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Abstract 26 

Nanomedicines are well recognised for their ability to improve therapeutic outcomes. Yet, due to their 27 

complexity, nanomedicines are challenging and costly to produce using traditional manufacturing methods. 28 

For nanomedicines to be widely exploited, new manufacturing technologies must be adopted to reduce 29 

development costs and provide a consistent product. Within this study, we investigate microfluidic 30 

manufacture of nanomedicines. Using protein-loaded liposomes as a case study, we manufacture liposomes 31 

with tightly defined physico-chemical attributes (size, PDI, protein loading and release) from small-scale (1 32 

mL) through to GMP volume production (200 mL/min). To achieve this, we investigate two different laminar 33 

flow microfluidic cartridge designs (based on a staggered herringbone design and a novel toroidal mixer 34 

design); for the first time we demonstrate the use of a new microfluidic cartridge design which delivers 35 

seamless scale-up production from bench-scale (12 mL/min) through GMP production requirements of over 36 

20 L/h using the same standardised normal operating parameters. We also outline the application of 37 

tangential flow filtration for down-stream processing and high product yield. This work confirms that defined 38 

liposome products can be manufactured rapidly and reproducibly using a scale-independent production 39 

process, thereby de-risking the journey from bench to approved product. 40 

  41 
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Graphical abstract 42 

 43 

1. Introduction  44 

Developments in nanomedicines continue to provide new advances in healthcare, with lipid-based 45 

formulations playing a central role. Since the first approved product, AmBisome® (Gilead), which was 46 

approved in 1990 in Europe (and subsequently in the USA in 1997), a range of liposomal nanomedicines have 47 

been approved (e.g. Doxil®/Caelyx®, DaunoXome®, Myocet®, Visudyne®, Marqibo®, Onivyde® and Vyxeos®). 48 

The majority of these products are used to improve drug delivery and reduce off-target toxicity associated 49 

with the incorporated cytotoxic drug. This can be achieved through a combination of controlling particle size 50 

(< 100 nm), high drug loading, low bilayer permeability (by including high transition temperature lipids and 51 

cholesterol) and a near neutral surface charge and/or PEGylation (Allen and Cullis, 2013). In addition to the 52 

delivery of traditional small molecules, lipid-based nanoparticles can be used to deliver nucleic-based drugs; 53 

patisiran (Onpattro®; Alnylam), approved by the Food and Drug Administration (FDA) and the European 54 

Medicines Agency (EMA) in 2018, is the first small interfering RNA-based drug approved. Patisiran is indicated 55 

for the treatment of polyneuropathy of hereditary transthyretin-mediated amyloidosis. As a finished product, 56 

it is a solution for infusion containing 2.0 mg/mL of patisiran (a double stranded small interfering ribonucleic 57 

acid (siRNA) which is the active substance) incorporated into lipid nanoparticles in a phosphate buffer. The 58 

nanoparticles are 60 – 100 nm in size and designed for delivery to hepatocytes. The nanoparticles are formed 59 

from a mixture of siRNA and four lipid excipients: 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC), 60 
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cholesterol, (6Z,9Z,28Z,31Z)-heptatriaconta-6,9,28,31-tetren-19-yl-4-(dimethylamino)butanoate (DLin-MC3-61 

DMA) and (R)-2,3-bis(tetradecyloxy)propyl 1-(methoxypoly(ethylene glycol)20000)propyl carbamate (DMG-62 

PEG2000). Both DSPC and cholesterol are well known pharmaceutical ingredients whilst DLin-MC3-DMA and 63 

DMG-PEG2000 are novel excipients. Each 1 mL of patisirin contains 3.3 mg DSPC, 6.2 mg cholesterol, 13.0 mg 64 

DLin-MC3-DMA and 1.6 mg of DMG-PEG2000 and these lipids associate with the siRNA to form lipid 65 

nanoparticles which protects the siRNA from immediate degradation in the circulation and improves delivery 66 

to the target site in the liver (EMA, 2018).  67 

 68 

Figure 1: Micromixer cartridge designs used within these studies. Schematics illustrate the staggered 69 

herringbone micromixer (SHM) with embossed chevrons allowing consistent fluid mixing and the toroidal 70 

mixer (TrM) with planar geometry employing centrifugal forces to encourage uniform mixing allowing for 71 

greater fluid stream velocities. The flow rate capacities for each of the microfluidic mixers and the 72 

microfluidic platforms that are used are listed. 73 

 74 

1.1 Manufacturing of liposomes and lipid-based nanomedicines  75 

Liposomes and lipid-based nanomedicines are generally produced through a series of size reduction methods 76 

(e.g. homogenisation or extrusion) being applied to large liposomes which are initially formed through a lipid 77 

hydration process. For example, both AmBisome® and Caelyx® can be produced via an initial lipid hydration 78 
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step to form liposomes and then the liposomes are reduced to the required size via high pressure 79 

homogenisation.  In the case of AmBisome®, the active pharmaceutical ingredient (API; amphotericin B), is  80 

Table 1: Process considerations and critical process parameters to consider in microfluidic production of 81 
liposomes and LNPs82 

Process Parameters  Factors to consider References 

Solvent selection Suitability of solvent for large-scale production. 
Lipid(s) solubility in the given solvent. 
Polarity of the solvent can impact of particle size. 
 

(Joshi et al., 2016); (Webb 
et al., 2019); (van 
Ballegooie et al., 2019)  

Aqueous buffer  Aqueous buffer strength can be used to control 
particle size. 

(Lou et al., 2019) 

Lipid concentration Initial lipid concentration can impact on particle 
size. 

(Dimov et al., 2017); 
(Forbes et al., 2019) 

Production flow rates  Flow rate can impact on particle size (Guimaraes Sa Correia et 
al., 2017); (Jahn et al., 
2007) 

Aqueous to alcohol 
mixing ratio 

Mixing ratio can impact on: 

• particle size,  

• drug loading, 

• drug release.  

(Forbes et al., 2019); (van 
Ballegooie et al., 2019); 
(Zhigaltsev et al., 2012); 
(Lin and Malmstadt, 2019) 

Operating 
temperature 

Microfluidic production of liposomes does not 
need to be conducted above the transition 
temperature of lipids. 

(Forbes et al., 2019) 

 83 

very poorly soluble in aqueous media and is thus formulated by entrapping the drug within the phospholipid 84 

membrane of the liposomes (Rivnay et al., 2019). However, amphotericin B also has low solubility in solvents 85 

commonly used in the production of liposomes. Thus, a drug-lipid complex is initially formed between 86 

amphotericin B and distearoyl-phosphatidylglcercol (DSPG) after acidification of DSPG and then subsequently 87 

the remaining lipid components (hydrogenated phosphatidylcholine and cholesterol) are mixed in (Olson et 88 

al., 2008). This lipid mixture is then spray-dried to remove the solvent. This spray dried powder is 89 

subsequently hydrated in aqueous media and the large vesicles formed are reduced to small unilamellar 90 

vesicles through a high shear processor. Throughout this process, the drug remains within the liposomal 91 

bilayers. In contrast, with Caelyx®/Doxil®, the API (doxorubicin) is loaded into the liposomes using a 92 

transmembrane pH gradient after the liposomes are produced. In this approach, liposomes are produced in 93 

suspension with e.g. ammonium sulfate or citrate within the aqueous core of the liposomes. Once the 94 
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liposomes are down-sized, the liposome suspension is subjected to buffer exchange thus creating the 95 

transmembrane pH gradient (high pH outside the liposomes, low pH inside the liposomes). To load the drug, 96 

the liposomes are then mixed with doxorubicin; the pH gradient drives amphipathic weak bases such as 97 

doxorubicin into the preformed liposomes to promote high (>90%) drug loading (Barenholz, 2012; James et 98 

al., 1994; Zhang et al., 2020).   99 

 100 

As can be seen, with these products, the production process can be described as ‘top-down’ with the initial 101 

production of large multilamellar vesicles which are then subsequently down-sized. This generally limits 102 

production to multiple batch-scale production with low to medium throughput and high cost. Furthermore, 103 

passive incorporation of drugs within the aqueous core (without the aid of a transmembrane gradient) is low 104 

with these production methods (<10%) and the down-sizing steps can result in degradation of biologicals 105 

including proteins, peptides and nucleic acids. In contrast, for the production Onpattro®, the manufacturing 106 

process uses microfluidics to promote rapid mixing of lipids in ethanol with siRNA in aqueous media at low 107 

pH (pH 4). This mixing process results in a rapid dilution of the ethanol and the formation of the nanoparticles 108 

without the need of additional size-reduction steps (Akinc et al., 2019) and overall the manufacturing process 109 

is described in five main steps: 1) preparation of active substance (in aqueous buffer) and lipid solutions (in 110 

ethanol), 2) mixing of the two solutions to form lipid nanoparticles (LNPs), 3) ultrafiltration, exchange of 111 

buffer and initial concentration, 4) dilution to final concentration and bioburden filtration and 5) sterile 112 

filtration and filling (EMA, 2018). It has been proposed that these nanoparticles may be better defined as 113 

lipid nanoparticles, as opposed to liposomes, given they may not comprise of a lipid-bilayer structure and 114 

cryo-TEM tends to show images of spherical nanoparticles with a high electron density core. However, 115 

although Onpattro® is described as an LNP and not a liposome formulation, the physico-chemical attributes 116 

described in the draft ‘FDA Guidance for Industry: Liposome Drug Products (October 2015)’ was referenced 117 

when characterising the physico-chemical attributes of the LNP in the Onpattro® finished product (EMA, 118 

2018).   119 
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 120 
1.2.1 Microfluidics as a production method for nanomedicines 121 

 122 
Microfluidic manufacturing offers new opportunities for the production of liposomes and lipid-based 123 

nanomedicines by providing rapid and controlled mixing of solutions and controlled nanoprecipitation as 124 

demonstrated with the production of LNPs such as Onpattro®. The first use of microfluidic mixing to produce 125 

liposomes was described by Jahn et al., where the authors reported the use of hydrodynamic focusing of 126 

lipids dissolved in water miscible alcohol between two aqueous buffer streams in a microfluidic cartridge. 127 

This produced monodispersed liposomes, with their particle size being controlled by the flow rate (Jahn et 128 

al., 2004).  A refinement of this process was subsequently developed by Zhigaltsev et al. based on a staggered 129 

herringbone mixer (SHM; Figure 1) (Belliveau et al., 2012; Evers et al., 2018; Zhigaltsev et al., 2012).  Using 130 

microfluidic mixers, lipids in a solvent are mixed with an aqueous buffer system. As a result, the polarity is 131 

increased and liposomes are formed through the nanoprecipitation of individual monomers into small 132 

unilamellar vesicles. The rate of change in polarity during this process can impact on the liposome attributes 133 

and as such is influenced by the solvent choice (Webb et al., 2019), buffer concentration (Lou et al., 2019) 134 

and the ratio of aqueous phase relative to the alcohol phase (Forbes et al., 2019; Joshi et al., 2016; Roces et 135 

al., 2019b). For instance, by using lower polarity solvents such as isopropanol compared to methanol, the 136 

rate of polarity change during mixing is reduced and this results in larger vesicle formation (Webb et al., 137 

2019). Similarly, by increasing the flow rate ratio of aqueous buffer to alcohol, liposome size is often reduced 138 

(Forbes et al., 2019; Joshi et al., 2016; Roces et al., 2019b). Table 1 summaries the critical processing 139 

parameters that should be considered when designing a microfluidic production process. 140 

 141 

1.2.2 Micromixer design  142 

When considering fluid mixing, fluid flow can occur in one or two ways: laminar flow or turbulent flow. Either 143 

can occur depending on the velocity and viscosity of the fluid. Mixing in macroscopic flow is generally 144 

turbulent (Rudyak and Minakov, 2014). However, microflows are more commonly laminar, and mixing under 145 

standard conditions involves molecular diffusion processes only, which is generally extremely inefficient 146 
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(Kamholz and Yager, 2001; Lee et al., 2016; Rudyak and Minakov, 2014). Therefore, to address this, 147 

micromixers have been optimised in terms of channel geometry and architecture. External fields (e.g. 148 

acoustic) have also been considered as mechanisms to disrupt fluid streams (Le The et al., 2015). A range of 149 

micromixer designs and the nanomedicines produced have been outlined in Table 2. For example, chaotic 150 

advection can be created with the use of a staggered herringbone micromixer (SHM; Figure 1). With this 151 

design, the fluid streams are passed over a series of protruding herringbone structures causing chaotic flow 152 

that creates transverse vortices that are repeatedly changed because of the asymmetric geometry (Tóth et 153 

al., 2014). This leads to faster and more refined mixing performances and more homogenous particle sizes 154 

when used to produce liposomes (Belliveau et al., 2012; Jahn et al., 2007). This design has been used to 155 

produce size-controlled liposomes (Zhigaltsev et al., 2012) with the liposome size being controlled by 156 

alterations in flow rate and flow rate ratios (Belliveau et al., 2012; Zhigaltsev et al., 2012), and this has 157 

resulted in numerous examples of effective nanomedicine production using this micromixer design (Figure 158 

1). However, this design has some limitations; the need for fabricating consistent herringbone structures at  159 

the micro-scale leads to complicated and expensive processes. In addition to this, due to the multi-160 

dimensional dependencies and practical limitation on the size of the herringbone features, it is difficult to 161 

achieve the throughput speeds that meet Good Manufacturing Practice (GMP) standards in terms of the final 162 

product volume. To address this, an alternative design based on a toroidal mixer design (TrM; Figure 1) has 163 

been developed by Precision NanoSystems Inc. This design offers comparable mixing efficiencies under 164 

laminar flow at high fluid speeds by using circular structures within the flow path. This induces chaotic 165 

advection through increasing the number of vortices and centrifugal forces created between the columns 166 

within the cartridge, allowing for improved mixing and also allowing for higher throughput (Lee et al., 2016). 167 

Therefore the aim of our work was to compare and map the critical process attributes of both the staggered 168 

herringbone mixer that we have previously used (e.g. Anderluzzi and Perrie, 2019; Khadke et al., 2019; Lou 169 

et al., 2019; Roces et al., 2019a) with this new toroidal micromixer design and to test the production of 170 

liposomes from bench to GMP-scale.  171 
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Table 2: Examples of nanoparticles produced using microfluidics. 172 

Microfluidic 
architecture 

Formulation Entrapped 
material 

Z-average 
diameter 

(nm) 

Reference 

Staggered 
herringbone 

mixer 

POPC Doxorubicin 20 – 30 (Zhigaltsev et al., 2012) 

DLinkE2-
DMA:DSPC:Chol:PEG-c-DMA 

Si-RNA 30 - 55 (Belliveau et al., 2012) 

DSPC:Chol Metformin and 
Glipizide 

50 - 60 (Joshi et al., 2016) 

DMPC:Chol / DSPC:Chol Atenolol and 
quinine 

200 – 360 (Guimaraes Sa Correia et 
al., 2017) 

Span80:Chol / Tween85:Chol Curcumin 70 – 230  (Obeid et al., 2019) 

Span60:Chol:Cremophor®(EL
P or RH40) / 

Span60:Chol:Solutol®HS15 

Cinnarazine 1200 - 
5300 

(Yeo et al., 2018) 

PLGA / PEG - PLGA Curcumin 120 - 240 (Morikawa et al., 2018) 

ATX:DSPC:Chol:DMG-
PEG:PEG2000 

Si-RNA 40 – 50 (Yanagi et al., 2016) 

T-mixer Triolein:POPC:PEG-DSPE Iron oxide 35 - 140 (Kulkarni et al., 2017) 

PMMA:Cremophor:ELP  Ketoprofen 220 - 360 (Ding et al., 2019) 

PMMA:Eudragit 
S100:Pluronic F68 

Paclitxel 105 - 140 (Dobhal et al., 2017) 

Chitosan Poloxamer 
407:HMPC:SDS:Tween20 

CRS 74 590 – 920 (de Paiva Lacerda et al., 
2015) 

PVPVA:Poloxamer 
407:Poloxamer 188 

Itraconazole 100 – 300  (Zhang et al., 2018) 

Y - type Ethyl cellulose:Tween80 Losartan 
potassium 

360 (Patil et al., 2015) 

HPIMM PMMA:Cremophor:ELP Ketoprofen 140 – 200 (Ding et al., 2019) 

K-M PMMA:Cremophor:ELP Ketoprofen 120 - 260 (Ding et al., 2019) 

Hydrodynamic 
flow focussing 

PLGA Ribavirin 45 - 70 (Bramosanti et al., 2017) 

PLGA Dexamethasone 200 (Chronopoulou et al., 
2014) 

DMPC:Chol:PEG2000-PE Doxorubicin 80 - 190 (Hood et al., 2014) 

 173 

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC); 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC); Chol 
(Cholestrol); 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC); e Cremophor® ELP (purified polyoxyl 35 castor oil); 
Cremophor® RH40 (hydrogenated polyoxyl 40 castor oil); Solutol® HS15 (polyoxyl 15 hydroxystearate);  poly(lactic-co-
glycolic acid) (PLGA); Polyethylene glycol (PEG); ATX (proprietary ionizable amino lipids); DMG-PEG2000 (1,2-
Dimyristoyl-sn-glycerol, methoxypolyethylene glycol, PEG chain molecular weight: 2000; 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[amino(polyethylene glycol)-2000] (DSPE-PEG(2000)); Poly(methyl methacrylate) (PMMA); 
Pluronics F68 (Poloxamer 188, poly(ethylene oxide)–poly(propyleneoxide); hydroxypropyl methylcellulose (HPMC); 
Sodium dodecyl sulfate (SDS); Polyvinylpyrrolidone vinyl acetate (PVPVA); PEG2000-PE (1,2-dimyristoyl-sn-glycero-3-
phophoethanolamine-N-[methoxy(PEG)-2000]. 
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2. Materials and methods 174 

2.1 Materials  175 

The lipids 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC), hydrogenated soy phosphatidylcholine (HSPC) 176 

and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] (mPEG:DSPE 177 

2000) were obtained from Lipoid GmbH, Ludwigshafen, Germany. 1,2-dimyristoyl-sn-glycero-3-178 

phosphocholine (DMPC), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), 1,2-dioleoyl-sn-glycero-3-179 

phospho-L-serine (sodium salt) (DOPS), 1,2-dioleoyl-3-trimethylammonium-propane (chloride salt) (DOTAP) 180 

and 1,2-dimyristoyl-rac-glycero-3-methoxypolyethylene glycol-2000 (DMG-PEG2000) were obtained from 181 

Avanti Polar Lipids Inc., Alabaster, AL, US. DLin-MC3-DMA was purchased from Biorbyt (Biorbyt Limited, 182 

Cambridge, UK). PLGA 50:50 (30,000-60,000 Mw ester terminated), cholesterol (Chol), tristearin, ovalbumin 183 

(OVA), phosphate buffered saline (PBS; pH 7.4) in tablet form, doxorubicin (DOX) hydrochloride, ammonium 184 

sulfate (AS) polyadenylic acid (PolyA) and the phospholipid assay kit were purchased from Sigma Aldrich 185 

Company Ltd., Poole, UK. 1,1'-dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine perchlorate (DilC) was 186 

obtained from Fisher Scientific, Loughborough, England, UK. Tris (hydroxymethyl) aminomethane (TRIS) was 187 

obtained from ICN Biomedicals, Inc. For OVA purification by tangential flow filtration (TFF), modified 188 

polyethersulfene (mPES) hollow fibre columns were used (100 - 750 kD MWCO depending on formulation; 189 

Spectrum Inc., Breda, The Netherlands). For the release studies, Biotech CE Tubing MWCO 300 kD was used 190 

(Spectrum Inc., Breda, The Netherlands). HPLC grade methanol, 2-propanol, acetonitrile and Pierce™ Micro 191 

BCA Protein Assay kit were purchased from Fisher Scientific, Loughborough, England, UK. All solvents were 192 

HPLC grade.  193 

 194 

2.2 Microfluidic manufacture of liposomes   195 

Microfluidic production of liposomes was achieved using either the NanoAssemblr® Benchtop, the IgniteTM 196 

or NxGen Blaze™ platforms (Precision NanoSystems Inc, Vancouver, Canada). In these systems different 197 

microfluidic mixers were used: a staggered herringbone (SHM) or a toroidal mixer (TrM) (NanoAssemblr 198 
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Classic or NxGen™ respectively) as outlined in Figure 1. Initial lipid concentrations used were 4 to 40 mg/mL 199 

depending on the formulation. Lipids were dissolved in either methanol or ethanol and PGLA 50:50 was 200 

dissolved in acetonitrile  and mixed with an aqueous phase. For the production of protein loaded liposomes, 201 

varying initial concentrations (0.25 – 1 mg/mL in PBS; 10 mM, pH 7.4) of OVA were used as the aqueous 202 

phase. For pH gradient loaded liposomes, ammonium sulfate (250 mM) was used as the aqueous phase. For 203 

PolyA loaded liposomes, PolyA dissolved in TRIS (10 mM; pH 7.4) at an initial concentration of 166 µg/mL. 204 

Microfluidic mixing was undertaken at a range of flow rate ratios (FRR) from 1:1 to 5:1 (aqueous:alcohol 205 

phase) and at total flow rates (TFR; the production speed) from 10 to 60 mL/min depending on the system. 206 

 207 

2.2.1 GMP microfluidic production of liposomes. 208 

GMP microfluidic production of liposomes was achieved using the NanoAssemblr GMP system and a TrM 209 

(NxGen 500) cartridge which uses the same toroidal mixer design with inline dilution and with custom HPLC 210 

pumps. Liposomes were manufactured at a FRR of 3:1 and a TFR of 200 mL/min.  211 

 212 

2.3 Down-stream production and purification of nanoparticle and liposomal formulations using tangential 213 

flow filtration 214 

Solvent and unentrapped drug (protein and doxorubicin depending on the formulation) were removed from 215 

liposome suspensions using the Krosflo Research IIi tangential flow filtration (TFF) system with a 100, 500 or 216 

750 kD mPES column and a 12 diafiltrate volume. The system was run at 21 mL/min. With GMP production, 217 

a 100 kD mPES filter was used. For liposomes entrapping protein, liposomes were washed in PBS. For 218 

liposomes actively loaded with doxorubicin, liposomes were prepared encapsulating ammonium sulfate 250 219 

mM using microfluidics. Purification and establishment of a pH gradient between the interior and the exterior 220 

of the liposomes was carried out using TFF and washing with PBS (pH 7.4). Doxorubicin was subsequently 221 

loaded into the liposomes (10 min, 60°C) and non-encapsulated doxorubicin was removed using TFF again 222 

and washing with PBS. For liposomes with entrapped PolyA, ethanol concentrations were reduced to 5% by 223 
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diluting samples 1 in 10. The applicability of TFF for down-stream processing of other nanoparticles was also 224 

tested; physico-chemical characteristics were compared before and after TFF to access the impact of 225 

downstream processes on various formulations. Liposomal formulations including DSPC:Chol (2:1 w/w), 226 

DSPC:Chol:DOPS (10:5:4 w/w) and DSPC:Chol: DLin-MC3-DMA:DMG-PEG2000 (14:32:45:9 w/w) were 227 

prepared using an initial lipid concentration of 4 mg/mL. DSPC:Chol and DSPC:Chol:DOPS were prepared at a 228 

FRR of 3:1 and TFR of 15 mL/min and initial OVA concentration of 0.25 mg/mL. The ionisable lipid formulation 229 

(containing DLin-MC3-DMA) and DOPE:DOTAP were prepared at 1:1 FRR and TFR of 10 mL/min. For 230 

HSPC:Chol:DSPE-PEG2000 (3:1:1 w/w) liposomes an initial concentration of 10 mg/mL was used with a FRR 231 

of 1.5:1 at 12 mL/min and doxorubicin was subsequently loaded at 0.125 g/g lipid of preformed liposomes. 232 

For the nanoparticle formulations, OVA loaded tristearin and mPEG-DSPE2000 (5:1 w/w) were manufactured 233 

at a TFR of 15 mL/min and FRR 3:1 with an initial OVA concentration of 0.25 mg/mL. PLGA 50:50 (10 mg/mL 234 

initial) was produced at 1:1 FRR and TFR 10 mL/min with Tris buffer as the aqueous phase. All formulations 235 

were characterised before and after TFF purification by dynamic light scattering (DLS) in terms of 236 

hydrodynamic size (Z-average), PDI and zeta potential. Post purification, loading within the systems and 237 

product recovery was measured. Liposome recovery was quantified by incorporating DilC at 0.2 mol% into 238 

the bilayer of the liposomes with the sample fluorescence measured before and after TFF allowing the lipid 239 

quantification to be calculated by referring to a calibration curve. PLGA product yield was measured using a 240 

bicinchonic acid (BCA; Thermo Fisher Scientific, Waltham, MA, USA) assay kit. Due to the incompatibility of 241 

the column with acetonitrile, dialysis was performed prior TFF. To calculate the nanoparticle yield, a 242 

calibration curve using the dialysed sample was used and nanoparticle yield was measured as percentage 243 

recovered compared to the dialysed nanoparticles. 25 µL sample and 200 µL of BCA working reagent were 244 

added into the wells, the plate was incubated at 37°C for 30 min and the absorbance was measured at 564 245 

nm (as per manufacturer’s instructions). 246 

 247 



13 

 

2.4 Product characterisation  248 

2.4.1 Particle size attributes 249 

Particle size (Z-average diameter), polydispersity index (PDI) and zeta potential were measured by dynamic 250 

light scattering using a Zetasizer Nano ZS (Malvern Panalytical Ltd, Worcestershire, UK) equipped with a 633 251 

nm laser and a detection angle of 173°. The samples were measured and the values of water were used for 252 

refractive index and viscosity. Zetasizer Software v.7.11 (Malvern Panalytical Ltd.) was used for the 253 

acquisition of data. All measurements were undertaken in triplicate with the attenuation value between 6 254 

and 9. 255 

 256 

2.4.2 Lipid concentration quantification 257 

Lipid recovery was accessed using DilC (excitation and emission, 549 and 565 nm respectively) or for 258 

DSPC:Chol protein-loaded liposomes a commercial colorimetric phospholipid assay (Sigma Aldrich Company 259 

Ltd., Poole, UK) was used. For phospholipid concentrations determined using the commercial colorimetric 260 

phospholipid assay (Sigma Aldrich Company Ltd., Poole, UK) the manufacturer’s recommendations were 261 

followed. Briefly, a calibration curve was produced by diluting the included standard to 0.5 mM and adding 262 

varying standard volumes to a 96 well plate in duplicate and completing the final volume per well to 50 µL 263 

with deionised water. 50 µL of solubilised phospholipids were diluted 1:50 with purified water while liposome 264 

samples before and after tangential flow filtration were diluted 1:10 with purified water. 50 µL of reaction 265 

mix containing the assay buffer, enzyme mix, phospholipase D enzyme and dye reagent, as per manufacturers 266 

recommendations, was added to each sample which were then incubated at room temperature for 30 min. 267 

Absorbance was measured at 562 nm using a Bio-rad 680 microplate reader. For the other formulations 268 

mentioned, lipid recovery was performed by incorporating DilC at 0.2 mol% into the bilayer of the liposomes 269 

with the sample fluorescence measured before and after TFF allowing the lipid quantification to be 270 

calculated. 271 

 272 



14 

 

2.4.3. Protein entrapment efficiency. 273 

Solubilisation of liposomes to release entrapped protein and subsequent protein quantification was achieved 274 

following a modified published protocol (Forbes et al., 2019). Briefly, a solubilisation mixture (PBS:2-Propanol 275 

1:1 v/v) was added to liposome samples at a 1:1 v/v ratio and vortexed. Protein loading was quantified using 276 

either the micro-BCA (Thermo Fisher Scientific, Waltham, MA, USA) or reversed-phase high performance 277 

liquid chromatography (RP-HPLC, Shimadzu 2010-HT, Milton Keynes, UK) with a Jupiter 5 µm C5 300A column 278 

4.6 mm i.d. x 250 mm length (Phenomenex, UK). A flow rate of 1 mL/min was used with an injection volume 279 

of 100 µL and run temperature of 35 °C. A gradient flow mobile phase was used (0.1%TFA in water (A), 280 

0.1%TFA in acetonitrile (B); A/B from 95:5 to 35:65 in 20 min) gradient flow mobile phase was used (0.1%TFA 281 

in water (A), 0.1%TFA in acetonitrile (B) (Umrethia et al., 2010)) and an OVA retention time of 10 – 14 min 282 

using a UV detector at 210 or 280 nm. A linear calibration curve was obtained using a range of OVA 283 

concentrations (0 – 1 mg/mL) and liposomes (4 mg/mL). All calibration curves produced by RP-HPLC and 284 

micro-BCA for protein quantification had a linear regression of > 0.99 and a LOQ < 50 µg/mL. 285 

 286 

2.4.4. Doxorubicin encapsulation efficiency 287 

For active loading, doxorubicin was added at 0.125 g/g lipid of preformed liposomes. Doxorubicin stock was 288 

prepared at 20 – 30 mg/mL in ultrapure water. Quantification of doxorubicin was performed using a 289 

microplate reader model 680 (Bio-rad Laboratories. Inc., Hertfordshire, UK) measuring the UV absorbance at 290 

490 nm. Liposomes were solubilised with 50% 2-propanolol (1:1 v/v). Calibration curves were performed 291 

under the same conditions as the sample. A linear calibration curve was obtained (R2=0.997) from 0 – 0.5 292 

mg/mL doxorubicin with an LOD and LOQ of 0.03 and 0.1 mg/mL respectively. 293 

 294 

2.4.5 PolyA entrapment efficiency 295 

PolyA encapsulation efficiency (EE%) was measured using Quant-iT™ RiboGreen™ RNA Assay Kit 296 

(Invitrogen™). Briefly, 100 µL of the diluted fluorescent dye was added to 100 µL liposomes and incubated in 297 
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absence of light for 5 min. Non-encapsulated PolyA was quantified by measuring fluorescence (λem= 480 298 

nm, λex= 520nm) using a fluorimeter (Polarstar Omega, BMG Labtech). A linear calibration curve was 299 

obtained (R2=0.997) from 0 – 1000 ng/mL PolyA with LOD and LOQ of 75 and 228 ng/mL respectively. 300 

 301 

2.4.6 Cryo-TEM imaging of liposomes 302 

Samples were prepared using a Gatan CP3 Cryoplunge by depositing liposomes (3 µL) onto a 300 mesh copper 303 

TEM grid (graphene oxide / holey carbon or holey carbon) held in tweezers in a controlled environment (~ 23 304 

oC, 80% humidity), blotted for 1.5 s then plunged into liquid nitrogen cooled liquid ethane (-172 oC) to vitrify. 305 

Samples were maintained under liquid nitrogen until transfer to the TEM (Gatan 926 cryo sample holder) and 306 

held at -176 oC during analysis (Gatan Smartset model 900 controller). Images of liposomes were recorded 307 

using a JEOL 2100 Plus operating at 200 kV (Gatan Ultrascan 100XP camera).  308 

 309 

2.5 Protein release from liposomes 310 

DSPC:Chol liposomes (2:1 w/w) entrapping OVA were produced at a flow rate ratio of 3:1, a flow rate of 15 311 

mL/min, an initial lipid concentration of 16 mg/mL (dissolved in methanol) and 1 mg/mL initial OVA (in PBS). 312 

Initial protein loading for all liposome samples were in the range of 215 to 220 µg/mL with no significant 313 

difference between the SHM and TrM samples and thus 1 mL of each purified formulation was placed in a 314 

300 kD dialysis bag in the presence of 20 mL PBS (pH 7.4 ± 0.2), n = 3 for each micromixer. The samples were 315 

incubated at 37 °C with agitation and at 0, 24, 48, 72 and 120 h, 100 µL of the liposome sample was removed 316 

and replaced with an equal volume of buffer. The protein content within the liposomes was quantified using 317 

the described RP-HPLC method. Release studies were conducted up to 80% release was achieved; above this 318 

level, protein concentration within the liposomes fell below the LOQ (50 µg/mL) and could not be quantified. 319 

 320 

 321 

 322 
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2.6 Statistical analysis 323 

Results are represented as mean ± SD with n = 3 independent batches. ANOVA tests were used to assess 324 

statistical significance, with a Tukey’s post adhoc test (p value of less than 0.05). Where appropriate, the 325 

similarity or differences between drug release profiles between formulations was assessed by the f2 similarity 326 

test. 327 

3. Results  328 

3.1 Bench-scale production of liposome formulations using different microfluidic mixers 329 

Given that the new toroidal mixer supports the transition from bench-scale at low volumes (1 mL) through 330 

to GMP production (>20 L/h) (Figure 1), initial studies focused on mapping across from the staggered 331 

herringbone design mixer to the toroidal mixer. Figure 2 outlines initial studies comparing the size, PDI and 332 

zeta potential attributes of anionic, neutral and cationic liposomes prepared using both types of microfluidic 333 

mixers. Figure 2 demonstrates that across all three liposome formulations tested, the key physico-chemical 334 

attributes map across between the two types of microfluidic mixers with no significant difference in size, PDI 335 

(Figure 2A) and zeta potential (Figure 2B). Anionic liposomes (DSPC:Chol:DOPS; 10:5:4 w/w) were 55 – 60 nm 336 

with a zeta potential of -20 to -25 mV irrespective of the microfluidic mixer used (Figure 2). Neutral liposomes 337 

(DSPC:Chol; 2:1 w/w) were slightly smaller in size (~40 nm) and near neutral in terms of zeta potential and 338 

again the choice of micromixer used had no impact on these attributes. Similarly, with the cationic liposomes 339 

(DOPE:DOTAP; 1:1 w/w), there was no significant difference in size (50 – 60 nm) or zeta potential (~45 mV) 340 

(Figure 2) for liposomes produced using the staggered herringbone or the toroidal micromixer.  341 

 342 

When these liposomes formulations were loaded with either OVA protein (anionic and neutral liposomes) or 343 

polyA (cationic liposomes) the particle size, PDI, loading and zeta potential again showed no significant 344 

differences between liposomes prepared by the staggered herringbone or the toroidal microfluidic mixer  345 
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 346 

Figure 2: Comparison of micromixer design on the physio-chemical attributes of liposomes. Liposomes were 347 
prepared using either a staggered herringbone (SHM) in the NanoAssemblr® Benchtop or a toroidal mixer 348 
(TrM) in the IgniteTM and their physico-chemical attributes compared. Anionic liposomes (DSPC:Chol:DOPS 349 
10:5:4 w/w) and neutral liposomes (DSPC:Chol 2:1 w/w) were prepared at a 3:1 flow rate ratio and a total 350 
flow rate of 15 mL/min and purified by tangential flow filtration. Cationic liposomes DOPE:DOTAP (1:1 w/w) 351 
were produced at a flow rate ratio of 1:1 and a total flow rate of 10 mL/min and purified using a 1/10 dilution 352 
with Tris to reduce the solvent concentrations. All formulations were prepared at an initial lipid concentration 353 
of 4 mg/mL dissolved in ethanol (DOPE:DOTAP) and methanol (DSPC:Chol:DOPS and DSPC:Chol).  The 354 
liposome z-average diameter (columns) and PDI (open circles) (A) and zeta potential (B) were measured. 355 
Results represent mean ± SD of three independent batches.  356 
 357 

(Figure 3). OVA was loaded into neutral and anionic liposomal formulations that we have investigated 358 

previously as potential protein and vaccine delivery systems (Forbes et al., 2019; Webb et al., 2019). With  359 

cationic systems, the majority of the work is focused on nucleic acid delivery, hence PolyA was used as a  360 

surrogate for RNA. With the anionic liposomes, protein loading was approximately 20% of initial amount 361 

added, whilst neutral liposomes had a higher protein loading (approximately 35%) irrespective of the 362 

micromixer used. When loaded with protein, anionic liposomes tend to increase in size and have reduced 363 
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protein loading compared to neutral liposomes, presumably due to the electrostatic repulsion between the 364 

anionic protein and the anionic bilayer membranes (Forbes et al., 2019; Webb et al., 2019). With the cationic 365 

formulations, due to electrostatic interactions between the cationic lipid and polyA, loading was high (95-366 

100%), again irrespective of the micromixer used (Figure 3). In terms of particle size, again there was no 367 

differences in size; particles produced using the SHM were 58 ± 7 nm and 55 ± 1 nm whereas for TrM were 368 

51 ± 1 and 52 ± 3 for DOPE:DOTAP (Figure 2) and PolyA loaded DOPE:DOTAP particles (Figure 3) respectively. 369 

 370 

Unlike conventional liposome production methods, using microfluidics we have previously shown (Forbes et 371 

al., 2019; Webb et al., 2019) that liposomes containing lipids with high (e.g. DSPC) or low (e.g. DMPC) lipid 372 

phase transition temperatures can be manufactured at ambient temperature without the need to work 373 

above lipid transition temperatures. To confirm the new microfluidic mixer design also offers this advantage, 374 

three different liposome formulations were prepared containing DMPC, DSPC or HSPC and cholesterol, all at 375 

a 2:1 w/w ratio (Figure 4) and loaded with OVA protein. Liposomes containing DMPC:Chol were 80 – 90 nm, 376 

DSPC:Chol liposomes were 50 – 60 nm and HSPC:Chol liposomes were 50 – 60 nm, all with PDI of 0.2 or 377 

below, with no significant difference between liposomes produced using a staggered herringbone mixer and 378 

a toroidal mixer (Figure 4A). Similarly, across all three liposome formulations there was no significant 379 

difference in protein loading (30 – 37%) nor zeta potential (-5 to – 10 mV) (Figure 4). 380 
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  381 

Figure 3: Production of drug loaded liposomes using different microfluidic mixers. Liposomes were prepared 382 
using either a staggered herringbone (SHM) in the NanoAssemblr® Benchtop or a toroidal mixer (TrM) in the 383 
IgniteTM. Anionic liposomes (DSPC:Chol:DOPS 10:5:4 w/w) and neutral liposomes (DSPC:Chol 2:1 w/w) were 384 
prepared at a 3:1 flow rate ratio and a total flow rate of 15 mL/min. All formulations were prepared at an 385 
initial lipid concentration of 4 mg/mL dissolved in methanol and loaded with 0.25 mg/mL initial OVA 386 
concentration dissolved in PBS pH 7.4. Non-entrapped protein was removed by tangential flow filtration and 387 
protein loading was quantified via RP-HPLC. Cationic liposomes (DOPE-DOTAP (1:1 w/w) were prepared at a 388 
flow rate ratio of 1:1 and a total flow rate of 10 mL/min. An initial lipid concentration of 4 mg/mL (dissolved 389 
in ethanol) and an initial PolyA concentration of 166 µg/mL (dissolved in Tris buffer pH 7.4, 10 mM) was used. 390 
Cationic liposomes were purified by dilution and drug loading quantified by using a Ribogreen assay. The 391 
liposome z-average diameter (columns) and PDI (open circles) (A), drug loading (B) and zeta potential (C) 392 
were measured. Results represent mean ± SD of three independent batches.  393 
 394 
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 395 

Figure 4: Production of liposomes entrapping protein are room temperature irrespective of phospholipid 396 
transition temperature. Liposomes were prepared from DMPC, DSPC or HSPC in combination with cholesterol 397 
at a 2:1 w/w ratio using either a staggered herringbone (SHM) in the NanoAssemblr® Benchtop or a 398 
toroidal mixer (TrM) in the IgniteTM. Liposomes were manufactured at a 3:1 flow rate ratio, 15 mL/min total 399 
flow rate, an initial lipid concentration of 4 mg/mL (dissolved in methanol) and an initial ovalbumin protein 400 
concentration of 0.25 mg/mL (dissolved in PBS pH 7.4) which was quantified by RP-HPLC after purification. 401 
All liposomes were prepared at room temperature. Liposomes were purified by tangential flow filtration. The 402 
liposome z-average diameter (columns) and PDI (open circles) (A), loading (B), and zeta potential (C) was 403 
compared. Results represent mean ± SD of three independent batches.  404 
 405 

3.2 Manufacturing process parameters matched across both microfluidic mixers 406 

Given that the new toroidal mixer was able to produce liposomes with the same physico-chemical attributes 407 

(size, PDI, zeta potential and loading) across a range of liposome formulations (Figures 2 to 4), the next step 408 

was to confirm that a range of manufacturing process parameters could be mapped across from the 409 

staggered herringbone mixer to the new toroidal mixer. To confirm this, the impact of flow rate ratio, total 410 

flow rate and solvent selection were tested using liposomes composed of DSPC:Chol (2:1 w/w). From Figure 411 

5, again we see that the liposome attributes in terms of particle size, PDI and protein loading match for 412 
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liposomes produced using the staggered herringbone and toroidal mixer. Liposomes produced at a 3:1 413 

aqueous:alcohol flow rate ratio were ~ 55 nm, whilst those produced at a 5:1 flow rate ratio tended to be 414 

slightly larger (55 – 60 nm) (Figure 5A) with no significant difference between the formulations prepared on 415 

the two different mixers. In the same way, loading was not influenced by the choice of mixer, with those 416 

produced at 3:1 having a protein loading around 35% whilst those at 5:1 were lower (approximately 30%; 417 

Figure 5C). In terms of flow rate, rates of 12 to 20 mL/min were tested using both the staggered herringbone 418 

and the toroidal mixer, again there was no significant difference in particle size and PDI (50 – 60 nm, 0.2; 419 

Figure 5B) and protein loading (approximately 35%; Figure 5D). 420 

 421 

Figure 5:  Small-scale production of liposomes using different process parameters. Liposomes (DSPC:Chol 2:1 422 

w/w) were produced by either a staggered herringbone (SHM) in the NanoAssemblr® Benchtop or a 423 

toroidal mixer (TrM) in the IgniteTM and the effect of flow rate ratio (A and C) and total flow rate (B and D) 424 

investigated on liposome z-average diameter (columns) and PDI (open circles) (A and B) and protein loading 425 

(C and D).  Liposomes entrapping OVA were manufactured at flow rate ratios of 3:1 or 5:1 and a total flow 426 

rates of 12, 15 or 20 mL/min. An initial lipid concentration of 4 mg/mL (dissolved in methanol) and an initial 427 

OVA concentration of 0.25 mg/mL (dissolved in PBS) was used. Liposomes were purified by tangential flow 428 

filtration and protein loading quantified by RP-HPLC. Results represent mean ± SD of three independent 429 

batches. 430 
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 Equally, when switching between solvents, both microfluidic mixers show similar liposome attributes in 431 

terms of size (~55 nm when produced in methanol, and ~60 nm when produced in ethanol), PDI (~0.2), 432 

loading (~35%) and zeta potential (-5 to -10 mV) (Figure 6). The impact of lipid concentration was also tested 433 

for both micromixers (Figure 6 D and E); the results again show no significant difference between the SHM 434 

and TrM in terms of particle size attributes and protein loading. With both microfluidic mixer systems, the 435 

particle size remains in the range of 50 to 65 nm with loading 26 – 36 % up to final lipid concentrations of 8 436 

mg/mL (Figure 6D and E). When the final lipid concentration is increased to 10 mg/mL, the particle size 437 

increases to approximately 75 nm but the drug loading remains constant (Figure 6D and E respectively) again 438 

with no significant difference resulting from the microfluidic cartridge design used. 439 

 440 

Figure 6: Investigating the impact of solvent choice and lipid concentration when using different microfluidic 441 
mixers. Liposomes (DSPC:Chol 2:1 w/w) entrapping OVA were produced using either methanol or ethanol to 442 
dissolve the lipid and either a staggered herringbone (SHM) in the NanoAssemblr® Benchtop or a 443 
toroidal mixer (TrM) in the IgniteTM. The liposome z-average diameter (columns) and PDI (open circles) (A), 444 
protein loading (B; quantified by RP-HPLC) and zeta potential (C) was measured. DSPC:Chol liposomes were 445 
manufactured using either methanol or ethanol at a flow rate ratio of 3:1, a total flow rate of 15 mL/min, an 446 
initial lipid concentration of 4 mg/mL and OVA concentration of 0.25 mg/mL. Liposomes (DSPC:Chol 2:1 w/w) 447 
entrapping OVA were also produced at final lipid concentrations from 0.5 to 10 mg/mL and their particle size 448 
(D) and protein loading (E) was measured by a combination of RP-HPLC and micro-BCA. Liposomes were 449 
purified by tangential flow filtration. Results represent mean ± SD of three independent batches.  450 
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In terms of morphological attributes, both microfluidic mixers produced similar small unilamellar vesicles 451 

(Figure 7A to D) with the same lipid recovery after microfluidic production (Figure 6E). From the cryo-TEM 452 

images, the particle sizes were also calculated with liposomes produced via the staggered herringbone mixer 453 

being 51 ± 6 nm (n = 109) whilst those produced via the toroidal mixer being 47 ± 5 nm (n = 227) with no 454 

significant difference. These diameters should be slightly smaller than those obtained by DLS; TEM 455 

measurements do not include the hydration layer.  Protein release profiles from liposomes produced by the 456 

two different mixers were also not significantly different (similarity factor (f2) of 65; figure 7F).  457 

 458 

Figure 7: Liposome morphology, lipid recovery and protein release profiles of liposomes produced using 459 

different microfluidic mixers. Liposomes (DSPC:Chol 2:1 w/w) entrapping OVA were produced using either a 460 

staggered herringbone (SHM) in the NanoAssemblr® Benchtop or a toroidal mixer (TrM) in the IgniteTM. (A) 461 

and (B) show the morphology of liposomes produced using the staggered herringbone mixer. (C) and (D) 462 

show the morphology of formulations produced using the toroidal mixer. (E) Phospholipid recovery in 463 

liposomes produced by each mixer before and after purification via tangential flow filtration. (F) Protein 464 

release from liposomes produced by the two different micromixer designs and incubated at 37 °C for 120 h 465 

under agitation. DSPC:Chol liposomes were produced at a flow rate ratio of 3:1, and a total flow rate of 15 466 

mL/min. An initial lipid concentration of 4 mg/mL (dissolved in methanol) and an initial OVA concentration 467 

of 0.25 mg/mL (dissolved in PBS) was used for (A) to (E). For protein release studies (F), liposome formulations 468 

were produced at a 4-folds higher concentration (initial lipid concentration of 16 mg/mL and initial OVA of 1 469 

mg/mL). Protein loading and release was quantified by RP-HPLC. Results represent mean ± SD of three 470 

independent batches (E, F).  471 
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3.3 GMP production of protein loaded liposomes 472 

Given that at bench-scale the staggered herringbone and toroidal mixer were shown to produce liposomes 473 

of the same physico-chemical attributes across a range of formulations (figure 2 to 4) and process parameters 474 

(Figures 5 to 7), the next step was to assess the ability to apply the toroidal mixer to produce liposomes at 475 

high production rates (>200 mL/min) on a GMP system. To achieve this, we assessed the attributes of 476 

DSPC:Chol (2:1 w/w) liposomes entrapping protein (OVA) produced at bench-scale (12 mL/min; IgniteTM 477 

platform), to larger preclinical-scale (60 mL/min; NxGen BlazeTM and NxGen 400 Cartridge), through to GMP-478 

scale (NanoAssemblr GMP system and NxGen 500 cartridge) (run at 200 mL/min). The NxGen 500 has a larger 479 

cross-sectional area resulting in lower fluidic resistance but necessitating a higher flow rate to achieve the 480 

optimal mixing speed. Across all three platforms, the lipids were dissolved in ethanol and purified by 481 

tangential flow filtration. Figure 8 shows that the liposomes were 60 – 70 nm with a PDI of ~0.2 across the 482 

three flow rates tested (Figure 8A), with similar particle size distribution profiles (Figure 8B) and protein 483 

loading (Figure 8C) with no significant difference as we move from small bench-scale (1 mL, 12 mL/min) to 484 

GMP-scale (200 mL/min).  485 

 486 

Figure 8: Scale-independent production of liposomes entrapping protein - from bench to GMP. Liposomes 487 

(DSPC:Chol 2:1 w/w) entrapping OVA were produced using a toroidal mixer in the IgniteTM, NxGen BlazeTM or 488 

a GMP microfluidic manufacturing system. All three systems were run at the same flow rate ratio (3:1). Total 489 

flow rate was increased to demonstrate scale-independent production across different systems from 490 

12 mL/min (IgniteTM) to 60 mL/min (NxGen BlazeTM) or 200 mL/min (GMP system). The liposome z-average 491 

diameter and PDI (A), intensity-weighted size distribution (B) and protein loading quantified by micro-BCA 492 

(C) are shown. Results represent mean ± SD of three independent batches for the Ignite and NxGen Blaze 493 

systems and 1 large-scale batch on the GMP system. 494 

 495 
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3.4 Down-stream processing of nanomedicines 496 

 As part of any production process for liposomes and nanoparticles, a purification step is required. For the 497 

bench through to GMP production of liposomes, tangential flow filtration was employed to remove solvent 498 

and non-entrapped drug (Figures 2 to 8). This process can be applied to a range of liposome and nanoparticle 499 

formulations produced by microfluidics as outlined in Table 3. In terms of liposome formulations, neutral 500 

liposomes (DSPC:Chol), anionic liposomes (DSPC:Chol:DOPS), PEGgylated liposomes (HPSC:Chol:DSPE-501 

PEG2000) and liposomes formulated using ionisable lipids (DSPC:Chol: DLin-MC3-DMA:DMG-PEG2000) were 502 

prepared. Each formulation was characterised before and after purification by tangential flow filtration. Table 503 

3 demonstrates that the particle size, PDI and zeta potential was unchanged by the process and high product 504 

recovery (>95% of liposome product) was noted. To test the wider application of this purification process, 505 

solid lipid nanoparticles and polymeric nanoparticles were also produced by microfluidics and purified by 506 

tangential flow filtration (Table 3). Again, nanoparticle attributes were retained through the purification 507 

process with high product yield.  508 

 509 

 510 

 511 

 512 

 513 

 514 

 515 

 516 

 517 

 518 

 519 

 520 
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Table 3.  Down-stream production and purification of nanoparticle and liposomal formulations using 521 
tangential flow filtration.  522 

Liposomes Pre-TFF purification Post-TFF purification 

DSPC:Chol (2:1 w/w) liposomes incorporating protein 
(OVA) 

Size: 51 ± 3 nm 
PDI: 0.21 ± 0.07 
ZP: -4 ± 1 mV 

Size: 58 ± 6 nm  
PDI: 0.19 ± 0.01 
ZP: -6 ± 2 mV 
Loading: 34 ± 2% 
Product yield: 103 ± 6% 

DSPC:Chol:DOPS (10:5:4 w/w) liposomes 
incorporating protein (OVA) 

Size: 139 ± 26 nm   
PDI: 0.15 ± 0.03 
ZP: -27 ± 4 mV 

Size: 127 ± 26 nm 
PDI: 0.14 ± 0.01 
ZP: - 26 ± 3 mV 
Loading: 16 ± 1% 
Product yield: 97 ± 3% 

HSPC:Chol:DSPE-PEG2000 (3:1:1 w/w) incorporating 
doxorubicin 

Size: 86 ± 7 nm 
PDI: 0.07 ± 0.02 
ZP: -7 ± 2 mV 

Size: 85 ± 6 nm 
PDI: 0.09 ± 0.02 
ZP: -10 ± 1 mV 
Loading: 95 ± 5 % 
Product Yield: 95 ± 7% 

DSPC:Chol: DLin-MC3-DMA:DMG-PEG2000 
(14:32:45:9 w/w) 

Size: 175 ± 14 nm 
PDI: 0.07 ± 0.01 
ZP: -0.1 ± 0.2 mV 

Size: 187 ± 4 nm 
PDI: 0.08 ± 0.03 
ZP: 0.2 ± 0.2 mV 
Product yield: 100 ± 5% 

Nanoparticles 
  

Solid lipid nanoparticles 
Tristearin and mPEG-DSPE-2000 incorporating protein 
(OVA) 

Size: 73 ± 4 nm 
PDI: 0.22 ± 0.01 
ZP: -26 ± 5 mV 

Size: 76 ± 7 nm 
PDI: 0.20 ± 0.01 
ZP: -16 ± 3 mV 
Loading: 30 ± 8% 
Product yield: 96 ± 3% 

Polymeric nanoparticles 
PLGA 50:50  

Size: 134 ± 3 nm 
PDI: 0.07 ± 0.03 
ZP: -46 ± 4 mV 

Size: 152 ± 5 nm 
PDI: 0.07 ± 0.03 
ZP:  -44 ± 6 mV 
Product yield: 94 ± 10% 

Physico-chemical characteristics were compared before and after TFF to access the impact of downstream 523 
processes on various formulations. Liposomal formulations, solid lipid nanoparticles and polymeric 524 
nanoparticles were all prepared using microfluidic manufacturing (SHM mixer). All formulations were 525 
characterised before and after TFF purification by DLS in terms of hydrodynamic size (z-average), PDI and 526 
zeta-potential. Post purification, loading within the systems and product recovery was also measured. Results 527 
represent mean ± SD of three independent batches. 528 
 529 

530 
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4. Discussion 531 

For liposomes, and nanomedicines in general to be more widely exploited rapid, cost-effective and scalable 532 

manufacturing processes are needed. For the production of nanoparticles, we have two options: ‘top-down’ 533 

(where we make large particles and reduce their size) or ‘bottom-up’ where the nanoparticles are prepared 534 

by controlled nanoprecipitation. In the latter case, microfluidics can be easily adopted to achieve this. Single 535 

phase systems are the most commonly studied in this regard, due to the simplicity of their process 536 

parameters. These systems involve two or more miscible solvents mixed in a micromixer. The change in 537 

polarity, as the solvents mix, promotes nanoprecipitation and the formulation of nanomedicines. This 538 

method has been used for the production of a variety of nanomedicines including liposomes (Jahn et al., 539 

2007; Kastner et al., 2015), lipid nanoparticles (Maeki et al., 2017), solid lipid nanoparticles (Anderluzzi and 540 

Perrie, 2019; Liu et al., 2013), polymeric nanoparticles (Bally et al., 2012; Roces et al., 2020) and PEGylated 541 

liposomes (Dong et al., 2019). To increase output, systems can be scaled-out or scaled-up (Shrimal et al., 542 

2020). Scaling-out through parallelisation can be achieved by placing multiple micromixers in parallel so that 543 

the production rate can be directly multiplied with the same properties as those prepared at bench-scale. 544 

However, this design requires complex fluid flow distribution, and potentially a separate set of 545 

pumps/pressure controls for each fluid inlet. In contrast, scaling-up involves selective dimension 546 

enlargement with the microfluidic channel size being increased such that the throughput can be increased. 547 

However, to achieve the correct mapping of the physico-chemical nanoparticle attributes, the mixing and 548 

nanoprecipitation must be maintained across the micromixers irrespective of channel size (Kirschneck and 549 

Tekautz, 2007). A major advantage of the toroidal micromixer outlined is the ability to offer scale-550 

independent production as the systems can be run at small laboratory-scale through to continuous 551 

production using the same parameter set points, normal operating range and proven acceptable range via 552 

scale-up rather than scale-out. As shown in Figures 2 to 7, the physico-chemical attributes of liposomes 553 

produced using the new toroidal mixer map directly to those produced on the staggered herringbone mixer. 554 

As an example, the direct mapping of critical process parameters and normal operating ranges for protein-555 
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loaded neutral liposomes from the staggered herringbone mixer to the toroidal mixer run at bench-scale are 556 

shown in Table 4.  557 

Table 4. Critical process parameter mapping comparison for neutral liposome formulations produced using 558 
a staggered herringbone mixer (SHM) and a toroidal mixer (TrM) in terms of particle size (Z-average diameter 559 
of 60 ± 10 nm), PDI (< 0.2), zeta potential (-5 to -10 mV), morphology, loading (26 – 36%) and drug release 560 
(20 - 30% at 24 h and 70 - 85% at 120 h) (where tested). 561 
  562 

 SHM TrM 

Lipid Choice DSPC ✔ ✔ 
HSPC ✔ ✔ 

Solvent Choice EtOH ✔ ✔ 
MeOH ✔ ✔ 

Flow Rate Ratio 3:1 ✔ ✔ 
5:1 ✔ ✔ 

Total Flow Rate 12-20 mL/min ✔ ✔ 
60 mL/min  ✔ 

200 mL/min  ✔ 
 563 

With this formulation, we set our product specification at: Z-average diameter of 60 ± 10 nm, PDI value of < 564 

0.2, encapsulation efficiency of 26 - 36% and drug release of 20 - 30% at 24 h and 70 - 85% at 120 h. These 565 

parameters were selected as markers for reproducibility of the product given each parameter is recognised 566 

as a key quality attribute. Furthermore, the new toroidal microfluidic mixer allows the scale-up production 567 

of liposomes from 12 mL/min through to 200 mL/min without the need to undertake further process 568 

development nor adjustment of other process parameters (summarised in Table 5).  569 

Table 5. Liposomes product specification mapping across three production scales: bench (12mL/min), pre-570 
clinical 60 mL/min) and GMP production (200 mL/min) using the TrM mixer. 571 
 572 

Liposome attributes 12 mL/min 60 mL/min 200 mL/min 

Particle size: 50 – 70 nm ✔ ✔ ✔ 

PDI: < 0.2 ✔ ✔ ✔ 

Zeta Potential: -5 to – 10 mV ✔ ✔ ✔ 

Protein loading: 26 – 36% ✔ ✔ ✔ 

 573 
When scaling-up microfluidic production, if you want to run a higher flow rate and keep pressure 574 

manageable, you need a larger channel. However, with some microfluidic mixer designs, the complexity of 575 

their design means there is a practical limit to how large these channels can be made whilst maintaining the 576 
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desired the fluid flow and nanoprecipitation conditions. With the newly designed planar geometry of the 577 

toroidal mixer these issues are circumvented. Furthermore, scalable down-stream processing using 578 

tangential flow filtration can be used to support microfluidic production of nanomedicines with a section of 579 

examples outlined in Table 3.  Whilst in our studies, we use a single column and wash via recirculation, TFF 580 

columns can be increased in volume and placed in series to reduce time and improve simplicity (Huter and 581 

Strube, 2019). To support in-process monitoring of nanomedicines production, at-line particles sizing can be 582 

incorporated as part of a microfluidic production process (Forbes et al., 2019; Roces et al., 2019a) to provide 583 

process monitoring and/or product quality control and this could be combined with on-line HPLC methods 584 

to consider drug loading. Overall, this manufacturing process allows for the rapid translation of laboratory 585 

research to GMP production and provides a direct line of sight from bench to production for nanomedicines. 586 

 587 

5. Conclusion 588 

Nanoparticles are well recognised for their ability to improve drug delivery, reducing off-target toxicity and 589 

reducing dose requirements. Microfluidics offers new opportunities for the production of nanomedicines, 590 

thereby de-risking their application and allowing them to be more widely adopted to improve healthcare 591 

outcomes. Both scale-out and scale-up options can be applied to microfluidic production and new 592 

developments in microfluidic mixers easily support scale-independent production. This ensures 593 

nanoparticles can to be produced with the same critical quality attributes across a range of production speeds 594 

and volumes using the same process production parameters, thus providing a direct and rapid production 595 

pathway for nanomedicines from bench to commercial product. 596 
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