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Abstract 19 

Extensive research has been undertaken to investigate the effect of liposome size in vitro and in vivo. 20 

However, it is often difficult to generate liposomes in different size ranges that offer similar low 21 

polydispersity and lamellarity. Conventional methods used in the preparation of liposomes, such as 22 

lipid film hydration or reverse phase evaporation, generally give rise to liposomal suspensions 23 

displaying broad, multimodal size distribution combined with uncontrolled degree of lamellarity. In 24 

contrast, microfluidics allows highly homogeneous liposome dispersions to be produced and 25 

adjustment of microfluidic operating parameters (flow rate ratio (FRR) and total flow rate (TFR)) can 26 

offer size-tuning of liposomes (up to 300 nm, depending on the formulation). Herein, we demonstrate 27 

a novel method which allows the production of highly monodisperse, cationic liposomes over a wide 28 

particle size range (up to 750 nm in size). This is achieved through controlling the concentration of the 29 

aqueous buffer during production. Using this method, liposomes composed of 1,2-dioleoyl-sn-3-30 

phosphoethanolamine (DOPE) and 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP) or 31 

dimethyldioctadecylammonium (DDA) – DOPE:DOTAP and DOPE:DDA liposomes – of up to 750 nm 32 

were prepared and investigated. Investigating these formulations in vitro demonstrates that cellular 33 

uptake of small (40 nm) and large (>500 nm) liposomes in bone marrow-derived macrophages 34 

(BMDM) is similar terms of percentage of liposome+ cells and mean fluorescence intensity (MFI). 35 

However, significant differences are observed in BMDM uptake when represented in terms of number 36 

of liposomes, liposome surface area or liposome internal volume. In vivo biodistribution studies in 37 

mice show that by creating small (<50 nm) liposomes we can modify the clearance rates of these 38 

liposomes from the injection site and increase accumulation to the draining lymphatics.   39 
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Introduction 40 

Since their discovery in 1965 [1], liposomes are widely reported for their use as drug delivery systems 41 

and, more recently, in their use for delivery of sub-unit [2] and nucleic acid based vaccines [3, 4]. 42 

Commonly, liposomes are produced by the lipid film hydration method developed by Bangham [1]. 43 

This method gives rise to multilamellar vesicles (MLVs) of several hundred nanometers in size with a 44 

broad size distribution. Because it is based on the macroscopic mixing of organic and aqueous phases, 45 

it also offers poor batch-to-batch reproducibility. Consequently, size reduction techniques (e.g. 46 

extrusion or probe sonication) are often required. Although homogeneous liposome dispersions with 47 

relatively narrow size distribution can be obtained, scaling-up these methods can be challenging. 48 

Furthermore, to achieve a homogeneous liposome suspension, generally particle size reduction to 49 

below 100 nm is required, and it is difficult to form homogenous populations of larger liposome 50 

systems using these methods. Ethanol injection is another popular technique for producing large 51 

unilamellar liposomes that consists of rapidly injecting an ethanol solution containing lipids into an 52 

aqueous phase [5]. However, this method is not easy to translate to large scale and is more commonly 53 

used for the production of small unilamellar vesicles (SUV).  54 

In contrast to these methods, microfluidic-based techniques not only enable reliable laminar flow 55 

dynamics [6] and thus robust liposome formulation, but also ease of scale-up [7]. Moreover, 56 

microfluidic-based techniques promote effective incorporation of both hydrophilic and hydrophobic 57 

drugs simultaneously, with higher encapsulation efficiencies compared to conventional techniques 58 

[8]. A range of studies has been undertaken to understand how the microfluidics operating parameters 59 

affect the physicochemical attributes of liposomes, especially size and size distribution. These 60 

parameters usually include aqueous:organic flow rate ratio (FRR), total flow rate (TFR) and lipid 61 

concentration. However, other variables should be taken into consideration, including micromixer 62 

design (geometry, microchannel size, orientation of inlet channels) and liposome composition. For 63 

example, Jahn et al. made use of microfluidic hydrodynamic focusing (MHF) cartridges of 10 and 65 64 

µm width to demonstrate that the combination of micromixer geometry and hydrodynamic flow 65 

focusing regime had an impact on liposome size [9]. Based on current research, FRR is one of the most 66 

important parameters to consider when formulating liposomes by microfluidics [10]. Indeed, liposome 67 

formation in the micromixer is promoted by the mixing between organic and aqueous phases, which 68 

makes the lipids nanoprecipitate and self-assemble into planar lipid bilayers, which bend to reduce 69 

contact of the hydrophobic acyl chains of the lipids with the water phase, and eventually close into 70 

spherical vesicles. The higher the FRR, the more rapidly the concentration of alcohol will decrease and 71 

the less the time for lipids discs to stabilize. Therefore, smaller liposomes are expected at increasing 72 

FRR [10]. The same trend was observed by Jahn et al. in their studies [9, 11]. On the other hand, TFR 73 
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has been reported to have little to no effect on liposome size [8, 12-14].  However, current research 74 

with microfluidics have demonstrated the ability to produce small homogeneous unilamellar vesicle 75 

systems and the methodology has not been exploited to consider larger liposomal systems.  76 

As first described by Israelachvili [15], the geometry in which lipids self-assemble is given by the critical 77 

packing parameter of the lipids (PC). PC is defined as v/a0∙lc, where a0 is the effective area of the head 78 

group, lc is the length of the alkyl chain and v is the alky chain volume. Therefore, PC can be used to 79 

predict what structural aggregates the lipids will form [16]. For PC ≤ 1, lamellar (Lα) phases are formed, 80 

including spherical micelles (PC < 0.3), worm-like micelles (PC = 1/3 – 1/2), vesicles (PC = 1/2 – 1) and 81 

planar bilayers (PC   ̴ 1), For PC > 1, inverted hexagonal (HII) and cubic phases (QII) appear. For charged 82 

lipids, the presence of electrolytes can potentially reduce the repulsion among lipid head groups, 83 

reducing a0 and consequently increasing PC. From this point of view, we have investigated the use of 84 

microfluidics to produce liposomes in a range of sizes (40 – 750 nm) and we hypothesized that 85 

increasing the ionic strength of the aqueous phase (i.e. buffer concentration) used in microfluidics 86 

could increase lipid PC enough to form cationic large unilamellar liposomes but not enough to induce 87 

a negative curvature and the consequent formation of non-liposomal self-assemblies such as 88 

cubosomes. 89 

The ability to produce size-tuned liposomes over a large size range can provide new opportunities to 90 

investigate and exploit liposomal drug delivery systems given their suitability as drug and vaccine 91 

delivery systems is heavily dependent on their physicochemical properties, including surface charge 92 

[17], size [18, 19], hydrophobicity/hydrophilicity [20] and lamellarity [21]. In particular, both the 93 

liposome size and surface charge are recognised as important parameters that can influence their 94 

cellular uptake and biodistribution. However, there remains a lack of clarity when considering the role 95 

of size coupled with charge in relation to the function of liposomal systems and current manufacturing 96 

methods have limited our ability to effectively explore this issue. For example, a relationship between 97 

in vitro cellular uptake and liposome surface charge has been shown, with charged (anionic and 98 

cationic) liposomes being better internalized than neutral ones [22, 23]. Additionally, increasing 99 

percentages of charged lipid within the formulation enhances cellular uptake [24, 25]. It has been also 100 

reported that increasing the size of anionic liposomes from 80 nm up to 600 nm initially increases 101 

cellular uptake but by 48 h uptake was similar across all size ranges [22] In contrast, studies using 102 

neutral liposomes have shown the opposite effect. Work by Andar et al [26] investigated the cellular 103 

uptake mechanisms of neutral liposomes prepared by microfluidics. In their studies, the authors 104 

investigated sizes ranges of 40 to 275 nm and show liposome uptake is strongly size dependent, with 105 

smaller liposomes showing higher uptake and that the uptake mechanisms also varying with size [26]. 106 

In further contrast to this, with cationic formulations we have previously shown the vesicle size has 107 
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no impact on cellular uptake [27] although in these studies the smallest size investigated was 108 

approximately 200 nm. 109 

When considering the effect of surface charge and size on the in vivo fate of liposomes, again we see 110 

the two factors must be considered in combination. For example, cationic liposomes are retained 111 

longer at the injection site compared to neutral formulations when administered intramuscularly [27, 112 

28] or subcutaneously [17, 29]. Furthermore, clearance of the cationic liposomes from the injection 113 

site was not influenced by particle size when considering particle size ranges from approximately 200 114 

to 3000 nm [27]. In contrast, anionic liposomes do not aggregate upon injection and can drain to the 115 

local lymph nodes with SUV showing a more rapid drainage compared to MLV [30]. These differences 116 

are due to aggregation of the cationic vesicles in the presence of proteins found within the 117 

extracellular matrix at the injection site. These electrostatic interactions resulting from the cationic 118 

nature of the liposomes was shown to be more important than the size of the vesicles in terms of 119 

clearance from the injection site [20, 28]. These electrostatic interactions at the injection site can be 120 

avoided by masking the cationic nature of the liposomes via PEGylation; in the case of liposomes 121 

composed of dimethyldioctadecylammonium bromide (DDA) and trehalose 6,6′-dibehenate (TDB) 122 

incorporation of 25 mol% PEG was required to block the depot effect and promote drainage to the 123 

local lymph node irrespective of the size of the liposomes (120 nm up to 500 nm) [28] and resulted in 124 

different immune response profiles [20]. Indeed with anionic vesicles, the particle size has been shown 125 

to play a major role in the intracellular trafficking, processing and presentation of antigens by antigen 126 

presenting cells [31] and dictates the type of immune responses. For instance, in a study conducted 127 

by Brewer et al., liposomes above 225 nm generated IgG2a titers and high production of IFN-γ, 128 

characteristic pattern of a Th1 response. In contrast, smaller liposomes (<155 nm) induced a Th2 129 

responses, as evidenced by production of IgG1 and IL-5 [19] In another study, 100 nm liposomes 130 

induced a Th2 response, while 400 and 1000 nm liposomes induced Th1 type immune responses [32] 131 

However, in many of these studies size reduction techniques were used to produce the different 132 

particle size populations and thus lamellarity cannot easily be controlled/standardised; with larger 133 

vesicles being multilamellar in nature compared to the lower size ranges unilamellar vesicles. 134 

Therefore, the aim of work outlined was to develop a new microfluidic process to prepare cationic 135 

SUV and large unilamellar vesicles (LUV) using a size-tuning process and to use this methodology to 136 

compare the uptake and biodistribution of cationic liposomal systems.  137 

 138 

 139 
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 Materials and Methods 140 

Materials 141 

1,2-dioleoyl-sn-3-phosphoethanolamine (DOPE), 1,2-dioleoyl-3-trimethylammonium-propane 142 

(DOTAP), dimethyldioctadecylammonium (DDA) and 1,2-distearoyl-sn-glycero-3-phosphocholine 143 

(DSPC) were obtained from Avanti Polar Lipids. The fluorescent dye 1,1'-Dioctadecyl-3,3,3',3'-144 

Tetramethylindocarbocyanine (Dil-C18) was purchased from Invitrogen. Dulbecco’s Modified Eagle 145 

Medium (DMEM) and foetal bovine serum (FBS) were obtained from Gibco. FITC-labelled anti-F4/80 146 

monoclonal antibody (clone BM8) was obtained from Biolegend. Cholesterol, [1,2-3H(N)]-, 1 mCi (37 147 

MBq) and Ultima Gold were obtained from Perkin Elmer. Trehalose and hydrogen peroxide 30% v/w 148 

were purchased from Acros Organics. Penicillin-streptomycin, L-glutamine, cholesterol (Chol) and 149 

pontamine blue were purchased from Sigma. 150 

Formulation of liposomes by microfluidics 151 

Liposomes were prepared in the Nanoassemblr Platform (Precision Nanosystems Inc.) in a Y-shaped 152 

staggered herringbone micromixer of 300 µm width and 130 µm height. Briefly, DOPE:DOTAP and 153 

DOPE:DDA lipid mixtures were prepared in methanol at 1:1 molar ratio. Then, the lipids and an 154 

aqueous phase (TRIS buffer pH 7.4) were injected simultaneously in the micromixer. All formulations 155 

were prepared at 4 mg/mL initial lipid concentration, 1:1 aqueous:organic flow rate ratio (FRR) and 15 156 

mL/min total flow rate (TFR). The TRIS buffer concentration was varied from 10 to 1000 mM to prepare 157 

size-tuneable liposomes. All newly formed liposomes (1mL) were then subjected to buffer exchange 158 

via dialysis against 10 mM TRIS pH 7.4 for 1 hour under magnetic stirring to ensure all liposomes were 159 

in a 10 mM TRIS pH 7.4 (Figure 1). For in vitro cellular uptake experiments, liposomes were formulated 160 

incorporating the lipophilic fluorescent dye Dil-C18 (0.2 mol %) within the bilayer. Any non-161 

incorporated free Dil-C18 dye (MW = 933 Da) was removed via dialysis (cut off = 14,000 Da). 162 

Liposome characterization 163 

All liposome formulations were characterized, after dialysis, in terms of hydrodynamic size (Z-164 

average), polydispersity index (PDI) and surface charge (zeta-potential) by dynamic light scattering 165 

(DLS) in a Zetasizer Nano ZS (Malvern, UK) at a liposome concentration of 0.1 mg/mL in 10 mM TRIS 166 

pH 7.4 at 25 °C. 167 

Cryo-TEM 168 

Liposome samples (3 µL) were deposited on a pre-cleaned lacey carbon-coated grid and flashed frozen 169 

by plunging into liquid ethane cooled by liquid nitrogen. Samples were then observed in a cryo-holder 170 
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in electron microscope Tecnai 12 G2 (FEI, Eindhoven) at liquid nitrogen temperature and 80 KV with 171 

magnifications ranging from 40,000X to 135,000X. 172 

 173 

Bone marrow-derived macrophages (BMDM) 174 

Bone marrow cells, obtained from femur and tibiae of 6-8-week-old male BALB/c mice, were 175 

incubated in petri dishes in macrophage medium: DMEM supplemented with 20% heat-inactivated 176 

foetal bovine serum (HI-FBS), 0.1 mg/mL penicillin-streptomycin, 4 mM L-glutamine and 20% L-Cell 177 

conditioned medium (supernatant obtained from confluent L929 fibroblast cell line) at 37 °C, 95% 178 

humidity and 5% CO2 in a cell incubator (Panasonic). A total of 4 petri dishes (10 mL) were obtained 179 

per mice. At day 2, fresh macrophage medium (10 mL) was added to each petri dish. At day 7, 15 mL 180 

of media were removed from each petri dish and replaced with 15 mL of fresh macrophage medium. 181 

At day 10, cells were scraped, washed and cultured in 24-well plates in DMEM supplemented with 182 

10% HI-FBS, 0.1 mg/mL penicillin-streptomycin and 4 mM L-glutamine (complete DMEM, or cDMEM) 183 

at 2∙105 cells/well and were allowed to adhere for 24 hours at 37 °C and 5% CO2. The percentage of 184 

BMDM was determined as percentage of F4/80+ cells. F4/80 is a membrane glycoprotein that has been 185 

widely used as a specific cell marker for murine macrophages [33]. Briefly, a total of 2∙105 cells were 186 

incubated with a FITC-labelled anti-F4/80+ monoclonal antibody (1/200 dilution) in FACS buffer (PBS 187 

supplemented with 5% FBS) for 30 min at 4 °C, washed twice and analysed by flow cytometry 188 

(FACSCanto, BD Biosciences). 189 

In vitro liposome uptake by BMDM 190 

BMDM were incubated with Dil-C18-labeled cationic liposomes (10 µg/mL) for 1, 4 and 24 hours at 37 191 

°C. They were then scraped and washed twice. Subsequently, liposome-cell interactions were 192 

quantified by flow cytometry (FACSCanto, BD Biosciences). The lipophilic dye Dil-C18 can be only 193 

incorporated within the lipid bilayer and thus its concentration is constant for unilamellar liposomes 194 

regardless of liposome size. Therefore, liposome fluorescence can be expressed as: 195 

eq (1) Liposome fluorescence ≡ Fm ∙ [Dil − C18] ∙
4

3
Π[r3 − (r − 5)3] 196 

Where Fm is the fluorescence of Dil-C18, r is the liposome radius (estimated by DLS) and 5 is the lipid 197 

bilayer thickness (in nm) estimated from cryo-TEM images of unilamellar 40 nm DOPE:DOTAP 198 

liposomes. The mean fluorescence intensity measured by flow cytometry is equivalent to the amount 199 

of fluorescent dye taken up by BMDM, which is directly proportional to the product of the number of 200 
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liposomes by liposome fluorescence. Hence, the relative number of liposomes (Nr), liposome surface 201 

(SAr) area and liposome internal volume (Vr) can be deducted: 202 

eq (2) Relative number of liposomes (Nr) ≡
Mean Fluorescence Intensity

4
3

Π[r3 − (r − 5)3]
 203 

eq (3) Relative liposome surface area (SAr) ≡ 𝑁𝑟 ∙ 4Πr2 204 

eq (4) Relative liposome internal volume (Vr) ≡ 𝑁𝑟 ∙
4

3
Π(r − 5)3 205 

Although no absolute values are obtained with these equations, direct comparisons can be made 206 

among liposomes of different size. 207 

Biodistribution studies 208 

All in vivo studies were conducted under the regulations of the Directive 2010/63/EU. All protocols 209 

were subjected to ethical review and were carried out in a designated establishment. The in vivo 210 

biodistribution of cationic liposomes was studied in 4-5-week-old female CD1 mice (20 – 25 g). In order 211 

to track their movement, liposomes were radiolabelled with 3H-cholesterol. In brief, 3H-cholesterol 212 

was incorporated to the lipid mixture, and liposomes were formulated by microfluidics and dialyzed 213 

against 10 mM TRIS pH 7.4. Finally, trehalose was added to a final concentration of 10% w/v to 214 

maintain isotonicity upon injection. Each dose (50 µL) contained 50 µg of DOPE, 50 µg of cationic lipid 215 

(DOTAP or DDA) and 25 ng of 3H-cholesterol (200 KBq/dose). The concentration of cholesterol was 216 

low enough not to change the size of liposomes. 3 – 4 days before injection, mice were injected with 217 

200 μL of Chicago Blue (0.5 % w/v) subcutaneously into the neck scruff as a marker for lymph nodes. 218 

Formulations were injected (50 µL) intramuscularly in the right quadriceps muscle. Mice were 219 

terminated at relevant time points (6, 24, 48, 72 and 96 h) post injection (p.i), and tissue from the 220 

injection site and draining lymph nodes (popliteal lymph node – PLN, inguinal lymph node – ILN) on 221 

the side of the injection site were collected for analysis. Briefly, samples were solubilized completely 222 

in 10 M NaOH (2 mL) at 60 °C overnight and subsequently bleached with 30% w/v hydrogen peroxide 223 

(200 µL) for 2 h at 60 °C. Then, 10 mL of Ultima Gold Scintillation cocktail were added. Radiation was 224 

quantified in a Liquid Scintillation Analyser Tri-Carb 2810 TR (Perkin Elmer). The percentage of injected 225 

dose was calculated with respect to the original dose as follows: 226 

% of injected dose =
counts (cpm) in organ

counts (cpm) in original dose
 x 100 227 

 228 

Statistical Analysis 229 
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Statistical analysis of cellular uptake experiments was performed on the mean of at three replicates 230 

by one-way analysis of variance (ANOVA) followed Tukey’s honest significance test in GraphPad Prism 231 

version 7 (GraphPad Software Inc., La Jolla, CA).  To compare the biodistribution of the liposomes, the 232 

area under the curve for biodistribution was calculated for each mouse, and the mean calculated. 233 

These were then compared using the t-test (Excel) to consider significance (p<0.05).  234 

Results 235 

Formulation of size-tuneable liposomes by microfluidics 236 

Previous studies have suggested that salt concentration can control liposome formation. For example, 237 

Meyuhas et al. reported that lipid vesicles composed of phosphatidylcholine (PC) and sodium cholate, 238 

prepared in 10 mM TRIS (pH 7.4), increased in size from 40 to 100 nm by adding increasing NaCl 239 

concentration up to 500 mM [34]. We explored this concept in the context of microfluidic production 240 

of liposome and buffer ionic strength (TRIS buffer) where liposomes are prepared with varying buffer 241 

concentrations and then the buffer concentration re-set to 10 mM TRIS (Figure 1).  Results shown in 242 

Figure 2 demonstrate that cationic liposome size could be controlled by varying the electrolyte 243 

concentration used in the initial preparation, whilst neutral formulations were not sensitive to 244 

changes in the electrolyte concentration range considered. Neutral liposomes, composed of 245 

DSPC:Chol, remained at approximately 80 nm in size over TRIS buffer concentrations of 0 to 1000 mM 246 

(Figure 2A). In contrast, cationic liposomes composed of DOPE:DOTAP increased in size stepwise from 247 

40 to over 600 nm over the same TRIS concentration range (Figure 2A). This increase in size with 248 

increasing buffer concentration was even more notable with DOPE:DDA, with 350 mM TRIS being 249 

sufficient to produce vesicles of 600 nm in size (Figure 1A). Interestingly, DOPE:DDA liposomes did not 250 

form at higher ionic strengths, and resulted in macroscopic lipid aggregation; probably due to an 251 

excessive increase of PC. Notably, all formulations exhibited low PDI (0.05 – 0.25) regardless of 252 

liposome size (Figure 2B). Furthermore, the cationic liposomes exhibited highly positive zeta-potential 253 

(40 – 60 mV) and DSPC:Chol liposomes slightly negative across the buffer concentration range tested 254 

(Figure 2C). All three formulations exhibited narrow unimodal size distribution irrespective of the size 255 

and buffer concentration they were initially prepared in (Figures 2D to F) and the effect of initial buffer 256 

concentration on liposome size could also be easily observed visually with both the DOTAP (Figure 2D) 257 

and DDA (Figure 2E) showing notable increases in turbidity, whilst DSPC:Chol remained the same 258 

(Figure 2F). Cryo-TEM characterization of small and large liposomes further confirmed that this 259 

approach allows to increase Pc enough to obtain large liposomes but not enough to induce formation 260 

of other lipid aggregates. Indeed, both small (Figure 3A and B) and large DOPE:DOTAP liposomes 261 

(Figure 3C and D) were uni/oligolamellar and had a size and size distribution that matched with DLS 262 

measurements (Figure 3E and F). 263 
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To investigate to what extent the cationic lipid was responsible of increased liposome size, DSPC:Chol 264 

liposomes were formulated with increasing molar percentages of DOTAP (0, 5, 13 and 23%) (Figure 4) 265 

and DDA (13 and 23%). With the DOTAP formulations, the impact of buffer concentration on particle 266 

size increased with cationic lipid content (Figure 4); with formulations containing low DOTAP levels 267 

increasing up to 112 nm whilst formulations containing 5 and 13% DOTAP increasing to 140 nm and 268 

175 nm respectively. However, increasing the molar percentage of DOTAP to 23% did not result in 269 

larger liposomes (Figure 4A). In general, all PDI values were low (<0.2) with the exception of the 23% 270 

DOTAP formulation at 1000 mM TRIS, where the PDI rose to 0.3 (Figure 4B). In terms of their zeta-271 

potential, DSPC:Chol liposomes were slightly negative (approximately -15 mV) and increasing the 272 

cationic lipid content increased the zeta potential as would be expected (Figure 4C). When considering 273 

the addition of DDA (13% and 23%) to the DSPC:Chol formulations, liposomes did not change in size 274 

at increasing concentrations of TRIS buffer and remained at 120 – 140 nm, PDI < 0.2 (data not shown).  275 

To consider if this size-controlling effect was achievable with other buffers, the effect of ionic strength 276 

was also investigated on citrate buffer pH 6. Citrate buffer is often used in the preparation of RNA lipid 277 

nanoparticles (LNP) containing ionizable/cationic lipids. We first attempted to formulate DOPE:DOTAP 278 

and DOPE:DDA liposomes in citrate buffer, but all formulations aggregated regardless of citrate 279 

concentration. Therefore only DSPC:Chol and DSPC:Chol:DOTAP (5% DOTAP) formulations were 280 

tested. Interestingly, when DSPC:Chol liposomes were formulated in citrate buffer pH 6.0, a small but 281 

significant (p <0.05) increase in vesicle size from 80 to 120 nm was noted (Figure 4D), while it did not 282 

increase when formulated at same concentrations of TRIS pH 7.4 (Figure 2A). The 9% DOTAP liposome 283 

formulation also displayed a trend of increasing size (from 98 to 166 nm) with increasing citrate buffer 284 

concentration, and only 400 mM was required to obtain liposomes of same size achievable with 1000 285 

mM TRIS buffer (Figure 4D). As with the TRIS formulations, the PDI of all formulations tested remained 286 

low (<0.25) (Figure 4E).  287 

The effect of vesicle size on liposome-cell interactions 288 

The effect of vesicle size on the liposome-cell interactions was investigated in BMBM with 289 

DOPE:DOTAP and DOPE:DDA liposomes. Small (40 nm) and large (>500 nm) liposomes were prepared 290 

by microfluidics by changing buffer ionic strength. Small DOPE:DOTAP and DOPE:DDA liposomes had 291 

a size of 40 – 45 nm, while their larger counterparts were approximately 750 and 500 nm respectively. 292 

All formulations had a PDI between 0.15 and 0.25 and a highly positive zeta-potential (40 – 60 mV) 293 

(table 1). 294 

The percentage of F4/80+ cells, relative to bone marrow-derived macrophages (BMDM) after bone 295 

marrow cell differentiation was at least 95% as determined by flow cytometry (data not shown). The 296 
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in vitro experiments were carried out at liposome concentrations of 10 µg/mL. The same 297 

concentration of 40 nm DOPE:DOTAP and DOPE:DDA liposomes was shown to be non-toxic after 24 298 

hours (>90% survival, data not shown). We first investigated the interactions of cationic (40 nm 299 

DOPE:DOTAP) liposomes with BMDM at 4 °C, temperature at which endocytosis is inhibited. At such 300 

temperature, the percentage of Dil-C18
+ cells was 11% after 1 hour and did not increase over time. 301 

Similarly, the mean fluorescence intensity (MFI), which is proportional to the amount of cell-302 

associated dye (surface-associated or internalized) was <1000 in the same time frame (Figure S1). 303 

These results suggest that, at 4 °C, cationic liposomes partially interact with BMDM with no further 304 

internalization.  305 

In contrast, at 37 °C, all liposome formulations rapidly interacted with BMDM irrespective of lipid 306 

choice and liposome size (Figure 5), with approximately 50, 80 and 100% of Dil-C18
+(i.e. liposome+) 307 

cells after 1, 4, and 24 hours (Figure 5A). The MFI was approximately 1200 after 1 hour and  and 308 

increased over 6000 after 24 hours for all formulations in a similar manner (Figure 5B).  Considering 309 

the results shown in Figures S1 and 5, it seems that, after 1 hour, a significant percentage of cationic 310 

liposomes is surface-associated, while the real liposome internalization occurs at some point between 311 

1 and 4 hours. Indeed, after 4 and 24 hours, both the percentage of Dil-C18
+ cells and the MFI at 37 °C 312 

were significantly higher than at 4 °C. 313 

BMDM uptake was also analysed in terms of relative number of liposomes (Nr), relative liposome 314 

surface area (SAr) and relative liposome internal volume (Vr). While SAr did not vary with size (Figure 315 

5C), the effect of liposome size on BMDM uptake became more evident when looking at Nr and Vr. 316 

The Nr of small DOPE:DOTAP and DOPE:DDA liposomes taken up by BMDM was 400 – 500 and 200 – 317 

300 fold higher than their larger counterparts (Figure. 5D). However, the situation is the opposite for 318 

Vr. Indeed, the Vr taken up by BMDM was 12 – 18 and 20 – 26 fold higher when larger DOPE:DOTAP 319 

and DOPE:DDA liposomes were used (Figure. 5E) thereby showing the potential advantage of large 320 

liposomes over small ones to deliver hydrophilic drugs. 321 

The effect of vesicle size on biodistribution 322 

To consider if the size of these vesicles had an effect on their biodistribution in vivo, small (40 nm) and 323 

large (500 – 750 nm) DOPE:DOTAP and DOPE:DDA liposomes were injected intramuscularly and their 324 

distribution monitored over 96 h. Both liposome formulations were retained at the injection site with 325 

low levels of liposomes draining to the local lymph nodes (Figure 6). To compare the distributions, the 326 

area under the curve (AUC) was calculated and the mean AUCs for each group compared. 327 

With both formulations, the small cationic liposomes have trend to distribute from the injection site 328 

more rapidly than the similar larger counterpart. For example, with the DDA formulation, 92 % of large 329 
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DOPE:DDA large liposomes retained at the injection site after 24 h compared to 68 % with the small 330 

DOPE:DDA formulation. This difference continues to 96 h with 54% and 36 % of the large and small 331 

vesicles respectively remaining at the injection site (Figure 6D). These differences were confirmed to 332 

be significant (p<0.05) when comparing the AUC for both the cationic lipids, with the smaller liposome 333 

formulations having a significantly lower AUC than their larger rmulation counterparts (3847 vs 5462 334 

%Dose.h for small and large DOTAP liposomes and 4689 vs 6402 %Dose.h for small and large DDA).  335 

Similarly, when comparing the distribution of these liposomes to the local draining lymph nodes, we 336 

see the smaller liposomes showing an increased accumulation at both the PLN (Figure 6B and E) and 337 

ILN (Figure 6C and F) with significantly higher (p<0.05) AUC for smaller liposomes (irrespective of the 338 

lipid choice) at both lymph nodes. However, across all formulations, only low levels (<0.6%) of the 339 

dose injected was measured at both the popliteal and inguinal lymph nodes irrespective of liposome 340 

composition and size.  341 

Discussion 342 

Microfluidics provides a unique tool to formulate liposomes with consistent size and size distribution 343 

compared to conventional methods such as extrusion or probe sonication. Although liposome size can 344 

be controlled via adjustments of microfluidic operating parameters such as flow rate ratio, total flow 345 

rate and lipid concentration, liposomes can only be prepared within a limited size range 346 

(approximately from 25 to 300 nm [6, 9, 11, 12, 26, 35, 36]) depending on lipid composition and 347 

micromixer design. A microfluidic method from producing larger but still monodisperse and 348 

unilamellar liposomes would be therefore highly advantageous.  349 

Previous studies have shown that electrolyte concentration can control the formation of lipid self-350 

assemblies. Lipid vesicles composed of PC and sodium cholate increased in size from 40 to 100 nm by 351 

increasing  NaCl concentration from 0 to 500 mM [34]. Similarly, Edwards and co-workers prepared 352 

vesicles composed of PC and cetyltrimethylammonium chloride and observed a vesicle-to-micelle 353 

transition and an increase in vesicle size over time in presence of 100 mM NaCl which did not occur in 354 

absence of salt [37]. Electrolytes (NaCl, Ca2+) were also reported to induce lamellar-to-cubic phase 355 

transitions in lipid membranes consisting of monoolein and other lipid, such as 356 

dioleoylphosphatidylglycerol [38], dioleoylphosphatidylserine [39, 40], and also in pre-formed 357 

liposomes composed of phytantriol and DDA [41]. Indeed, electrolytes reduce repulsion among lipid 358 

head groups and consequently increase the packing parameter of lipids (Pc), thereby reducing the 359 

curvature of the lipid self-assemblies. At sufficiently high electrostatic repulsion, negative curvature 360 

values are obtained and, therefore, non-liposomal self-assemblies (e.g. inverted micelles or 361 

cubosomes) are expected.  A modest electrostatic repulsion, however, can potentially reduce the 362 
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curvature of the lipid bilayer enough to increase liposome size but not enough to promote formation 363 

of non-liposomal structures.  364 

Herein, we exploited this concept on the microfluidic formation of cationic liposomes (Figure 1), and 365 

demonstrated that the size of cationic DOPE:DOTAP and DOPE:DDA liposomes increased from 40 up 366 

to >500 nm by increasing the concentration of the aqueous phase (TRIS pH 7.4) in the range of 10 to 367 

1000 mM, with DOPE:DDA liposomes requiring lower buffer concentrations to achieve the same size 368 

than DOPE:DOTAP liposomes. Importantly, cationic liposomes exhibited low PDI, narrow and 369 

unimodal size distribution and consistent zeta-potential; whilst the size of zwitterionic DSPC:Chol 370 

liposomes (80 nm) was not influenced by TRIS concentration (Figure 2). Cryo-TEM analysis confirmed 371 

the ability to produce both SUV and LUV (Figure 3). Furthermore, buffer concentration-dependent 372 

liposome size was influenced by both percentage of cationic lipid within the formulation and the type 373 

of buffer, as observed with DSPC:Chol:DOTAP liposomes (0, 5, 13 and 23% DOTAP) (Figure 4). 374 

Considering the results shown in Figure 2, one would expect that the substitution of DOTAP for DDA 375 

in the latter formulation would allow obtaining larger liposomes with relatively lower buffer 376 

concentrations. DSPC:Chol:DDA (13 and 23% DDA) liposomes (120 – 140 nm, PDI < 0.2) did not 377 

increase in the range of 10 to 1000 mM TRIS. Both shape and size of lipid aggregates can be predicted 378 

by the packing parameter. For lipid mixtures, a mean packing parameter between those of the 379 

individual lipids may be considered if only if the different molecules mix ideally and do not phase-380 

separate, such that vesicle size can be tuned by adding a lipid with a higher (or lower) packing 381 

parameter [16, 42]. From this point of view, the combination of DDA with DSPC and Chol may result 382 

in an asymmetrical distribution of lipids throughout the lipid bilayer thereby inhibiting the effect of 383 

ionic strength. These results show that different buffer-dependent liposome sizes are expected for 384 

specific combinations of cationic and structural lipids. Both buffer concentration and type of buffer 385 

are hence important parameters to tune liposome size by microfluidics. We took advantage of this 386 

method to produce cationic unilamellar liposomes of two different size ranges to investigate the effect 387 

of liposome size in vitro and in vivo. For doing so, we made use of small (40 nm) and large (>500 nm) 388 

DOPE:DOTAP and DOPE:DDA liposomes (table 1).  389 

In vitro, at 37 °C, cationic liposomes rapidly interacted with murine bone marrow-derived 390 

macrophages (BMDM), with approximately 50% Dil-C18
+ (i.e. liposome+) cells and a MFI of 1200 after 391 

1 hour Both the percentage of Dil-C18
+ cells and the mean fluorescence intensity (MFI) increased in a 392 

similar manner over time (100% and over 6000 respectively) regardless of liposome composition and 393 

size (Figure 5 A and B). In contrast, at 4 °C, temperature at which endocytosis is inhibited, interaction 394 

of cationic (40 nm DOPE:DOTAP) liposomes was restrained, with only 11% of positive cells and a MFI 395 

<1000 respectively regardless of the incubation time (Figure S1), thus suggesting that, at 4 °C, cationic 396 
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liposomes interact with BMDM with no further internalization. Similar values of MFI at 4 and 37 °C 397 

suggest that, after 1 hour, of cationic liposomes could be surface-associated rather than internalized. 398 

However, the contribution of surface-associated liposomes (given at 4 °C) could be considered 399 

negligible at 4 and 24 hours and therefore would be related to cellular uptake rather than a 400 

combination of surface-associated and internalized liposomes. Furthermore, these findings are 401 

opposite to previous reports, where cellular uptake was reported to increase with increasing liposome 402 

size [43-46]. It should be considered, however, that in these studies liposomes were prepared by lipid 403 

film hydration followed by extrusion and therefore the degree of lamellarity was not controlled. 404 

Furthermore, in some cases liposome uptake was quantified by radio-counting a radiolabelled 405 

nonexchangeable lipid and hence the cellular uptake of large liposomes may have been overestimated 406 

because of liposome lamellarity. Indeed, the amount of 1000 nm liposomes taken up by peritoneal 407 

macrophages in vitro (ng lipid per μg protein) was shown to be 2-fold lower compared to MLV of 408 

comparable size [46]. However, within our studies, differential uptake of small and large cationic 409 

liposomes by BMDM was more evident when analysed in terms of relative number of liposomes (Nr), 410 

relative liposome surface area (SAr) and relative liposome internal volume (Vr). SAr did not vary with 411 

size (Figure 5C), while Nr and Vr decreased (>200-fold) and increased (>10 fold) respectively by 412 

increasing liposome size from 40 to above 500 nm (Figure 5D and E). A microfluidic-based approach 413 

was also used elsewhere to show that the cellular uptake of uniform (PDI < 0.05) unilamellar 414 

liposomes, ranging from 40 to 275 nm, improved (in terms of number of internalized liposomes) with 415 

reducing liposome size in the Caco-2 cell line [26]. Similar results were observed on mouse peritoneal 416 

macrophages by Hsu and Juliano [46] and Schwendener et al. [47]. In the first study, uptake of small 417 

unilamellar liposomes (35 nm) was 100-fold higher, in terms of liposome number, compared to 1000 418 

nm liposomes, but 100-fold lower when represented as internal volume. In the second study, reducing 419 

liposome size from 180 to 25 nm resulted in 100-fold increase of cell-associated vesicles but 10-fold 420 

reduction in trapped volume. 421 

Different pharmacokinetic profiles were also observed in vivo for small (40 nm) and large (>500 nm) 422 

cationic liposomes upon intramuscular injection, with large liposomes showing longer retention at the 423 

injection site but limited drainage to the local lymph nodes compared to small liposomes (Figure 6). 424 

Studies conducted with the vaccine adjuvant CAF01, composed of DDA and trehalose 6,6’-dibehenate 425 

(TDB), and its associated antigen (Ag85B-ESAT-6) revealed that cationic liposomes from 200 to >2000 426 

nm exhibited similar clearance rates from the injection site upon intramuscular injection [27, 28]. 427 

Furthermore, to promote clearance from the injection site of this formulation, both size reduction and 428 

PEGylation was employed [28] . However, it has previously been difficult to achieve the production of 429 

cationic liposomes in the size ranges achieved within this current manuscript and our results suggest 430 
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that by formulating these highly cationic liposomes down to 40 nm allows us to modify their 431 

pharmacokinetic profile after intramuscular injection. Indeed, in recent studies looking at the 432 

distribution of cationic chitosan nanocapsules after sub-cutaneous administration, 100 nm particles 433 

drained more rapidly to the lymph nodes compared to those of 200 nm and this size reduction also 434 

improved interaction with both migratory and resident antigen presenting cells in the lymph nodes, 435 

suggesting a combination of free- and cell-mediated transport to the lymph nodes [48]. This could 436 

explain why similar pharmacokinetic profiles were observed for CAF01 formulated at different, since 437 

none of the formulations were below 100 nm. Indeed, depletion of dendritic cells in vivo completely 438 

abolished trafficking of 500 nm polystyrene particles to the LN but not affected drainage of 20 nm 439 

particles [49]. Therefore, in our studies where we have been able to prepare cationic liposomes below 440 

50 nm, we are able to modify the biodistribution potentially through a combination of free- and cell-441 

mediated transport to the lymph nodes. 442 

Conclusions 443 

In the current study, we have demonstrated a new microfluidic process to produce monodisperse size-444 

tuneable cationic large unilamellar liposomes of up to 750 nm (depending on the lipid composition). 445 

We also demonstrate the size-dependent in vitro cellular uptake of cationic liposomes in murine bone 446 

marrow-derived macrophages (BMDM) in terms of relative liposome number, liposome surface area, 447 

and liposome internal volume. Moreover, we demonstrate we are able to modify the clearance rates 448 

of these liposomes from the injection site and increase accumulation to the draining lymphatics. This 449 

is despite their highly cationic nature and propensity to aggregate in the presence of interstitial 450 

proteins and their movement to the local lymphatics may result from both free- and cellular mediated 451 

transport.  452 
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Tables 597 

Table 1. Summary of cationic liposome formulations used in in vitro and in vivo studies. All liposomes 598 

were formulated at 4 mg/mL lipid concentration, 1:1 flow rate ratio and 15 mL/min total flow rate. 599 

Small liposomes were formulated at 10 mM TRIS buffer pH 7.4. Large DOPE:DOTAP and large 600 

DOPE:DDA liposomes were formulated at 1000 and 300 mM TRIS buffer pH 7.4 respectively. For in 601 

vivo studies, all formulations were adjusted 10% trehalose for isontonicity. Results are represented as 602 

mean ± SD of three independent experiments. 603 

Formulation Size (d.nm) PDI Zeta-potential (mV) 

Small DOPE:DOTAP 44 ± 5 0.215 ± 0.045 42 ± 5 

Large DOPE:DOTAP 754 ± 67 0.145 ± 0.070 50 ± 4 

Small DOPE:DDA 41 ± 8 0.193 ± 0.031 61 ± 6 

Large DOPE:DDA 481 ± 42 0.232 ± 0.064 61 ± 2 

  604 
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Figure Legends 605 

Figure 1. Schematic representation of the microfluidic formulation of small (A) and large (B) 606 

unilamellar liposomes (SUV and LUV). Small (40 nm) and large (>500 nm) liposomes were formulated 607 

by microfluidics in the Nanoassemblr Platform at 4 mg/mL, 1:1 FRR and 15 mL/min TFR at either 10 or 608 

higher TRIS concentration. Solvent removal and buffer exchange was undertaken via dialysis against 609 

10 mM TRIS (200 mL) for 1 hour under magnetic stirring to adjust buffer concentration. The 610 

concentration of buffer and lipid selection offer controlled production of large uni/oligolamellar 611 

vesicles.  612 

Figure 2. The effect of aqueous buffer concentration on liposomes formulated by microfluidics. Effect 613 

of cationic lipid choice. DOPE:DOTAP ( ), DOPE:DDA ( ) and DSPC:Chol ( ) liposomes were formulated 614 

by microfluidics in the Nanoassemblr Platform (Precision Nanosystems) at increasing concentrations 615 

of TRIS buffer pH 7.4, then dialyzed and characterized by dynamic light scattering in terms of size (A), 616 

PDI (B) and zeta-potential (C). Dynamic light scattering size distribution plots of DOPE:DOTAP (D), 617 

DOPE:DDA (E) and DSPC:Chol (F) liposomes, and representative images of formulations prepared at 618 

lowest (left) and highest (right) buffer concentration are shown. Results are represented as mean ± 619 

SD of three independent experiments. 620 

Figure 3. Cryo-TEM micrographs of small (A, B) and large DOPE:DOTAP liposomes (D , E) formulated 621 

by microfluidics at 4 mg/mL, 1:1 FRR, 15 mL/min TFR and 10 and 1000 mM TRIS buffer pH 7.4. The 622 

dense black spheres are water crystals. Hydrodynamic size (bars) and PDI (values) (F) and size 623 

distribution plots of small and large liposomes (G) are shown.  Results are represented as mean ± SD 624 

of three DLS measurements.  625 

Figure 4. The role of cationic lipid content within the liposome formulation. Effect of molar percentage 626 

of cationic lipid on size (A), PDI (B) and zeta-potential (C). DSPC:Chol liposomes (10:10 molar ratio) 627 

were prepared at increasing molar percentages of DOTAP: 0% ( ), 5% ( ), 13% ( ) and 23% ( ). All 628 

formulations were prepared at 4 mg/mL, 1:1 FRR and 15 mL/min TFR, dialyzed and characterized by 629 

DLS. Effect of buffer choice on size (D) and PDI (E). DSPC:Chol (10:10 molar ratio) and 630 

DSPC:Chol:DOTAP (10:10:1 molar ratio) liposomes were prepared at 4 mg/mL, 1:1 FRR and 15 mL/min 631 

at increasing concentrations of TRIS buffer pH 7.4 or citrate buffer pH 6.0, dialyzed and characterized 632 

by DLS. DSPC:Chol – TRIS buffer ( ), DSPC:Chol – citrate buffer ( ), DSPC:Chol:DOTAP – TRIS buffer (633 

), DSPC:Chol:DOTAP – Citrate buffer ( ). Results are represented as mean ± SD of three independent 634 

experiments.  635 

Figure 5. Liposome-cell interactions in bone marrow-derived macrophages in vitro. A) Percentage of 636 

liposome+ or Dil-C18
+ cells (surface-associated or internalized). B) Mean Fluorescence Intensity (MFI) 637 

C) Relative liposome surface area (SAr). D) Relative number of liposomes (Nr). E) Relative liposome 638 

internal volume (Vr). Small DOPE:DOTAP ( ), small DOPE:DDA ( ), large DOPE:DOTAP ( ), large 639 

DOPE:DDA ( ). F) Representative flow cytometry plots of liposome uptake at 1, 4 and 24 hours (black) 640 

with respect to control cells at time zero (shaded grey). Results are represented as mean ± SD of three 641 

independent experiments. Statistical analysis was performed by one-way ANOVA followed by Turkey 642 

test. P<0.05 (*), ns (non-significant). 643 

Figure 6. In vivo biodistribution of small ( ) and large ( ) DOPE:DOTAP (A – C) and DOPE:DDA (D – 644 

E) cationic liposomes in CD1 mice upon intramuscular injection. The percentage of injected dose was 645 

analysed at the injection site (A, D), popliteal lymph node (B, E) and inguinal lymph node (C, F). Results 646 

are represented as mean ± SD of 4 ± 1 mice. G) AUC for each of the sites considered. 647 
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Figure 3 
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Figure 4 
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Figure 6
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Figure S1
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Figure S1. Cationic liposome-cell interactions in bone marrow-derived macrophages (BMDM) at 4 °C in vitro in
terms of Dil-C18+ cells (A) and Mean Fluorescence Intensity (B). Replicate 1 (black circle), replicate 2 (white
circle).


