cells were maintained in RPMI cell culture medium containing 10% FBS, 2 mM 231 
glutamine (as Glutamax) and 1% penicillin/streptomycin and were passaged twice per week via 232 
trypsin-EDTA digestion. 233 

Solid mammary tumours were induced via injection of 3 X 106 cells (in 50 μL 1:1 HBSS : Matrigel) into 234 
the 4th right mammary fat using a 25G needle. Animals were monitored daily for wellbeing and 235 
tumour volume was measured every 2 days with callipers. In all cases, tumours were grown to ~100 236 
mm3 prior to injection of liposomes. 237 

Evaluation of tumour biodistribution of small and large liposomes 238 

Once tumours reached 100 mm3, 2 mg/kg of 3H-labelled, Dox-loaded liposomes were injected via a 239 
lateral tail vein (in 50 μl PBS) to 8 mice per liposome.  Mice were then euthanised 1 or 4 days later (4 240 
mice per group per day) and the tumour, liver, spleen, heart, kidneys and pancreas were collected 241 
along with samples of left thigh muscle, abdominal fat and blood (via cardiac puncture). Samples 242 
were then assayed for 3H biodistribution via scintillation counting as described previously.16 243 

Evaluation of tumour penetration of small and large liposomes 244 
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To evaluate whether small and large liposomes displayed differences in their ability to convect away 245 
from the site of extravasation within tumours and access cancer cells further away from blood 246 
capillaries, both small and large liposomes (not containing Dox) were prepared with NBD and 247 
rhodamine-labelled phospholipids to visualise the deposition of the liposomes within excised 248 
tumours. Dox was not incorporated into the liposomes because this would interfere with fluorescent 249 
imaging. Once tumours reached 100 mm3, one mouse was injected with NBD-labelled small 250 
liposome (50 μl, 1 mg/mg) plus rhodamine-labelled large liposome (50 μl, 1 mg/kg) via a lateral tail 251 
vein and another mouse was injected with rhodamine-labelled small liposome (50 μl, 1 mg/kg) plus 252 
NBD-labelled large liposome (50 μl, 1 mg/kg). After 24 h, mice were killed and tumours excised and 253 
soaked in 3% paraformaldehyde in PBS at 4 °C overnight. The next day, formalin was replaced with 254 
cold 30% sucrose in PBS. Tumours were then mounted with Tissue TEK OCT, snap frozen on dry ice 255 
and stored at -80 °C until cryosectioning. Tumours were later sectioned at -20 °C (10 μm slices) onto 256 
microscope slides and stained for nuclei and blood vessels using DAPI and rat anti-CD31 respectively 257 
as described previously17. Sections were then imaged on a Leica SP8 confocal microscope 258 
(Mannheim, Germany) with a 63x 1.4NA oil immersion objective. DAPI was imaged at ex/em 259 
wavelength of 405/415-500 nm, Alexa-647 at 633/650-775 nm, rhodamine at 561/590-640 nm and 260 
NBD at 488/510-545 nm. Images of the captured data were generated using either the Fiji 261 
distribution of ImageJ18 or Imaris v8.3.1 (Bitplane, Switzerland). 262 

Statistics 263 

Biodistribution data for the small and large liposomes at 1 and 4 days, and between the small and 264 
large liposome at 1 and 4 days were compared via unpaired Student’s t-test, where significance was 265 
determined as p<0.05. 266 

 267 

Results: 268 

Effects of microfluidics processing parameters on liposome size 269 

The change in size of liposomes with variation in total flow rate and flow rate ratio is shown in Figure 270 
1. At flow rate ratio of 9:1 for aqueous/ethanol channels, increasing the total flow rate from 5 271 
mL/min to 10 mL/min provided a reduction in the average size of the liposomes and the width of the 272 
size distribution, represented by the polydispersity index (PDI). However, further increases in the 273 
total flow rate induced an increase in PDI while the particle size remained relatively unchanged 274 
(Figure 1A).  275 

If the total flow rate was maintained at 10 mL/min, increasing the flow rate ratio for the 276 
aqueous/ethanol channels from 3:1 to 9:1 provided a reduction in size down to close to 50 nm, and 277 
PDI <0.2. Further increasing the flow rate ratio to 1:12 induced an increase in PDI with minimal 278 
change in the average liposome size (Figure 1B). Therefore, for ‘small’ liposomes a flow rate of 10 279 
mg/mL and aqueous:ethanol ratio of 9:1 were selected as the optimal parameters. 280 

 281 
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 282 

Figure 1 - Particle size (closed symbols) and PDI (open symbols) for HSPC/Chol/DSPE-PEG2000 283 
liposomes with increasing total flow rate (A) and flow rate ratio of the aqueous/ethanol channel (B). 284 
Results are the mean of triplicate measurements ± SD. 285 

Characterisation of ‘small’ and ‘large’ liposomes for in vivo studies 286 

The size characteristics of ‘small’ liposomes during the progressive steps of synthesis and Dox-287 
loading were evaluated and are summarised in Table 1. For the small liposomes produced using the 288 
microfluidic approach, the average size and PDI remained constant throughout the manufacturing 289 
process at approximately 50 nm. The Dox-loaded small liposomes showed a slightly higher (50.6 nm) 290 
but not significant particle size and PDI compared to concentrated, unloaded liposomes (48.7 nm).  291 

For the larger liposomes produced using the ultrasonication approach, the size characteristics of the 292 
particles remained stable during the manufacturing process. The loading of the doxorubicin again 293 
had minimal impact on size. The particle size by number of the liposomes made by ultrasonication 294 
were comparable with the commercial product Caelyx®.  295 

Table 1. Size characteristics of HSPC/Chol/DSPE-PEG2000 liposomes during the preparation process 296 
using microfluidic and ultrasonication approaches compared to the commercial standard Caelyx®®. 297 
Results are mean of triplicate samples (SD). 298 

    Particle diameter (nm) PDI 
Microfluidic preparation (‘small’ liposomes)   
 Initial 53.8 (2.8) 0.05 (0.01) 
 Ethanol removed 49.7 (1.3) 0.07 (0.01) 
 PBS exchanged 49.2 (0.7) 0.07 (0.01) 
 Concentrated 48.7 (0.5) 0.19 (0.01) 
 Dox-loaded 50.6 (2.6) 0.37 (0.01) 
 3H-tagged Dox-loaded 49.3 (0.8) 0.12 (0.02) 
 Rhodamine-tagged blank 45.1 (1.8) 0.14 (0.01) 
 NBD-tagged blank 50.3 (0.9) 0.16 (0.02) 
    

Ultrasonication preparation (‘large liposomes’)   
 Initial 71.2 (8.3) 0.17 (0.01) 
 PBS exchanged 73.7 (3.1) 0.20 (0.01) 
 Concentrated 74.6 (4.6) 0.23 (0.01) 
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 Dox-loaded 73.8 (4.5) 0.15 (0.01) 
 3H-tagged + Dox loaded 74.8 (0.8) 0.21 (0.01) 
 Rhodamine-tagged blank 73.7 (1.5) 0.14 (0.01) 
 NBD-tagged blank 64.9 (3.4) 0.16 (0.01) 
    

Commercial Caelyx® liposomes 69.5 (4.8) 0.07 (0.01) 
 299 

Encapsulation efficiency of Dox into large and small liposomes 300 

The encapsulation efficiency of doxorubicin at 2 mg/mL into small liposomes was 80.45 ± 0.194%, 301 
while for the large liposomes it was 83.65 ± 0.65%. 302 
 303 

In vitro release of Dox from liposomes 304 

The dilution of all liposome formulations to within clinically relevant plasma concentrations (2-20 305 
μg/mL) in PBS resulted in the immediate release of approximately 20-30% of Dox (Figure 2). Less 306 
than 10% of the loaded Dox was released over the subsequent 7 days at 37 °C (Figure 2A and B) or 307 
during extended storage at 4 °C over 3 weeks (Figure 2C). The rates of release of Dox did not differ 308 
significantly between the formulations over these time frames, suggesting that the small and large 309 
liposomes prepared have comparable drug retention properties to Caelyx®.  310 
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 311 

Figure 2 - Proportion of loaded doxorubicin (Dox) released from the liposomes over time when (A) 312 
20 μg/mL Dox equivalents were incubated at 37 °C, (B) 2 μg/mL Dox equivalents were incubated at 313 
37 °C and (C) 2 mg/mL Dox equivalents were incubated at 4 °C. Data are represented as mean ± s.d. 314 
(n=3). (SDs are included as error bars for all points – some are obscured by the data points indicating 315 
the small distribution about the mean value). 316 

Biodistribution of small and large liposomes after administration 317 

The biodistribution of a single IV dose of both small and large liposomes was determined and 318 
accumulation in the tumour tissue was evident at approximately 5-6% dose/g of tissue on Day 1. 319 
Both sized liposomes displayed higher accumulation of the administered dose in tumours at Days 1 320 
and 4 compared to ‘control’ tissues (such as muscle, fat, heart and pancreas) consistent with the 321 
occurrence of selective extravasation into tumour tissue via the EPR effect. On Day 4, the proportion 322 
of the dose of the small liposomes remaining in all organs was significantly lower than on Day 1 (with 323 
the exception of fat). In contrast, the biodistribution of the large liposomes was not significantly 324 
different between Days 1 and 4, although a reduction in the proportion of the dose retained in all 325 
organs was apparent. Together with the observation that levels of the large liposome in the fat, 326 
heart, liver and blood after 4 days were significantly lower compared to the smaller liposome, the 327 
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results suggest that while the initial tumour biodistribution of small and large liposomes are similar, 328 
small liposomes are generally cleared more rapidly from blood and organs than larger ones. 329 
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 330 

Figure 3 - Tumour and organ biodistribution of 3H-labelled doxorubicin-loaded small (Panel A) and 331 
large (Panel B) liposomes on Days 1 and 4 after single IV administration on Day 0 to female nude 332 
mice bearing solid mammary MDA MB231 tumours. * Represents p<0.05 cf. Day 1 biodistribution 333 
data; # Represents p<0.05 cf. corresponding biodistribution data for the small liposome. Data 334 
represents mean ± s.d. (n=4). 335 

Tumour penetration of small and large liposomes 336 

The hypothesis that small liposomes will penetrate further away from the site of extravasation into 337 
tumour tissue than the large liposomes was evaluated by comparing images from tumour sections 338 
after co-administration of the two different sized liposomes via IV injection. At Day 1 after 339 
administration of lissamine rhodamine-labelled large liposomes and NBD-labelled small liposomes, 340 
large liposomes were seen exclusively within and around the blood vessels, while small liposomes 341 
were clearly seen to have escaped the blood vessels and penetrated into the surrounding tumour 342 
tissue (Figure 4). The result was then confirmed, and any impact of fluorescent label removed, by 343 
imaging the tissue in a second mouse that was injected with lissamine-rhodamine-labelled small 344 
liposomes and NBD-labelled large liposomes, i.e. with the labels on the opposite sized liposomes 345 
(Figure 4). Images collected from the second tumour section confirmed that the small liposomes had 346 
selectively distributed away from the blood vessels.  347 

 348 
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 349 

Figure 4 - Maximum intensity projection confocal image (A-E) and 3D surface render (F) of tumour 350 
tissue at 24 h after administration of lissamine-rhodamine and NBD-labelled liposomes. Confocal 351 
fluorescent images of tumour tissue removed 24 h after IV dosing of lissamine-rhodamine labelled 352 
large liposomes and NBD-labelled small liposomes. The tumour section (10 μm thick) was stained 353 
with DAPI to highlight nuclei A) and rat-anti CD31 followed by Alexa-647 anti-rat to stain blood 354 
vessels (B). Smaller sized liposomes labelled with NBD can be seen outside the vasculature (D) while 355 
larger sized liposomes remain trapped inside the vasculature (E). This can be easily seen in the 356 
combined protection image (C) with nuclei in blue, blood vasculature in magenta, small liposomes in 357 
green and large liposomes in red. A 3D render (F) shows the larger particles (red) clearly trapped 358 
inside the vasculature (magenta). Scale bar and grid both represent 10 µm, dashed lines represent 359 
the border of the blood vessels. 360 

 361 

Discussion 362 

The benefits of delivery of chemotherapeutics by nano-sized drug carriers is an area of much 363 
debate19 and a better understanding of possible mechanisms and opportunities to enhance tumour 364 
selective uptake could provide clues to obtaining more clinically significant delivery outcomes.  365 

Advances in approaches to the preparation of liposomes has provided new opportunities to tune 366 
part size distributions and resulting behaviour. Traditionally, liposomes have been prepared almost 367 
exclusively using the dry film method, followed by hydration and size reduction by sonication, high-368 
pressure homogenization or extrusion. While reliable, the high-energy sonication and high-pressure 369 
homogenization approaches typically do not allow the preparation of well defined by different size 370 
distributions for the same lipid composition. They also require large volume preparation; expose 371 
labile compounds to potential degradation due to high local temperatures, and exposure to 372 
materials or surfaces that may contaminate the final product. Extrusion also results in a fixed size 373 
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dictated by the membrane, which only come in ‘digital’ formats, and are not amenable for accessing 374 
specific size distributions by tuning the process. All are batch methodologies.  375 

More recently microfluidic approaches have been introduced that provide essentially an infinitely 376 
versatile process in terms of tuning of process variables13b, and can now go beyond the very small 377 
volume research formats to produce liposomes in a scalable manner at quantities that would be 378 
commercially viable13c. Understanding the variables that impact resulting size distribution is still 379 
critical, but is also straight-forward in this format. In this paper we have taken this approach and 380 
shown how very small particle size distributions can be obtained for liposomes using the microfluidic 381 
approach compared to sonication for the same lipid composition, for discrimination between the 382 
behaviour of ‘large’ and ‘small’ liposomes in vivo. We have also demonstrated how tuning the 383 
processing parameters can modulate the size distribution. The size distributions achieved in this 384 
work are similar to that reported in similar studies where the liposomes did not contain PEGylated 385 
phospholipid components 13b. 386 

In systemic drug delivery applications, liposomes are used to advantage to modify the 387 
pharmacokinetic profiles of small molecule drugs that would otherwise be rapidly eliminated from 388 
the body through metabolism and or renal filtration. By carrying the hydrophilic cargo in the 389 
aqueous core (in some cases in a crystallised solid form) the drug adopts the biodistribution pattern 390 
of the liposome. However, not all liposomes are equal; characteristics such as their size, flexibility of 391 
the membrane, and their surface chemistry can all be a determinant in their ultimate patterns of 392 
biodistribution. The long circulation required for access to tumour tissues through the gaps in the 393 
tumour vascular endothelium has been commonly achieved using poly-ethylene glycol surface 394 
modification, since the absence of PEG leads to rapid and complete removal in a matter of minutes 395 
from the general circulation, primarily by the liver and spleen within minutes of administration.  396 

The dependence of size on biodistribution is less well understood. For a given preparation 397 
technique, changing the size of liposomes usually requires a change in lipid composition, to allow a 398 
more flexible membrane for the formation of smaller liposomes. The method of determination of 399 
particle size also leads to differences between systems of apparently similar mean particle size. In 400 
contrast, in this study, the composition was kept the same but different methods were used to 401 
prepare the large and small liposomes allowing some conclusions to be drawn on these differences. 402 

Overall the general biodistribution and quantitative tumour accumulation were similar between the 403 
two quite different size distributions. There is still uncertainty in the literature around the cut off size 404 
for true tumour penetration and as mentioned above there is always a distribution of sizes around a 405 
mean. It is known that nanoparticles with sizes smaller than 100 nm can passively target tumour due 406 
to the enhanced permeation and retention (EPR) effect.20 This would appear consistent with the 407 
microscopy images in Figure 4 which indicate enhanced extravasation for the small liposomes, but 408 
retention in vasculature for the larger liposomes. Therefore a nominal cutoff of 100 nm reported by 409 
previous studies is supported, although some of the particles in our ‘large’ liposome distribution 410 
would have smaller diameters, possibly below this threshold leading to the accumulation seen in the 411 
biodistribution studies. Several studies have also shown that polymer and gold-based nanoparticles 412 
of 50 nm or smaller have greater uptake and permeability in tumour tissues while larger 413 
nanoparticles localised entirely around the tumour vasculature.21 The data presented here would 414 
indicate much larger particles than 100 nm would be required for complete exclusion.  415 

Overall, our studies support the aim of generating small liposomes, which can be achieved through 416 
the choice of method, not necessarily requiring a change in lipid composition, in order to achieve 417 
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improved tumor uptake via the EPR effect. The small size of the liposomes did not jeopardise loading 418 
or release behaviour, performing essentially the same as the large liposomes in this regard. New 419 
microfluidics bottom-up approaches are enabling access to small and more uniform particle size 420 
distributions which indicate a positive way forward for improving the understanding of determinants 421 
tumor uptake and ultimately cancer treatment or indeed treatment of other diseases requiring an 422 
EPR-like effect for colloidal nanomedicines 22. 423 

 424 

Conclusion 425 

Liposomes were able to be prepared in a small (50 nm) and large (70 nm) distribution with the same 426 
lipid composition, enabling comparison of loading and release, biodistribution and tumor uptake and 427 
localization. The loading and release characteristics of the two types of liposomes were very similar, 428 
and the small population did not exhibit faster release kinetics for incorporated doxorubicin. The 429 
biodistribution patterns for the liposomes were similar, although increased accumulation in the liver, 430 
lungs and spleen was apparent for the larger liposomes, which may be more readily recognised by 431 
the mononuclear phagocytic system. The distribution to the tumor tissues was not different, 432 
however, clear differences in localization between the vasculature and extravasculature regions 433 
were evident on studying of tumor sections, indicating an increase propensity for the small 434 
liposomes to escape the vasculature more readily than large liposomes of equivalent composition, 435 
consistent with the EPR effect. 436 
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