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Abstract
Liposomes have been the most successful drug delivery nanosystems for clinical
applications; however, their large-scale production with low batch-to-batch variations
remains challenging, which limited the clinical translation of new products.
Microfluidics is an emerging technology for manipulating and controlling fluids at
microscale. Compared to conventional batch reactors, microfluidics has shown great
promise for the production of liposomes, offering simpler operations with improved
reproducibility and scalability.
The present thesis focuses on engineering multifunctional liposomes using
microfluidics. Firstly, conventional sterically stabilised liposomal formulations were
prepared by microfluidic-assisted nanoprecipitation. The effect of processing and
formulation parameters were studied, and the physicochemical properties of the
prepared liposomes were determined. It was shown that the processing parameters:
total flow rate (TFR), and aqueous-to-organic phase flow rate ratio (FRR), can
effectively control liposome size. However, optimisation of formulation parameters
was necessary for particular liposomal formulations where the engineered liposomes
were heterogeneous regardless of the processing parameters (or liposome size).
Secondly, microfluidic production of lysolipid-containing thermosensitive liposomes
(LTSL) was investigated. Modification of formulation parameters was required to
avoid ethanol-induced interdigitation. Upon increasing PEG-lipid content in the
formulation, homogeneous LTSL were successfully prepared. Thirdly, microfluidic
production of fluorescent dye indocyanine green (ICG)-loaded liposomes was studied
for potential imaging and photothermal applications. Lastly, encapsulation of
hydrophobic superparamagnetic iron oxide nanoparticles (SPION) into LTSL was
explored for their theranostic applications. Solvent compatibility of the microfluidic
device was shown to be a limiting factor, which necessitated modifications of the
preparation technique. Nanoprecipitation of SPION-loaded LTSL was successfully
demonstrated by optimisation of the solvent system and concentration of SPION. This
thesis demonstrated the capability of microfluidics in preparing multifunctional
liposomes, enabling their continuous and scalable production.
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Chapter 1 Introduction

Liposomes
Liposomes are spherical vesicles comprising an aqueous core, enclosed by lipid
bilayers. Generally composed of naturally occurring phospholipids and cholesterol,
liposomes are biocompatible, biodegradable, and non-immunogenic. Liposomes are
formed from self-assembly of lipids in aqueous medium due to their amphiphilic
nature. The bilayer vesicular structure of liposomes enables the loading of both
hydrophilic cargoes in the aqueous core and hydrophobic cargoes in the lipid bilayer.
The liposomal system can also be engineered to enhance their capability for tumour
targeting and controlled drug release. Liposomes have been a versatile delivery system
for delivery drug, biomolecules, gene and imaging agents1,2.
1.1.1 Membrane components
1.1.1.1 Phospholipids
Phospholipids are the major components of the cell membranes. Phospholipids are
lipids with a phosphate hydrophilic headgroup and two hydrophobic hydrocarbon
chains. They can be categorised based on the type of backbone into
glycerophospholipids (glycerol backbone) or sphingolipids (sphingosine backbone).
Glycerophospholipids comprise two hydrophobic fatty acid chains, ester-linked to a
glycerol backbone with a phosphate-based headgroup (Figure 1.1). Common
headgroups are the zwitterionic phosphocholine (PC) and phosphoethanolamine (PE);
and the anionic phosphoglycerol (PG), phosphoserine (PS) and phosphoric acid (PA).

Figure 1.1 Chemical structure of glycerophospholipids. Glycerophospholipids comprise
two acyl hydrocarbon chains (blue), glycerol backbone (red) and a phosphate headgroup
(green). Common headgroup structures are phosphocholine (PC), phosphoethanolamine (PE),
phosphoglycerol (PG), phosphoserine (PS) and phosphoric acid (PA). Adapted from ref. 3.

Sphingolipids contain one hydrophobic fatty acid chain, amide-linked to the
sphingosine backbone. Sphingomyelin is the major type of sphingolipids, which
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consists either of a PC or PE headgroup. Sphingolipids contain a hydroxyl group in
the sphingosine backbone and an amide linkage with the hydrocarbon chain, which
can form intra- and intermolecular hydrogen bonds that result in significant different
membrane properties compared to glycerophospholipids. However, owing to the
higher cost of sphingolipids compared to glycerophospholipids, they are not
commonly used in clinical development; Marqibo® remained the only approved
liposomal formulation containing sphingomyelin4.
Two important properties of phospholipids are lipid polymorphism and lipid bilayer
phase behaviour5. Phospholipids can self-assemble in water into various lipid phases,
such as micellar (micelles), lamellar (liposomes), hexagonal phase (inverted micelles);
this ability is known as lipid polymorphism. Understanding lipid polymorphism is
essential for designing lipid components and maintaining the bilayer structure
(lamellar phase) of liposomes. Molecular shape and the corresponding polymorphic
phase of phospholipids in aqueous environment are largely dependent on the nature of
their headgroups, as summarised in Table 1.1. The lipid components must selfassemble in the lamellar phase to form liposomes. While it is not necessary for
liposomes to comprise entirely cylinder-shaped lipid components, the proportion of
inverted cone-shaped and cone-shaped components should be carefully balanced to
ensure the assembly is in the lamellar phase. In fact, the introduction of some nonbilayer-forming lipids can bring about attractive properties, such as steric stabilisation6
and pH-sensitivity7.
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Table 1.1 Molecular shapes and polymorphic phases of lipids. Adapted from ref. 4.
Phospholipid

Molecular Shape

Polymorphic Phase

Inverted Cone

Micellar

Cylinder

Lamellar

Cone

Hexagonal (HII)

Lysolipid (Lysophospholipid)
PEGylated lipid

PC
PG
PS
PA
SM
Cholesterol
PE (unsaturated)
PA-Ca2+
PA (pH < 3)
PS (pH < 3)

Abbreviations:
PA,
phosphatidic
acid;
PC,
phosphatidylcholine;
PE,
phosphatidylethanolamine; PEGylated lipid, poly(ethylene glycol)-conjugated lipid; PG,
phosphatidylglycerol; PS, phosphatidylserine; SM, sphingomyelin.

Another unique feature of lipid bilayers is their ability to undergo reversible gel-toliquid crystalline phase transition at the characteristic phase transition temperature
(Tm), which arises from the cooperative melting of the hydrocarbon chains of the
bilayer8; this response is known as lipid bilayer phase behaviour. In gel phase, below
Tm, the hydrocarbon chains are aligned, and intra- and intermolecular motions are
restricted; lipid bilayers exhibit a high degree of both short-range and long-range order.
In liquid crystalline phase, above Tm, the hydrocarbon chains are partially melted; lipid
bilayers preserve its long-range order but are accompanied by short-range disorder.
Lipid bilayers at gel phase are characterised by closely packed, rigid, and relatively
impermeable structure, while at liquid crystalline phase are characterised by loosely
packed, fluid and relatively permeable structure.
The characteristic gel-to-liquid crystalline phase transition temperature (Tm) is one of
the most important parameters of designing liposomes as a drug delivery system,
which can affect their pharmacokinetics and in vivo drug release profile9. Chain length
4
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and degree of unsaturation of the hydrophobic fatty acid chains in phospholipid
collectively influence the membrane fluidity and lipid bilayer phase behaviour.
Commonly used phospholipids in liposomes are as shown in Table 1.2. Longer
hydrocarbon chains enhance dispersion attraction force between chains and tighter
packing, therefore increase the phase transition temperature10. Phospholipids with
unsaturated hydrocarbon chain (primarily oleoyl, consists of a cis double bond) have
prohibited chain rotation and disrupted chain packing, resulting in higher membrane
fluidity and lower phase transition temperature.

Table 1.2 Commonly used phospholipid for liposomes preparation. Adapted from ref. 4.
Phospholipid
Abbreviations*
Tm (°C)
Dimyristoyl phosphatidylcholine

DMPC (14:0/14:0 PC)

23

Dipalmitoyl phosphatidylcholine

DPPC (16:0/16:0 PC)

41

Distearoyl phosphatidylcholine

DSPC (18:0/18:0 PC)

55

Hydrogenated soybean phosphatidylcholine

HSPC#

52

Dioleoyl phosphatidylcholine

DOPC (18:1/18:1 PC)

-17

Palmitoyl-oleoyl phosphatidylcholine

POPC (16:0/18:1 PC)

-2

Dioleoyl phosphatidylethanolamine

DOPE (18:1/18:1 PC)

-16

Dimyristoyl phosphatidylglycerol

DMPG (14:0/14:0 PG)

23

Dipalmitoyl phosphatidylglycerol

DPPG (16:0/16:0 PG)

41

Distearoyl phosphatidylglycerol

DSPG (18:0/18:0 PG)

55

* Numerical abbreviation of fatty acids indicates the number of carbon atoms and double
bonds, of each fatty acid acyl chain.
# HSPC is a mixture of primarily DSPC and DPPC

1.1.1.2 Cholesterol
Cholesterol is an important lipid that modulates membrane fluidity of biological
membranes and liposomes. Although cholesterol is a non-bilayer forming lipid, it can
be incorporated into lipid bilayers at high concentration. In the ordered gel phase,
cholesterol disrupts chain packing and increases membrane fluidity; whereas in the
disordered liquid crystalline phase, cholesterol condenses the membrane and decreases
membrane fluidity. As a result of cholesterol incorporation, gel-to-liquid crystalline
5
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phase transition is gradually smoothened; at about 50% cholesterol, the membrane is
saturated with cholesterol and the phase transition is completely abolished5. This
forms the liquid-ordered phase, characterised by close intermolecular spacing but lack
of long-range order11. Introducing cholesterol to lipid bilayers minimises bilayer
permeability, prevents aggregation and interdigitation12,13. Furthermore, cholesterol
protects lipids from peroxidation of the unsaturated fatty acid chains and hydrolysis
of the ester-linked fatty acid chains, which would otherwise destabilise bilayer
structures14. For liposomal drug delivery, the inclusion of cholesterol greatly improved
their in vivo circulation time and reduced drug leakage and blood clearance15.
Considering both liposome stability and drug release performances, phospholipid-tocholesterol molar ratio of 2 was deemed optimal experimentally and mathematically16.
1.1.1.3 PEGylated lipids
Upon intravenous administration, conventional liposomes are rapidly bound by
opsonins, then uptaken by the mononuclear phagocyte system (MPS) and cleared from
the blood stream17. Liposomal payloads are therefore efficiently delivered to the MPS
but limited their delivery to targets beyond the MPS such as tumour sites. A strategy
to decrease MPS uptake is by steric stabilisation of liposomes using the hydrophilic
polymer poly(ethylene glycol) (PEG), known as PEGylation, that creates a
“periliposomal layer” to exclude the access and binding of blood plasma and thereby
interactions of MPS17. PEGylation is generally achieved by anchoring PEG to
phosphatidylethanolamine; the most widely used PEGylated lipid is 1,2-distearoyl-snglycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] (DSPEPEG2000), where the number in subscript represents the average molecular weight of
the PEG18. A successful clinical example is Doxil® , the first FDA-approved
nanomedicine, which consists of 5 mol % of DSPE-PEG2000. Doxil® , a PEGylated
liposomal doxorubicin formulation, demonstrated reduced immune clearance and
extended blood circulation time19. In addition, PEGylated liposomes of 100 – 200 nm
in diameter (such as Doxil® ) can benefit from the enhanced permeability and retention
(EPR) effect that enable liposomes to accumulate preferentially in tumour tissue20.
The introduction of PEGylated lipids into the bilayer membrane can, however, affect
the structure of the lipid bilayer. With the bulky PEG chain attached to the headgroup,
DSPE-PEG2000 adopts an inverted-cone molecular shape, which prefers the micellar
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polymorphic phase. When incorporated into lipid bilayers at high concentration,
DSPE-PEG2000 can convert liposomes into bilayer discs and mixed micelles6.
1.1.1.4 Lysophospholipids (Lysolipids)
Lysophospholipids (or lysolipids) are phospholipids having only one fatty acid chain,
with the other chain hydrolysed. Lysolipids can destabilise lipid bilayers by inducing
polymorphic phase change from lamellar to micellar system21. However, for liposomal
formulations aiming to achieve rapid membrane destabilisation for drug release,
lysolipids can be deliberately incorporated (see Section 1.1.5.4)21. Namely, lysolipidcontaining thermosensitive liposomes (LTSL) enabled complete release of
encapsulated drug, by taking advantages of the ability of lysolipids to destabilise lipid
bilayers, through the stabilisation of transient membrane pores in the grain boundary
regions during gel-to-liquid crystalline phase transition22. The most clinically
advanced LTSL formulation to date is ThermoDox® , containing 10 mol % of the
lysolipid 1-stearoyl-2-hydroxy-sn-glycero-3-phosphocholine (18:0 lyso PC; also
known as monostearoylphosphatidylcholine, MSPC), which is designed for the
thermo-triggered intravascular release of doxorubicin23. However, owing to their
inverted cone molecular shape, excess of MSPC can reduce drug encapsulation
capability of LTSL, and ultimately convert the bilayer into mixed bilayer-micelle
suspension23.

1.1.2 Liposomes classification
Liposomes can be classified based on their size and lamellarity (number of bilayers
constituting the vesicle) (Figure 1.2). In general, unilamellar vesicles comprise a
single phospholipid bilayer; small unilamellar vesicles (SUV) have diameters of 20 –
100 nm, large unilamellar vesicles have diameters larger than 100 nm; and giant
unilamellar vesicles are larger than 1000 nm. Oligolamellar vesicles have size of about
100 – 500 nm with a few lamellae; multilamellar vesicles typically range in between
500 nm – 10 µm with multiple lamellae; and multivesicular vesicles contain multiple
vesicular compartments24. SUV were most commonly used in clinical applications for
their longer half-life and lower clearance rate by MPS25. Moreover, SUV can
preferentially target solid tumours for enhanced efficacy and reduced systemic
toxicity20.
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Figure 1.2 Classification of liposomes based on size and lamellarity. Liposomes can be
classified and named based on their size and lamellarity. Black lines indicate phospholipid
bilayers. Vesicles are not drawn to scale. Abbreviations: GUV, giant unilamellar vesicle;
LUV, large unilamellar vesicle; MLV, multilamellar vesicle; MVV, multivesicular vesicle;
OLV, oligolamellar vesicle.

1.1.3 Preparation methods
Liposomes are formed from the self-assembly of lipids in aqueous medium due to their
amphiphilic nature. There are numerous liposome preparation techniques and
variations; they can be classified into three categories: (1) removal of organic solvents
from lipid solution followed by hydration of the dried lipids; (2) emulsification of
lipids followed by solvent removal; and (3) nanoprecipitation of lipids (Figure 1.3).
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Figure 1.3 Schematic of liposome preparation methods. For lipid film hydration (top), an
organic lipid solution is first evaporated to form layers of dried lipid films, subsequent
hydration and agitation of the lipid films swell and detach them forming large and
multilamellar vesicles. For emulsification (middle), the aqueous phase is directly mixed a
water-immiscible organic lipid solution and agitated to create two-phase emulsion system,
subsequent evaporation of the organic solvent collapses the emulsion system to form mainly
large unilamellar vesicles. For nanoprecipitation (bottom), a small volume of water-miscible
organic lipid solution (typically ethanol) is rapidly injected and mixed with the aqueous phase
to form small unilamellar vesicles. Residual organic solvents in the prepared liposome
solution is then removed.

Conventionally, liposomes are prepared by lipid film, where chloroform solution of
lipids are transferred to a round-bottomed flask and evaporated by reduced pressure
or vacuum to form dried lipid films, or sheets of lipid bilayers26. When the lipids films
are hydrated, water penetrates between bilayers, forming tubular fibrils; upon agitation,
these fibrils detach and seal off their exposed edges to form large multilamellar
vesicles24. Despite of its simplicity, lipid film hydration suffers from low
reproducibility, throughput and scalability, as large-scale production would require
expansive equipment with large surface area to coat the lipid film27. A scalable
variation to obtaining lipid film is by spray drying of the organic lipid solution28.
Emulsions are formed when water-immiscible organic solvents, such as chloroform
and ether, are mixed with aqueous solutions. Notable liposomes preparation
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techniques based on emulsion are reverse-phase evaporation and ether injection. Upon
mixing the organic lipid solution with water, water-in-oil or oil-in-water emulsion can
be formed, depending on the volume ratio of the solvents. Subsequent removal of
organic solvents forces the emulsions to collapse or rearrange, yielding large (> 1 µm)
unilamellar and/or oligolamellar vesicles29–31.
Nanoprecipitation requires two miscible solvents of contrasting solubility for lipids:
typically, short-chain alcohols (namely ethanol, and propanol) are used to dissolve
lipids, and aqueous solutions are used as non-solvent. Nanoprecipitation is initiated
when the solubility of lipids is decreased upon mixing with the aqueous non-solvent,
which lipids nucleate into nanoprecipitates (or bilayer discs). Nanoprecipitates then
grow in size and eventually close into small unilamellar vesicles24.
Examples of nanoprecipitation-based techniques are ethanol injection, crossflow
injection32, membrane contactor33 and microfluidics34. The differences between these
variations are on the approach of mixing the two solutions, while the liposome
formation mechanism remain unchanged. Among nanoprecipitation-based techniques,
microfluidics is the most promising approach in biomedical applications for its precise
dynamic control of fluid flow, scalability and low cost35. Details on the preparation of
liposomes by microfluidics are covered in Section 1.3.
1.1.4 Homogenisation methods
Unilamellar liposomes with diameter of 80 – 150 nm have been considered optimal
for drug delivery, considering their long blood circulation and decreased uptake by
MPS27,36. Lipid film hydration and emulsification methods are top-down approaches,
which have limited control on the vesicle formation processes and tend to yield
liposome populations of heterogeneous size and lamellarity, with batch-to-batch
variations. Therefore, homogenisation techniques are often required to achieve the
desirable liposome size, lamellarity and homogeneity. Primarily, mechanical energy
is dissipated into the liposomal system, via membrane extrusion or sonication, to
reduce liposome size and lamellarity.
In membrane extrusion, liposomes are extruded through track-etched polycarbonate
membrane filter with a well-defined pore size. While smaller liposomes can pass
through these pores, larger liposomes are stretched and ruptured to be immediately
sealed off to form smaller liposomes24. The filter pore size can be sequentially
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decreased to lower liposome size, and the extrusion process can be repeated to improve
the homogeneity of the liposome population. Membrane extrusion allows precise and
reproducible control of the liposome size and homogeneity, depending on the pore size
of the membrane filters. However, throughput and efficiency of this technique are
limited by the labour-intensive nature of extrusion, susceptibility to membrane
clogging, and loss of lipids and drugs on the membranes.
On the other hand, liposome suspensions can be sonicated, using a probe or bath
sonicator, where ultrasound induces collisions between vesicles that causes
fragmentation of membranes and subsequent rearrangement into smaller vesicles.
Sonication can produce liposomes with diameter of sub-100 nm, as small as 20 nm,
which can be challenging for membrane extrusion to achieve37. However, sonication
dissipates large amount of heat and mechanical energy, which can cause metal
contamination from the sonicator, and the degradation of lipids, biomolecules, and
drugs. Contrary to membrane extrusion, sonication may yield heterogeneous
population as the dissipated energy may not be well distributed among all liposomes,
and/or be sufficient for the complete breakdown of large or multilamellar vesicles37.
1.1.5 Drug delivery
Liposomes are one of the most successful nanomedicines, with Doxil® being the first
FDA-approved nano-drug in 199519. As of 2020, there have been around fifteen
approved liposome-based commercial products (excluding non-liposome lipid-based
formulations), summarised in Table 1.3. There are many more other liposomal
formulations currently under clinical trials38. Liposomes are an attractive drug delivery
system for their excellent biocompatibility, ability to incorporate both hydrophobic
and hydrophilic payload, and the flexibility of engineering its membrane for additional
functionality such as long-circulation, targeting, and stimuli-responsiveness39–41, as
illustrated in Figure 1.4.
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Table 1.3 List of clinically approved liposomal formulations.
(Data collected from U.S. Food and Drug Administration (www.fda.gov) and European Medicines Agency (www.ema.europa.eu)).
Brand Name
Active agent
Composition
Size (nm) ROA
Indication
Systemic fungal infections
Cryptococcal meningitis
AIDS-related Kaposi
sarcoma

Approval Year
1990 (Europe),
1997 (USA)
1996 (USA,
discontinued)
1999 (USA,
discontinued)
2004 (USA,
discontinued)

AmBisome®

Amphotericin B

HSPC/DSPG/Chol

80

Intravenous

DaunoXome®

Daunorubicin

DSPC/Chol

45

Intravenous

Depocyt®

Cytarabine

DOPC/Chol/Triolein/DPPG

20

Intrathecal

Lymphomatous meningitis

DepoDur®

Morphine

DOPC/Chol/DPPG/Tricaprylin/Triolein

> 1000

Epidural

Pain management

Doxil®

Doxorubicin

HSPC/Chol/DSPE-PEG2000

100

Intravenous

Kaposi sarcoma
Ovarian cancer
Multiple myeloma

1995 (USA),
1996 (Europe)

Exparel®

Bupivacaine

DEPC/Chol/DPPG/Tricaprylin

> 1000

Local injection

Pain management

2011 (USA)

Lipo-dox®

Doxorubicin

DSPC/Chol/DSPE-PEG2000

100

Intravenous

Marqibo®

Vincristine

SM/Chol

100

Intravenous

Mepact®

Mifamurtide

POPC/DOPS

> 1000

Intravenous

Kaposi sarcoma
Ovarian cancer
Breast cancer
Acute lymphoblastic
leukaemia
Osteosarcoma

2013 (USA)
2012 (USA)
2009 (Europe)
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Table 1.3 (continued)
Brand Name
Active agent

Composition

Size (nm)

ROA

Indication

Approval Year

Myocet®

Doxorubicin

EPC/Chol

190

Intravenous

Breast cancer

2000 (Europe)

Onivyde®

Irinotecan

DSPC/Chol/DSPE-PEG2000

110

Intravenous

Pancreatic adenocarcinoma

2011 (Europe),
2015 (USA)

Visudyne®

Verteporfin

DMPC/EPG

200

Intravenous

Subfoveal choroidal
neovascularisation

2000 (USA)

Daunorubicin,
DSPC/DSPG/Chol
100
Intravenous
Acute myeloid leukaemia
2017 (USA)
cytarabine
Abbreviations: Chol, cholesterol; DEPC, 1,2-dierucoyl-sn-glycero-3-phosphocholine; DMPC, 1,2-dimyristoyl-sn-glycero-3-phosphocholine; DOPC, 1,2dioleoyl-sn-glycero-3-phosphocholine; DOPS, 1,2-dioleoyl-sn-glycero-3-phospho-L-serine; DPPG, 1,2-dipalmitoyl-sn-glycero-3 phospho-rac-(1-glycerol);
DSPC, 1,2-distearoyl-sn-glycero-3-phosphocholine; DSPE-PEG2000, 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[carboxy(polyethylene glycol)2000]; DSPG, 1,2-distearoyl-sn-glycero-3-phospho-(1'-rac-glycerol); EPC, egg phosphatidylcholine; EPG, egg phosphatidylglycerol; HSPC, hydrogenated
soy L-α-phosphatidylcholine; POPC, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine; ROA, route of administration; SM, sphingomyelin.
Vyxeos®
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Figure 1.4 Features of liposomal drug delivery systems. (a) Protection of drugs from
degradation and immune clearance and extension of circulation time through PEGylation. (b)
Entrapment of both hydrophilic and hydrophobic molecules into liposomes, as well as the
adsorption onto the bilayer surface. Nanoparticles can also be incorporated into liposomes for
imaging and therapeutic functions. (c) Conjugation of targeting moieties onto the surface of
liposomes for targeted delivery. (d) Stimuli-responsive release of entrapped drugs using, e.g.
lysolipid or cleavable linker, triggered by stimuli such as temperature, pH, redox potential,
and enzymatic activity. Adapted from ref. 3.

1.1.5.1 Drug protection
Liposomes protect encapsulated drugs against degradation, inactivation, and dilution;
the drugs adopt liposomes pharmacokinetics and biodistribution until it is released.
This prevented encapsulated drugs from premature interaction with the surrounding
which reduced systemic toxicity42. Especially when chemotherapeutic agents can
induce severe systemic toxicity, leading to treatment discontinuation or even
fatality43,44. Furthermore, PEGylated liposomes exhibited extended blood circulation
time, which offered greater chances to reach the therapeutic target (through the
enhanced permeability and retention (EPR) effect; see Section 1.1.5.3), resulting in
better therapeutic index20,45,46. Moreover, liposomal encapsulation can alleviate
potential detrimental effects brought by high concentration of drugs as well as
solubility issues for poorly soluble drugs. Together with higher efficiency of drug
delivery, the minimum effective dose can be reduced as well.
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For example, PEGylated liposomal formulations of DOX reportedly showed
comparable efficacy, versus its free form, even when administered at lower doses and
frequencies42,47. Systemic toxicity, such as cardiotoxicity, bone marrow suppression,
vomiting and hair loss, were also lower compared to the free drug. Similar effects have
been reported, with liposomal irinotecan (Onivyde® ) and liposomal vincristine
(Marqibo® ), where both formulations demonstrated prolonged blood circulation,
greater tumour growth inhibition, higher tumour accumulation, and decreased
systemic toxicity, compared to the free drugs48,49.
1.1.5.2 Drug loading
The bilayer vesicular structure of liposomes enables incorporation of hydrophobic
payloads in the lipid bilayer and encapsulation of hydrophilic payloads in the aqueous
core. Variety of payloads can be loaded into liposomes for diagnostic and therapeutic
applications3. Molecular imaging probes can be incorporated for fluorescence imaging,
magnetic resonance imaging, photoacoustic imaging and etc2. Encapsulation and
delivery of a range of therapeutic and cytotoxic drugs have also been clinically
approved (Table 1.3). To further explore the potential of liposomes, the combination
of therapeutic and diagnostic agents for theranostics applications and image-guided
drug delivery have been developed50–52. In particular, delivery of one-component
theranostic agents reduces complexity, cost and regulatory hurdles53. For examples,
magnetic nanoparticles-loaded liposomes (magnetoliposomes) can provide ondemand drug release through magnetic-induced hyperthermia, and magnetic
resonance imaging54. Incorporation of gold nanoparticles in liposomes offers
photothermal therapy and computed tomography imaging capabilities55.
Payloads can be incorporated into liposomes through passive loading or active loading.
Passive loading are techniques where the payloads are introduced during the formation
of liposomes or through incubation with preformed liposomes. For example, with the
lipid film hydration method, hydrophobic drugs are added to the organic lipid solution
and constituted the lipid film, while hydrophilic drugs are added to the hydration
buffer. The encapsulation efficiency of hydrophilic drugs is generally low as only
small percentage of aqueous solution comprises the liposomes aqueous volume. In
contrast, the encapsulation efficiency of hydrophobic drugs is typically high, as the
hydrophobic drugs tends to reside with the lipid bilayers due to hydrophobic effect.

15

Chapter 1 Introduction
Undoubtedly, the ability of drugs to diffuse across the membrane will influence their
loading and release (or leakage). The lipid bilayer allows small and non-charged
molecules, such as water, gases, and ammonia, to penetrate freely through the bilayer,
while large or charged molecules are retained and encapsulated inside the aqueous
core. Many drugs are lipophilic molecules containing amines that can diffuse through
the membrane in their unprotonated state56. The passive loading of these drugs can
result in low encapsulation efficiency and drug leakage; therefore, active loading
methods were developed to tackle this problem. Active loading are strategies where
the drugs are driven into and trapped inside the liposomes through a transmembrane
gradient, such as pH and ion gradient. In general, as uncharged drugs permeate the
membrane, they become charged in the acidic or basic environment inside the aqueous
core, or form membrane-impermeable complexes with transition metal ion, e.g. Mn2+
or Ca2+ ions56. The charged or complexes species will also decrease the apparent
uncharged drug concentration inside the liposome, uncharged drugs will then be
further driven from the external medium into the liposome aqueous core, increasing
the concentration of drugs encapsulated until the gradient is exhausted.
For example, Doxil® , adopted active loading method for loading DOX into the
liposomes using ammonium sulphate pH gradient (Figure 1.5)57. First, a
transmembrane pH-gradient was first established; liposomes were first prepared in
ammonium sulphate solution, then having the external ammonium sulphate was
removed. Ammonium ions dissociate to form hydrogen ions and ammonia. While
charged hydrogen ions are trapped within the intraliposomal aqueous phase, neutral
ammonia gas is able to diffuse into the external medium, creating an acidic
environment inside the liposome. Second, DOX is a weak base that can diffuse through
the lipid bilayer in the unprotonated form, which are then trapped in the intraliposomal
aqueous phase as it become protonated due to the proton gradient. Furthermore, the
low solubility of DOX sulphate can cause their aggregation and precipitation in the
liposomal interior, allowing efficient and stable loading of DOX. As a result, the
intraliposomal drug concentration can exceed the external medium drug concentration,
encapsulation efficiency close to 100% can be achieved, with the amount of drug
loading sufficient to obtain a therapeutic level57,58. DOX can be loaded into
cholesterol-containing liposomes with DOX-to-lipid molar ratio of up to 1/3 without
disrupting liposomes stability and remote DOX loading58. However, one should be
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aware of the possibility of liposome rupture due to excessive osmotic stress caused by
the transmembrane pH and drug gradient59.

Figure 1.5 Schematic of DOX remote loading with ammonium sulphate pH-gradient.
Liposomes is first prepared in ammonium sulphate solution, and the external medium is
exchanged to HBS to remove external ammonium sulphate and establish a gradient.
Ammonium ions (green) dissociate into hydrogen ions (H+) and ammonia (NH3). Hydrogen
ions are charged and trapped within the intraliposomal aqueous phase. Neutral gaseous
ammonia can diffuse across the lipid bilayer and leave the liposomes, further shifting the
equilibrium to generate more hydrogen ions that create an intraliposomal proton pool (acidic
environment). DOX (red) in the unprotonated state can diffuse across the lipid bilayer and
enter the liposome. Neutral DOX (DOX-NH2) will then be protonated (DOX-NH3+) by the
proton pool and forming a low solubility sulphate salt. Precipitation of DOX sulphate lowers
the apparent DOX concentration inside the liposomes, further driving the diffusion of external
DOX into the liposomes.

1.1.5.3 Targeted delivery
Nanoparticles in the size range of 20 – 200 nm are able to extravasate the leaky
pathological vasculature surrounding the tumour and accumulate at tumour sites, this
is conceptually known as the enhanced permeability and retention (EPR) effect
(Figure 1.6). Nanoparticles can accumulate at tumour sites in higher concentration
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than in normal tissue for up to 50 times difference45,46. All nanocarrier use the EPR
effect as a guiding principle for the passive targeting of tumour. The EPR effect is
diffusional and slow in nature, therefore, it is essential to have liposomes with long
blood circulation time, e.g. through PEGylation to maximise their accumulation
through the EPR effect in tumour sites46,60. In this regard, PEGylated liposomes of 80
– 150 nm in size is considered optimal27,38.
Ideally, drugs in nanocarriers should not only accumulate in the interstitial space inside
tumours but also be internalised by the target cells creating high intracellular drug
concentration61. Following the extravasation of liposomes through EPR effect,
internalisation and intracellular delivery of tumour cells can be facilitated through
ligand-mediated targeting and thus the delivery of therapeutic effects. This can be
achieved by attaching targeting ligands to the surface of the liposomes that recognise
and bind to specific receptors that are overexpressed on cancer cells; this strategy is
known as active targeting. A wide range of ligands have been conjugated to liposomes,
such as small molecules, peptides, proteins, and whole antibodies and their fragments3.
Recently, however, there have been evidence suggesting the ineffectiveness of the
EPR effect in clinical settings62–64. This was attributed to the drastic different tumour
microenvironment between murine tumour models and human cancer, including the
rate of development, the size relative to host and metabolic rates62. Reports suggested
that inter-endothelial gaps (i.e. leaky vasculature) have trivial contribution for the
transport of nanoparticles into solid tumours; instead, majority of them enter tumours
by active transport through trans-endothelial pathways63. In this regard, instead of the
EPR effect, tumour delivery efficiency can be improved by local delivery or by
overwhelming liver clearance with high doses of nanoparticles64
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Figure 1.6 Tumour-targeted liposomal drug delivery. Angiogenic vessels in rapidly
growing tumours are abnormally constructed with large vascular fenestrae and impaired
lymphatic drainage; as a result, nanoparticles can preferentially accumulate in the tumour
interstitium. Once located at the tumour environment, targeting ligands on the liposome
surface can enhance cellular uptake for active targeting of cancer cells. Adapted from ref. 3.

1.1.5.4 Drug release
While liposomes offer great stability and drug protection, this can also hamper drug
release from liposomes at the target tissues. An ideal drug delivery system should be
able to not only protect the drugs from untimely release, but also able to release the
drugs at the target site. Stimuli-responsive (or stimuli-sensitive) drug release strategy
can be introduced to the liposome system to achieve on-demand drug release of drugs;
liposomes can be designed to destabilise when situated in specific environment or
upon receiving certain stimulus.
The unique features in the tumour microenvironment can serve as an endogenous
stimulus (low pH, increased redox potential, or unique enzymatic activity). These
stimuli are self-controlled and require no external tools to trigger release from the
stimuli-responsive carrier. Although, endogenous stimuli are difficult to control and
ensure due to variations between tumour types or patients; in this regard, exogenous
stimuli are more promising65. Exogenous stimuli-responsive system can be triggered
externally and ideally non-invasively, such as temperature change, magnetic field,
ultrasound, and light; although most of these external stimuli are applied to ultimately
generate heat65.
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Traditional temperature-sensitive liposomes (TSL) are designed to release drugs at
temperature above their phase transition, where permeability of the liposome
membrane is increased at the liquid crystalline phase (Figure 1.7). However, drug
release rate of traditional TSL is relatively slow23. This led to the development of
ThermoDox® , a lysolipid-containing thermosensitive liposomes (LTSL), enables the
burst release of drugs upon phase transition at mild hyperthermia of around 40 – 42 °C.
ThermoDox® is designed to be used in combination with heat-based treatments, such
as radiofrequency thermal ablation, microwave hyperthermia, or high-intensity
focused ultrasound. Alternatively, photothermal agents66 and magnetic nanoparticles67
can be incorporated in the liposomes for photothermal heating and magnetic
hyperthermia respectively; moreover, these liposomes can offer combined
hyperthermia and chemotherapy. Other than lysolipids, destabilisation of liposomes
can also be achieved through conformational change of amphiphilic peptide68 or gas
forming agents69.

Figure 1.7 Release mechanism of thermosensitive liposomes (TSL). (a) Traditional TSL
releases drugs at temperature above their phase transition temperature, as their permeability
increases. (b) lysolipid-containing thermosensitive liposomes (LTSL) contains pore-forming
agents, which promote the formation of pores and discs, amplifying the change in permeability
of the bilayer upon phase transition, resulting in burst release of the encapsulated drugs.
Adapted from ref. 3.
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Microfluidics
Microfluidics is the manipulation of fluid at the micro-scale, with at least one of its
characteristic length in range of tens of micrometres. Microfluidics can be considered
the miniaturisation of pipe flow; combined with the advancement in microfabrication
techniques from the semi-conductor industry and the micro-electromechanical
systems field, microfluidics can be revolutionary for biomedical research (Figure 1.8).
The development of microfluidics initiated with the concept of miniaturised total
chemical analysis system which emphasised on performing multiple analytical
functions with the aim of improving the performance in sensitivity and resolution70.
Initially, application of microfluidics focused on detection and sensing of chemicals
and biomolecules in combination with optical, electrochemical and mass spectrometry
techniques71. Microfluidics have since then expanded beyond the sensing and analysis,
to the synthesis, characterisation, and in vitro and in vivo evaluation of nanoparticles72.
Specifically, microfluidic preparation of liposomes has shown great promise in
controlling liposomes quality and scale up manufacturing34.
1.2.1 Features
1.2.1.1 Pipe flow
Pipe flow refers to fluid flow in a closed conduit, in contrast to open channel flow.
Fluid flow is continuous in nature, which allows control and potential
(semi-)automation, with reduced number of steps and minimum manual interventions.
Pipe flow provides well-defined boundaries for reagents to mix and reacts, where
hazardous reagents and solvents can be safely confined and transported with reduced
personnel risks. Computational fluid dynamics provides a powerful approach for
assessing performance and predicting parameter values of microfluidic devices, such
as ideal flow rates, required mixer length, and mixing time73,74. Therefore,
computational fluid dynamics can complement experimental optimisations of
micromixer design and processing parameters75,76.

21

Chapter 1 Introduction

Figure 1.8 Features of microfluidics. Characteristics of microfluidics as the combination of
pipe flow, miniaturisation, microfabrication.
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1.2.1.2 Miniaturisation
The benefits of miniaturisation can be realised by scaling law, often important
parameters are dependent on the length scale. At small length scale, surface area-tovolume ratio is inversely proportional to the length scale, which enhances the relative
importance of surface effects77. Diffusion time is directly proportional to the square of
the length scale; mass transport/fluid mixing is therefore greatly shortened with the
small length scale of microfluidic channel. This offers faster system response for
precise spatial and temporal control over fluids78. Miniaturisation also leads to reduced
reagents consumption with small liquid volume handling.
During conventional bulk mixing of precursors, nucleation, growth and agglomeration
processes inevitably occur simultaneously due to lack of control of mixing, which
results in large particle size, dispersed size distribution and batch-to-batch variations79.
Microfluidics offer greater mixing efficiency and better control in creating a
homogeneous reaction conditions, which allow nanoparticle preparation with smaller
size, lower dispersity, and higher reproducibility79.
1.2.1.3 Microfabrication
Traditionally, the fabrication of microfluidics was based on the technologies available
from semiconductor industries where typically silicon and glass devices were
manufactured using optical lithography, reactive-ion etching (dry etching) and
chemical etching (wet etching). However, microfabrication on silicon and glass are
very expensive and often involves sophisticated equipment and clean room facilities35.
Development of soft lithography techniques for fabricating polymer materials
provides a low cost and simple alternative. Poly(dimethyl siloxane) (PDMS) is an
attractive material for fabricating microfluidic devices due to its low cost, ease of
fabrication (moulding, bonding and replication) and transparency. Furthermore,
PDMS has good biocompatibility and high gas permeability, which creates cell
cultivation and engineering possibility80. However, PDMS suffers from channel
deformation issues and has low solvent and acid/base resistivity. Thermoplastics have
good mechanical stability and great chemical resistances which can also be fabricated
into microfluidics with faster device replications and more diverse geometries and
functionalities81. Commercialised microfluidic devices made of thermoplastic cyclic
olefin copolymer (COC) have been made available for liposomes production82.
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1.2.1.4 Combined features
These microfluidics features in combination bring about more advantages and
opportunities in biomedical applications. Miniaturisation of pipe flow allows small
volume of fluid to be handled with precision, which leads to novel microfluidics
applications. Microfluidic-based cell culture, in particular three-dimensional models,
have good relevance with the in vivo microenvironment83. For instance, microfluidics
can provide dynamic fluid flow mimics the effect of blood flow (such as shear stress
and movement of chemicals) on cells and the microchannel resembles cellular
structures. Water-in-oil cell-encapsulated droplets can be generated, stored, retrieved
and merged for cell analysis84. Nanoparticle separation can be performed with realtime modulation77. Fluid mixing is the most important operation in analysis and
synthesis, can be performed by microfluidic devices with better mixing efficiency than
typical bulk mixing, via passive or active mixing techniques85.
Microfabrication techniques advancements allow more sophisticated microstructures
to be designed and manufactured. A complete microfluidics reactor system has been
fabricated by integrating pumps, mixers, valves, heaters and temperature sensor, for
gold nanoparticle synthesis86. Alternatively, individual devices responsible for
different operations, such as synthesis and purification, can be connected in series for
a multistep continuous-flow platform87. Recently, a Rubik’s microfluidic cube has
been developed that can perform combinations of microfluidic functions simply by
reconfiguration of the cube, without the need to redesign or reinstall the device88.
Modular microfluidic devices enable users to customise the layout based on different
scenario, and the optimisation and troubleshooting of respective modules. Moreover,
microfluidic devices are typically small-sized, light-weighted and portable; these
characteristics are crucial for point-of-care and biomedical applications89.
One of the main challenges in clinical translation of nanoparticles is to scale up
production while ensuring bench-scale to clinical-scale reproducibility. Mature
microfabrication technology assured reliability and reproducibility of the performance
of microfluidic devices. Microfluidic devices can be fabricated reproducibly with
resolutions as low as 10 µm using low cost, non-cleanroom methods90. Threedimensional printed microfluidic devices can also capable of reaching similar
resolutions91. Sophisticated methods can even fabricate fluidic devices with sharp
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resolution down to tens of nanometres for separating, handling and imaging of
nanoparticles92,93.
With respect to fluid mixing for nanoparticle preparation, microfluidics consistent
mixing efficiency and thus homogeneous liposome size and dispersity can be
expected94. Once a microfluidic device is optimised, scale up production simply
achieved by parallelisation, that is running multiple identical channels in parallel to
multiply the throughput. An 8-parallel microfluidic device has been shown to produce
polymeric nanoparticles of the same size and dispersity compare to a single channel
device, demonstrating the scalability of microfluidic devices95. Moreover, particle
sizes can be tuned depending on flow parameters (namely flow rate ratio between
solvents) for different applications.
1.2.2 Microfluidics mixing
Mixing of fluid and reagents is a fundamental operation in nanoparticle synthesis. In
conventional bulk mixing, typically via manual agitation or magnetic stirring, the
mixing timescale is in order of seconds, longer than the typical precursor nucleation
and growth timescale72. In other words, nanoparticles are formed before homogeneous
solvent environment is reached. This resulted in inconsistent nucleation rate and
duration, which yield large particle size and broad size distribution. In microfluidic
mixing, mixing time can be reduced to the order of microseconds, which provide a
homogeneous solvent environment for consistent and controllable nucleation and
growth duration, yielding smaller nanoparticles with uniform size72. In general, there
are three approaches to microfluidic mixing: microfluidic hydrodynamic focusing,
passive mixing and active mixing. For sake of simplicity, only the mixing of an
organic lipid solution with aqueous solution for preparation of liposomes is considered.
1.2.2.1 Microfluidic hydrodynamic focusing (MHF)
In a straight microchannels, fluid flow is generally characterised by small crosssectional area and low flow speed. Thus, a low Reynolds number (ratio between
inertial force and viscous force) and laminar flow can be expected. Under such flow
condition, there are no turbulent flow; mixing of fluid is limited and relies mainly on
diffusion. Diffusion of precursors and reagents is therefore typically slow, which can
be enhanced by decreasing the diffusive length and increasing the contact area
between the solvents.
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A strategy to decreasing the diffusive length is by microfluidic hydrodynamic focusing
(MHF), which employs streams of sheath flow with high volumetric flow rate to focus
(or compress) the core stream (Figure 1.9). The core stream thus has greatly reduced
width and diffusive length; moreover, MHF increases the concentration of core stream
and a sharper concentration gradient along the interface between the two fluids.
Consequently, MHF effectively increases the diffusion rate of lipids and into the
aqueous phase, which the timescale of mixing can be greatly reduced, compared to
bulk mixing. While conventional two-dimensional MHF which focuses only the
lateral side of the core stream, three-dimensional MHF have been developed that
utilises a coaxial nozzle that generates concentric annular flow for greater uniformity
of focusing, thus able to prepare liposomes with higher size uniformity96.
An obvious disadvantage of MHF is the necessity of high aqueous-to-organic flow
rate ratio (FRR) to achieve MHF; value of FRR can range from 10 in two-dimensional
MHF up to 5000 in three-dimensional MHF. The effect of MHF was exemplified by
smaller liposome size and narrower size distribution produced by more focused stream,
or higher FRR34,94. In fact, even with the three-dimensional MHF design, operation at
low FRR can lead to larger and more dispersed liposome compared to bulk injection
methods97. As a result of high FRR, the final concentration of lipids (or liposomes)
and hydrophobic cargoes are greatly diluted, while huge quantity of aqueous phase
and high concentration of hydrophilic cargoes are required. Moreover, as the fluid
flow remained laminar in MHF, the interface area remained unchanged, thus requires
a relatively long mixing channel for the two phases to be completely mixed.
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Figure 1.9 Schematic of microfluidic hydrodynamic focusing (MHF). (a) Schematic of
liposome formation via MHF at the microfluidic junction. Colour contours represent the
organic-to-aqueous concentration ratio. (b) Three-dimensional contour map of fluorescence
intensity of a membrane-intercalating dye (DiI) at the MHF focused region. Enhanced
fluorescence intensity at the organic-aqueous interface indicates formation of liposome. Rapid
decrease in fluorescence intensity towards the aqueous phase illustrates the sharp
concentration gradient of lipids and fluorescent dye. Adapted from ref. 34.

MHF devices have two major drawbacks, the dilution effect and low throughput.
Firstly, the high flow rate of sheath flow inevitably leads to significant dilution of the
final product. The aqueous-to-organic flow rate ratio (FRR), or the dilution factor
involved in MHF is usually at least 1098, and can reach up to 6099, 100100 and even
5000 for 3D MHF96. This dilution effect can be alleviated by collecting only the centre
(focused) portion of the combined flow, for example, by having bifurcation in the
outlets to separate majority of the sheath flow98. The throughput of MHF devices is
generally much lower compared to batch processes, because they are designed to
handle minute liquid volume in laminar flow regime, typically with flow rates in
microliters per minute. A simple approach to increase throughput is by parallelisation,
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where multiple identical junctions or MHF devices are connected together to scale up
production, while maintaining the homogeneity of the products95,101.
1.2.2.2 Passive mixing
An alternate approach to improve the mixing efficiency of the two phases is by
increasing their contact surface area. This can be achieved by changes in the geometry
of the microfluidic channel that alter the flow velocity and direction to achieve greater
mixing, similar to the effect of turbulent flow. These devices are known as passive
micromixer. There are plentiful designs of passive micromixer that demonstrated
improved mixing in microfluidics, including lamination, split-and-recombine, grooves
and obstacles, to name a few

102,103

. Certain channel geometries (such as lamination

and split-and-recombine) can induce stretching and folding, or “lamination” of the
fluids, which multiply and thin the “layers” of fluid interface for greatly increased
surface area. Other geometries (such as grooves and turns) generate vortices and flow
recirculation which induce chaotic advection. Together, these effects greatly increase
the contact surface area as well as decrease the diffusion length between the fluids for
efficiency fluid mixing.
A notable passive mixer design is staggered herringbone micromixer (SHM), which
comprises two sequential regions of asymmetrical ridges with two direction of
asymmetry from one region to the next (Figure 1.10)104,105. These herringbone
structures generate rotational and extensional local flows that stretch and fold volumes
of fluid exponentially across the distance travelled104. As a result, SHM can achieve
complete mixing within a couple of milliseconds106. The required microchannel length
to reach complete mixing is also shortened and the typical throughput can be increased
to the order of mL min-1, compared to µL min-1 in MHF. Moreover, as SHM is based
on chaotic advection instead of MHF, sheath flows with high volumetric flow rate are
no longer essential to promote mixing. Consequently, the FRR in SHM (below 10) is
generally lower compared to ratios employed in MHF (above 10). Lower FRR in SHM
allowed liposomes to be prepared at a higher final concentration, and higher cost
efficiency in loading hydrophilic cargoes.
SHM can be easily fabricated with commonly used methods of soft lithography104. In
comparison to other passive micromixer designs, which may contain complex features
such as three-dimensional channels, twists and turns, the straight planar SHM design
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have advantages in the ease of fabrication, cost, and size. In fact, SHM devices made
of COC or glass have been made commercially available for the preparation of
liposomes and other nanoparticles via self-assembly107,108.

Figure 1.10 Structure of staggered herringbone micromixer (SHM). Confocal laser
scanning microscope images of the first cycle of a negative pattern, forward flow SHM, and
its magnified picture. Adapted from ref. 105.

1.2.2.3 Active mixing
One of the downsides of passive micromixer is that their mixing performance can be
affected by other parameters such as flow velocity and diffusivity of the solvents109.
Mixing performance of a micromixer can be made adaptable to different flow
environment and mixing requirement, by perturbing the fluid flow via an external
energy input; this strategy is known as active mixing. Examples of energy input for
active mixing include acoustic, electrohydrodynamic and magnetohydrodynamic85,103.
However, the external energy can potentially damage delicate bio-active molecules,
rendering active micromixers less attractive for pharmaceutical and biological
applications110. Moreover, active micromixers require complex fabrication processes
and external power sources for operation, which render the integration of active
mixing in a microfluidic system more expensive and challenging.
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Microfluidic preparation of liposomes
Microfluidics has been explored to prepare liposomes in a well-controlled,
reproducible, and high-throughput manner; thereby overcoming hurdles of
conventional techniques, namely low batch-to-batch reproducibility, and limited
throughput. There are two mode of operation for microfluidics liposomes preparation,
depending on the miscibility of the organic lipid solution with aqueous solution.
Immiscible solvents form emulsion and yield large liposomes in the size of micrometre
in diameter30,31. Miscible solvents mix and diffuse into each other, which induce
nanoprecipitation of lipids, yielding small liposomes in the size of nanometre in
diameter111. For biomedical and drug delivery applications, liposomes of around 100
nm in diameter are optimal, thus nanoprecipitation are the more favourable approach
to microfluidic liposome preparation36,110.
Nanoprecipitation is a bottom-up approach, where liposomes are formed from the
nucleation, growth, and closure of nanoprecipitates (or bilayer discs) into nanosized
vesicles, without the need of homogenisation procedures. Supersaturation occurs
when the lipid concentration is beyond the solubility of that solvent environment,
which triggers nucleation and growth of the bilayer discs. As these bilayer discs grow
in size, the line energy due to the exposed hydrophobic tails edges may overcome the
elastic energy required to bend the bilayer into a vesicle112. Thus, the rate of closure,
or formation of liposomes, is facilitated by the increased in line tension (e.g., with
increased bilayer discs radius) and the decrease in membrane elasticity modulus of the
bilayer discs.
Characteristics of liposome can be controlled by varying the formulation parameters
and the processing parameters. Formulations parameters (of the organic lipid solution),
namely lipid component, lipid compositions, lipid concentration, and the type of
organic solvent, affect the physiochemical properties of the bilayer discs and the selfassembled liposomes, or as other lipid polymorphic phases82,106,113. Processing
parameters, namely total flow rate (TFR), the sum of the volumetric flow rates of all
inlets; FRR, the volumetric flow rate ratio between the aqueous non-solvent and the
organic solvent; and temperature, modulate the growth rate and closure time of bilayer
discs

34,112

.

Examples

of

liposomes

prepared

by

microfluidic-assisted

nanoprecipitation of liposomes by microfluidics are as shown in Table 1.4.
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Table 1.4 List of studies on microfluidic-assisted nanoprecipitation of liposomes.
Microfluidics
Liposomal Formulation
Formulation Parameters
Device
Mixer Material Membrane Chol
PEGylated [Lipid]*1 Organic Aqueous
Design
phase
(mM)
phase
phase
MHF
Silicon
Liquid
Yes
No
10
IPA
PBS

Processing Parameters

Characterisation

Ref

TFR*2
FRR*2
-1
(mL min )
0.003 – 0.059 2 – 50

Size (nm)

Dispersity

100 - 300

N/S

34

MHF

Silicon

Liquid

Yes

No

5

IPA

PBS

0.031 – 0.186 10 – 60

30 – 120

N/S

98

MHF

Silicon

Liquid

Yes

No

5

IPA

PBS

0.025 – 0.100 14 - 49

50 – 146

N/S

99

MHF

Silicon

Gel, Liquid

Yes

No

5

IPA

PBS

0.2

9 – 49

25 - 70

0.2 – 0.6*4

112

MHF

Glass

Liquid

No

No

2 – 20

IPA

PBS

0.03 – 0.24

5 – 40

40 – 160

0.3

114

MHF

Glass

Liquid

Yes

Yes

10

Ethanol

PBS

1–5

500 – 5000

53 – 88

< 0.05

96

MHF

Glass

Gel, Liquid

Yes, No

No

7.5 – 60

Ethanol

Water

0.1 – 1

10 – 100

60 – 140

0.2

97

MHF

Glass

Gel

Yes

Yes

(NH4)2SO4

0.03 – 0.15

1 – 100

100 – 150

MHF

PDMS

Liquid

Yes

Yes

1.2
122
15

Ethanol

PBS

0.003

5 – 15

40 – 276

0.18
0.35
< 0.05

MHF

PDMS

Liquid

Yes

Yes

10

Ethanol

PBS

0.144 – 0.49

4 – 16

50 – 200

0.05 – 0.2

117

MHF

PDMS

Liquid

No

No

20 – 100

Ethanol

Water

0.225 – 1.5

5 - 50

100 – 200

0.2

118

MHF

PDMS

Liquid

No

No

25

Ethanol

Water

0.1 – 0.15

10 – 16

140 – 175

0.3 – 0.4

119

MHF

COC

Liquid

Yes

Yes

20

Ethanol

HEPES

0.384

40 – 100

80 – 110

N/S

100

– Ethanol

–

115

116
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Table 1.4 (continued)
Microfluidics
Liposomal Formulation
Device
Mixer Material Membrane Chol
PEGylated
Design
phase
SHM
PDMS
Liquid
Yes, No No

Formulation Parameters

Processing Parameters

Characterisation

Ref
.

[Lipid]*1
(mM)
13 – 18

Organic
phase
Ethanol

Aqueous
phase
NS

TFR*2
(mL min-1)
1–5

FRR*2

Size (nm)

Dispersity

1-9

35 – 140

0.15

120

SHM

PDMS

Liquid

No

No

N/S

Ethanol

Tris

0.5 – 2

1–5

50 – 200

0.2 – 0.5

82

SHM

PDMS

Liquid

Yes

No

10 – 60*3 Ethanol

Tris

0.5 – 6

1–5

50 – 100

0.2 – 0.5

121

SHM

PDMS

Liquid

No

No

~13

Ethanol

NS

0.4 – 1

3–9

30 – 150

N/S

122

SHM

PDMS

Liquid

No

No

13 – 52

Ethanol

NS

0.05 – 0.5

3 – 49

40 – 120

94

SHM

PDMS

Gel, Liquid

Yes

Yes

14

Ethanol

(NH4)2SO4

4

3

34 – 92

0.07
–
0.15
0.11 - 0.15

SHM

COC

Gel, Liquid

Yes

No

N/S

Tris, PBS

5 – 15

1-5

70 - 400

0.2 – 0.8

124

SHM

COC

Gel, Liquid

Yes

No

0.6 – 20

Methanol,
Ethanol
Methanol

PBS

5 – 20

1–5

50 – 100

0.1 – 0.4

125

SHM

COC

Gel, Liquid

Yes

No

N/S

Ethanol

PBS

1 – 20

1–5

70 – 1000

N/S

126

SHM

COC

Gel

Yes

Yes

27

Ethanol

(NH4)2SO4

5 – 25

3 – 12

50 – 70

0.1 – 0.2

127

123

N/S: Not stated
*1
Initial lipid concentration, approximated conversion from mass concentration to molar concentration where necessary
*2
The effect of TFR or FRR is considered investigated only when the parameter is studied separately, i.e. one-factor-at-a-time.
*3
Authors studied the effect of final lipid concentration by changing both initial lipid concentration and FRR simultaneously.
*4
Authors defined PDI as the size ratio of the difference between third and first quartile to the median.
Abbreviation: COC, cyclic olefin copolymer; FRR, flow rate ratio; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; IPA, isopropanol; MHF,
microfluidic hydrodynamic focusing; NS, normal saline; PBS, phosphate buffered saline; PDMS, poly(dimethylsiloxane); SHM, staggered herringbone
micromixer; TFR, total flow rate.
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1.3.1 Liposomal formulation parameters
1.3.1.1 Lipid component and composition
The lipid component and composition are the dominating factors that govern the
bending elasticity modulus (or “stiffness”) of the membrane112,128. Membranes of
higher bending elasticity modulus (or stiffer) require more energy to bend into a
vesicle, thus the nanoprecipitates have to grow larger before they become energetically
favourable to closure into liposomes of larger size. Membranes composed of saturated
and long-chain phospholipids are stiffer compared to unsaturated and short-chain
phospholipids. Zhigaltsev et al. investigated the effect of lipid composition on the size
and dispersity of liposomes using SHM123. Under the same flow conditions, liposomes
composed of unsaturated phospholipids (POPC) were small (~ 35 nm) and stable;
while liposomes composed of saturated phospholipids (DPPC or HSPC) were found
to be larger (90 or > 200 nm, respectively) and unstable, as the solution turned turbid
within minutes after formation, unless saturated phospholipids were partially replaced
by unsatruated lipids. Similarly, others have reported that liposomes composed of long
chain saturated DSPC (18:0/18:0 PC, Tm = 55 °C) were larger compared to those
composed of relatively fluid short chain saturated DMPC (14:0/14:0 PC, Tm = 24
°C)126. However, contradicting results have also been reported that with identical
parameters, increasing fluidity of phospholipids can result in either larger124 or
smaller125 liposome size, although the reasons were not yet clear.
Cholesterol disrupt membranes at gel phase and condenses them at liquid crystalline
phase5. Therefore, the inclusion of chosterol render fluid membranes comprising
unsaturated phospholipids stiffer, and rigid membranes comprising saturated
phospholipid softer. This can be explain the general observation that with increasing
cholesterol content, microfluidics-prepared liposomes composed of unsaturated
phospholipids increased in size97,120, while those composed of saturated phospholipids
decreased in size123,125.
PEGylated lipid are extensively used to sterically stabilise liposomes17. Due to the
large hydrodynamic volume of the PEG chain, PEGylated lipids contribute to the
lateral expansion and increase in bending elasticity modulus of the membrane129,130.
Thus, the inclusion of PEGylated lipids facilitates the formation of a vesicle, although
high concentration of PEGylated lipids can promote the transition from lamellar phase
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(liposomes) to micellar phase130,131. The effect of PEGylated lipids on microfluidics
prepared liposomes has not been conclusive, however, as some reported that inclusion
of PEGylated lipid can decreased the size of liposomes117, while some reported that it
has insignificant effect on size100.
1.3.1.2 Lipid concentration
Concentration of lipids (solute) is directly related to the kinetics of the nucleation and
growth of the bilayer discs (nanoprecipitates). At a high lipid concentration, it requires
less reduction in solubility (depletion of alcohol by mixing with aqueous phase) before
lipid concentration reaches the critical nucleation concentration. Larger quantity of
bilayer discs will be nucleated within a shorter amount of mixing time, allowing
bilayer discs to grow more rapidly and fuse more frequently before their closure into
vesicles94,110. Therefore, larger liposomes can be expected to form, regardless of the
composition of the membrane94,97,132. However, some reported an opposite trend
where decrease in lipid concentration (from 0.3 to 10 mg mL-1), irrespective of the
types of phospholipid, resulted in larger liposome size; however, the reason for the
opposing trend was not explored124,125. With respect to the nanoprecipitation
mechanism, at sufficiently low lipid concentration, nucleated bilayer discs are limited
in their size and quantity, which results in greater chance of being stabilised by
surrounding alcohol and extend their growth duration112.
1.3.1.3 Solvent
Selecting suitable solvents are the prerequisite to successful nanoprecipitation of
liposomes. The organic phase has to solubilise the lipids and other cargoes to be
encapsulated, be miscible with the aqueous phase, and be compatible with the
microfluidic devices. It also should have a low toxicity and easy to be removed, since
the organic and aqueous phases will be thoroughly mixed, trace amount of organic
solvents could remain even after solvent removal. Short-chain alcohol fulfilled all
these criteria, which justified the extensive use of ethanol and isopropanol as the
organic solvent. Less commonly, the use of methanol124,125 and tert-butanol132 have
also been reported.
It was reported with the nanoprecipitation of polymeric nanoparticles that organic
solvents of higher diffusivity results in smaller particle sizes, which can be related to
the faster diffusion mixing of solvents133. Although the effect of organic solvent on
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the nanoprecipitation of liposomes is barely studied, with the limited choice of solvent
candidates, change in solvent brings little practical significance; apart from improving
the solubility of necessary components, optimisation of the solvent system is generally
unnecessary.
As for the non-solvent aqueous phase, biological buffers such as normal saline (NS)
or phosphate buffered saline (PBS) are usually used. Ammonium sulphate solution has
also been used for its active loading capability123,134. The ionic strength of aqueous
solution can impact the vesicle size through viscosity and diffusivity variation133.
Reports on the nanoprecipitation of polymeric nanoparticles and niosomes (non-ionic
surfactant vesicles, structurally analogous to liposomes) demonstrated that, mixing
with aqueous phase of low ionic strength (< 100 mM) yielded decreased particle sizes
with increased dispersity133,135.
1.3.2 Microfluidics processing parameters
1.3.2.1 Temperature
Bending elasticity modulus of the membrane is highly dependent on temperature.
Membranes at the gel phase (below the phase transition temperature) are much stiffer
compared to at the liquid crystalline phase (above the phase transition temperature).
Formation of liposome below the phase transition temperature can result in large and
dispersed liposomes, or even result in aggregation112. Above the phase transition
temperature, membranes are significantly more elastic, which produces liposomes of
smaller and more consistent sizes. However, for cholesterol-containing membranes,
their stiffness may remained dependent on the temperature even at 10 to 20 °C above
their phase transition temperature112. Nevertheless, generally both organic and
aqueous phases are maintained at around 10 °C above the phase transition temperature
during liposome preparation.
1.3.2.2 Total flow rate (TFR)
Total flow rate (TFR) is defined as the sum of volumetric flow rates of all input
channels. By varying TFR, the velocity and resident time of the fluid can be controlled.
The range of operational TFR can varies from one microfluidic device design to
another, depending on the geometry and mixing mechanism of the device. MHF
devices rely on passive diffusive, which require long mixing length and slow TFR (in
the order of µL min-1) to reach complete mixing98,100,117. While SHM provides efficient
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fluid mixing via chaotic advection, it can be operated at a much higher TFR (in the
order of mL min-1)121,123.
Below the suitable TFR, mixing efficiency can decrease to the extent where the
timescale of mixing is above the timescale of nanoprecipitation, which liposomes are
formed in a heterogeneous solvent environment yielding particles of larger sizes and
dispersity97,106. Within the range of TFR where microfluidics mixing is efficient,
increase in TFR insignificantly improve mixing efficiency, which can result in slightly
smaller and more uniform liposomes34,82. This is of great significance for clinical
translation of liposomes, as the throughput can be greatly enhanced (1 – 20 mL min-1)
without significant impact on liposome size and dispersity82,125. Although above a
certain TFR, fluid flow may become turbulent and unstable, and the resident time of
fluid in the microfluidic channel may not support complete mixing and formation of
homogeneous liposomes97.
1.3.2.3 Flow rate ratio (FRR)
Flow rate ratio (FRR) is defined as the ratio between volumetric flow rate of the nonsolvent phase (aqueous solution) to the solvent phase (organic lipid solution). FRR is
the most important parameter controlling the nucleation of nanoprecipitates and the
formation of liposomes; the relative amount of non-solvent injected into the
microchannel dominates the degree of solvent depletion, that is, the rate of decreasing
solubility. An increase in FRR decrease the relative amount of the organic lipid
solution, which decrease the required degree and duration of mixing required to reach
critical concentration of nucleation. The durations of nucleation and growth of the
nanoprecipitates are greatly reduced, yielding smaller and more uniform
liposomes34,94,112. For example, Kastner et al. reported a decreasing liposome size from
200 to 50 nm as the FRR increased from 1 to 582. Another direct consequence of high
FRR is the greater dilution of liposomes and organic solvent, which again suggested
the advantage of micromixers, such as SHM, over MHF as the former can provide
better mixing efficiency even at a lower FRR97,104; FRR for SHM ranges typically
from 1 to 5, compared to from 10 – 50 for MHF82,94,100,112,123,125.
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Current challenges
Despite the potential of microfluidics in preparing liposomes with controllability,
reproducibility and scalability, there are still obstacles impeding the widespread use
of microfluidics as the preferable liposome preparation technique over the
conventional techniques (namely lipid film hydration). One of the hurdles is that the
microfluidics technologies still deter researchers without prior microfluidic
experience136,137. Selection and installation of equipment of the microfluidic system
may require specialised knowledge, for example the choice and specifications of
pumps (e.g. syringe or pressure-driven pump), tubing and connectors. Designing and
selecting a suitable microfluidic device for different applications are also reasonable
concerns. This may be improved by the commercialisation of microfluidic devices and
systems, as suggested by the increased presence of microfluidics in manufacturing of
nanomedicines138.
Another concern is the gap between liposomal formulations that are prepared by
microfluidics and conventional methods, for instances, PEGylated or stimuliresponsive formulations; in other words, whether microfluidics could meet their
specific need as conventional methods have been able to offer136,137. In specific,
clinically relevant liposomes are preferably PEGylated, 80 – 150 nm in size with low
dispersity27; however, few reports on microfluidic preparation of liposomes fulfilled
these criteria. Furthermore, it requires researchers to have decent understanding on the
operation of microfluidics, and the effect of different parameters on the characteristics
of liposomes, in order to develop and optimise formulations to their needs. Although
there have been studies reporting the effect of formulation and processing parameters
on microfluidic prepared liposomes, there have been contradictory results, possibly
due to the difference in microfluidic devices and range of values of parameters
investigated, leading to difficulty in making conclusive comparison.
This prompts for more research to explore the capability and limitation of
microfluidics to prepare diverse types of liposomes, as well as the role of the
parameters on the liposome self-assembly process. To advance liposomes clinical
translation via microfluidic preparation, the gap between microfluidics and
conventional preparation techniques must be bridged.
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Aims and Objectives
The overall aim of this thesis was to investigate the feasibility of using microfluidics
to control liposomes characteristics, and to prepare clinically relevant multifunctional
liposomes, of 100 nm in size with low dispersity (< 0.2).

To achieve this aim, the main objectives of this thesis were to:
1.

Investigate the microfluidic-assisted nanoprecipitation of conventional
PEGylated liposomes (Chapter 3).

2.

Assess the effect of processing and formulation parameters on the
physiochemical properties of the prepared liposomes (Chapter 3).

3.

Investigate the microfluidic-assisted nanoprecipitation of thermosensitive
liposomes (Chapter 4).

4.

Investigate the encapsulation of ICG into the microfluidics-prepared liposomes
(Chapter 5).

5.

Investigate the embedment of hydrophobic SPION into thermosensitive
liposomes (Chapter 6).
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Materials
All chemicals and reagents were used without further purification.
2.1.1 Lipids
Lipid

Supplier

Catalogue No.

1,2-dioleoyl-sn-glycero-3-

Lipoid

556600

Lipoid

556300

1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) Lipoid

556500

1,2-distearoyl-sn-glycero-3-phosphoethanolamine-

Lipoid

588200

Hydrogenated soy phosphatidylcholine (HSPC)

Lipoid

525600

1-stearoyl-2-hydroxy-sn-glycero-3-phosphocholine

Avanti Polar Lipids

855775P

phosphatidylcholine (DOPC)
1,2-dipalmitoyl-sn-glycero-3phosphocholine (DPPC)

N-[methoxy(polyethylene glycol)-2000], sodium salt
(DSPE-PEG2000)

(MSPC)

2.1.2 Solvents
Name

Supplier

Catalogue No.

Acetone ((CH3)2CO)

Sigma-Aldrich

32201-2.5L-M

Acetonitrile (CH3CN)

Sigma-Aldrich

34851-1L-M

Chloroform (CHCl3)

Sigma-Aldrich

34854-2.5L-M

N,N-Dimethylformamide (DMF)

Sigma-Aldrich

227056-1L

Dimethyl sulfoxide (DMSO)

Sigma-Aldrich

34943-1L-M

Ethanol (EtOH)

Sigma-Aldrich

34852-2.5L-M

Tetrahydrofuran (THF)

Sigma-Aldrich

178810-2.5L-M
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2.1.3 General reagents
Reagents

Supplier

Catalogue No.

Ammonium sulphate ((NH4)2SO4)

Sigma-Aldrich

31119-1KG-M

Cholesterol (Chol)

Sigma-Aldrich

C8667-5G

Doxorubicin hydrochloride (DOX)

Apollo Scientific

BID0120

Dextrose

Sigma-Aldrich

D9434-250G

4-(2-hydroxyethyl)-1-

Sigma-Aldrich

H3375-100G

AdooQ BioScience

A10472-100

piperazineethanesulfonic acid (HEPES)
Indocyanine Green (ICG)

Iron standard for AAS, 1000 mg/L Fe in nitric acid Sigma-Aldrich

16596-250ML

Nitric acid

VWR

450041M

Phosphate buffered saline (PBS) tablets

Sigma-Aldrich

P4417-100TAB

Phosphotungstic acid solution

Sigma-Aldrich

HT152-250ML

Pyrene

Sigma-Aldrich

82648-1G

Sodium chloride (NaCl)

Sigma-Aldrich

S7653-1KG

Sodium hydroxide (NaOH)

Sigma-Aldrich

S5881-500G

Triton™ X-100

Sigma-Aldrich

X100-100ML

2.1.4 Buffers and solutions
Name

Composition

Quantity per litre

Ammonium sulphate solution

240 mM (NH4)2SO4, pH 5.4

31.714 g (NH4)2SO4

Deionised water (DW)

18.2 MΩ cm ultrapure water

-

5% w/v dextrose solution (DEX)

278 mM dextrose

50 g dextrose

HEPES buffered saline (HBS)

20 mM HEPES,

4.766 g HEPES,

137 mM NaCl, pH 7.4

8.0 g NaCl

Normal saline (NS)

154 mM NaCl

9.0 g NaCl

Phosphate buffered saline (PBS)

10 mM phosphate buffer,

5 × PBS tablets

((NH4)2SO4)

2.7 mM KCl, 137 mM NaCl,
pH 7.4
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2.1.5 Instruments and accessories
Instrument

Supplier

Model

Atomic absorption spectrometer (AAS)

Agilent

55B AA

Centrifuge

ThermoFisher Scientific 75007213

Centrifuge rotor

ThermoFisher Scientific 75005709, 75005719

Cross fluidic junction

IDEX Health & Science P-634

Differential scanning calorimeter (DSC)

TA Instruments

Q20 DSC

Dynamic light scattering (DLS)

Malvern Panalytical

ZetaSizer Nano ZS90

Extruder set with holder/heating block

Avanti Polar Lipids

610000

Fibre optic temperature transmitter

OSENSA Innovations

FTX-100-LUX

Fibre optic temperature probes

OSENSA Innovations

PRB-G40-02M-ST-L

Fluorescence spectrophotometer

Hitachi

F-2710

Heating tape

OMEGA

DHT052020LD

Iron (Fe) Lumina Hollow Cathode Lamp

Perkin Elmer

N3050126

Magnetic stirrer hotplate

Heidolph Instruments

Hei-Standard

Microplate reader

BMG LABTECH

FLUOstar Omega

Nanoparticle tracking analysis (NTA)

Malvern Panalytical

Nanosight NS300

Pipettes

VWR

75788-460

Rotary evaporator

BUCHI

R-3, V-700, V-800

Staggered herringbone micromixer (SHM) Darwin Microfluidics

LTF-012.00-4264

Syringe pumps

ALADDIN2-220

World Precision
Instruments

Tee fluidic junction

IDEX Health & Science P-632

Temperature controller

Inkbird

ITC-308

Weighing balance

Sartorius

ENTRIS 224i-1S
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2.1.6 Consumables
Name

Supplier

Catalogue No.

96 well plates, clear, flat bottom

Sarstedt

82.1581

96-well plates, black, flat bottom

Fisher Scientific

11359163

Bijou container, 7 mL

VWR

216-0980

Carbon-coated copper grid, 400 mesh

Ted Pella

01844

Centrifugal filter unit, 100 kDa MWCO

Merck

UFC810008

Conical centrifuge tubes, 15 mL

Sarstedt

62.554.502

Conical centrifuge tubes, 50 mL

Sarstedt

62.547.004

Dialysis kit, 12 – 14 kDa MWCO

Sigma-Aldrich

PURX12015

DSC aluminium hermetic lids

TA Instruments

901684.901

DSC aluminium pans

TA Instruments

901683.901

Folded capillary cell

Malvern Panalytical

DTS1070

Hypodermic needles, 21G, 40 mm

VWR

613-4970

Microcentrifuge tubes, 1.5 mL, amber

VWR

525-0278

Microcentrifuge tubes, 1.5 mL, clear

Fisher Scientific

11558232

Microcentrifuge tubes, 2.0 mL, clear

Fisher Scientific

11558252

Pipette tips 1250 µL

VWR

613-0340

Pipette tips 200 µL

VWR

613-0298

Polycarbonate membrane, 0.1 µm, 19 mm

Analab

800309

Polycarbonate membrane, 0.2 µm, 19 mm

Analab

800281

Polycarbonate membrane, 0.8 µm, 19 mm

Sigma-Aldrich

WHA800284

Polyester drain disc, 10 mm

Analab

230300

Polystyrene cuvettes

Fisher Scientific

11602609

Pyrex culture tubes, 75×10 mm, rimless

Analab

TIS1500

Scintillation vials, 20 mL

Fisher Scientific

FS74504-20

Sephadex G-25 in PD-10 desalting column

GE Healthcare

17-0851-01

Syringe filters, 0.22 µm, poly(ether sulfone)

Fisher Scientific

10268401

Syringes, 5 mL, Luer lock

VWR

613-2043

Trident vials, 7 mL, clip on cap

Analab

TUB1230
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Methods
2.2.1 Preparation of liposomes
All liposomal formulations prepared in this thesis were listed in Table 2.1. Liposomes
were prepared using microfluidic-assisted nanoprecipitation, solvent injection
nanoprecipitation, and lipid film hydration with membrane extrusion. The detailed
procedure is described in the relevant chapters. Lipid mixtures were prepared by
dissolving lipids of appropriate quantity and molar ratio in ethanol. For ICG- and
SPION-loaded liposomes, ethanol stock of ICG and THF stock of SPION was
introduced in the lipid mixture, respectively. Briefly, lipid concentration of lipid
mixtures was 10 mM, unless otherwise specified. Aqueous media used to prepare the
liposomes included DW, DEX, NS, PBS, HBS and (NH4)2SO4 solution. All aqueous
media were passed through 0.22 µm poly(ether sulfone) syringe filter.
Table 2.1 Lipid composition of liposomal formulations prepared in this thesis
Formulation
Lipid composition
Molar ratio
DOPC5

DOPC/Chol/DSPE-PEG2000

95/50/5

DPPC5

DPPC/Chol/DSPE-PEG2000

95/50/5

DSPC0

DSPC/Chol

100/50

DSPC2.5

DSPC/Chol/DSPE-PEG2000

97.5/50/2.5

DSPC4

DSPC/Chol/DSPE-PEG2000

96/50/4

DSPC5

DSPC/Chol/DSPE-PEG2000

95/50/5

HSPC5

HSPC/Chol/DSPE-PEG2000

95/50/5

LTSL4

DPPC/MSPC/DSPE-PEG2000

86/10/4

LTSL4C10

DPPC/MSPC/DSPE-PEG2000/Chol

77.4/9/3.6/10

LTSL10

DPPC/MSPC/DSPE-PEG2000

80/10/10

2.2.1.1 Staggered herringbone micromixer (SHM)-assisted nanoprecipitation
Staggered herringbone micromixer (SHM) made of glass was used as the microfluidic
device to prepare liposomes (Figure 2.1). Briefly, ethanol solution of the lipid mixture
and aqueous medium were injected into the SHM with their volume flow rates
controlled by two syringe pumps (Figure 2.2). For formulations composed of
phospholipids of high melting point (DPPC and DSPC), a heating tape was used to
maintain the temperature of both ethanol and aqueous solutions at least 10 °C above
the gel-to-liquid-crystalline phase transition temperature (Tm) of the phospholipid (52
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°C for DPPC and 65 °C for DSPC). Ethanol was removed from liposomes by dialysis
overnight at room temperature under constant stirring using a dialysis kit, against 1 L
of the same aqueous medium used in the preparation.

Figure 2.1 Staggered herringbone micromixer (SHM) assembly. (a) Assembled and (b)
exploded view of the SHM setup. Inlets and outlets of the SHM are connected to tubing using
a nut and ferrule. The tubing of both inlets is extended by a longer tubing with nut and ferrule
on each end, terminated by a female Luer adapter using a union assembly.

Figure 2.2 Schematic of microfluidic preparation of liposomes using SHM. Aqueous
solution and ethanol lipid solution are infused into the SHM with volumetric flow rates
controlled by respective syringe pumps. Liposomes are collected from the SHM and
transferred to dialysis kit for ethanol removal.
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2.2.1.2 Solvent injection nanoprecipitation
0.5 mL ethanol solution of the lipid mixture and aqueous medium were preheated to
60 °C in a water bath. The volume of aqueous medium used depends on the designated
aqueous-to-organic volume ratio. The lipid mixture was withdrawn and rapidly
injected into the aqueous medium and mixed thoroughly until viscous fingering was
no longer visible. The prepared liposomes were annealed at 60 °C for 1.5 h. Ethanol
was removed from liposomes by dialysis overnight at room temperature under
constant stirring using a dialysis kit, against 1 L of the same aqueous medium used in
the preparation.
2.2.1.3 Lipid film hydration with membrane extrusion
Ethanol solution of the lipid mixture was transferred to a round bottom flask and
removed by rotary evaporator at 60 °C and reduced pressure. The dried lipid film was
then hydrated with an aqueous medium at 60 °C for 30 min, to achieve a final
concentration of 5 mM phospholipid. Hydrated liposome suspension was extruded
through polycarbonate membranes (0.8 µm, 7 times; 0.2 µm, 11 times; 0.1 µm, 15
times) at 60 °C using an extruder.
2.2.2 Purification of liposomes by size exclusion chromatography (SEC)
Liposomes were purified from organic solvent and buffer-exchanged by size exclusion
chromatography (SEC) using Sephadex G-25 in PD-10 desalting columns. Briefly, 25
mL of fresh aqueous medium as mobile phase was eluted to prepare the columns. 1
mL of liposome solution was added and eluted, followed by 1.5 mL of aqueous
medium. Finally, 3 mL of aqueous medium was added and collected as bufferexchanged liposomes.
2.2.3 Characterisation of liposomes
2.2.3.1 Dynamic light scattering (DLS) and phase analysis light scattering
Particle size and size distribution of the liposomes were characterised by their Zaverage diameter and dispersity by dynamic light scattering (DLS), using Zetasizer
Nano ZS90. The term “dispersity” is used instead of “polydispersity index”, in
accordance with recommendations of IUPAC139. Samples were diluted 10-fold in DW,
loaded in a low-volume polystyrene cuvette and measured in triplicates.

46

Chapter 2 Materials and Methods
The zeta potential (ζ) was obtained by measuring the particle mobility using phase
analysis light scattering, using Zetasizer Nano ZS90. Samples were diluted 10-fold in
DW and loaded in a folded capillary cell and measured in triplicates.
2.2.3.2 Differential scanning calorimetry (DSC)
20 μL of reference buffer and samples containing 10 mM lipid were placed in DSC
aluminium pans, sealed with DSC hermetic lids. The sealed pans were placed in the
DSC instrument and equilibrated at 30 °C for 2 min, then heated from 30 to 60 °C, at
a heating rate of 1 °C min-1. Data were then analysed by TA Universal Analysis.
2.2.3.3 Transmission electron microscopy (TEM)
TEM micrographs were imaged using a JEOL JEM-1400 plus transmission electron
microscope, operating at an accelerating voltage of 120 kV. 2.5 µL of samples were
transferred to a carbon-coated 400 mesh copper grid and allowed to air-dry. Negative
staining was performed, when applicable, by adding 2.5 µL of 1% w/v
phosphotungstic acid (pH 7.0 adjusted with NaOH) and allowed to air-dry.
2.2.4 Remote loading of doxorubicin (DOX) with ammonium sulphate pHgradient
DOX was loaded into liposomes using a pH-gradient remote loading method57,58.
Liposomes were first prepared in (NH4)2SO4 solution as the aqueous medium. External
buffer of the prepared liposomes was exchanged to HBS by SEC as mentioned above
(Section 2.2.2). The liposomes were then incubated with DOX at DOX-tophospholipid (excluding cholesterol) molar ratio of 1:20. DOPC-, DPPC-, DSPCbased liposomes were incubated at 20, 45 and 60 °C respectively for 1 h; LTSL
formulations were incubated at 37 °C for 1.5 h. After incubation, liposomes were
purified by removing unencapsulated DOX by SEC as mentioned above (Section
2.2.2).
2.2.5 Determination of DOX encapsulation efficiency (DOX EE)
DOX remote loading was performed to characterise and monitor the liposome
membrane integrity; therefore, the EE rather than loading capacity of DOX was
measured. Liposome samples before and after purification of DOX were transferred
in triplicates to a black 96-well black plate and diluted to the same lipid concentration,
then solubilised by Triton X-100 to release encapsulated DOX. A final concentration
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of at least 0.1% (v/v) Triton X-100 was used, corresponding to phospholipid-todetergent molar ratio of at least 1:20, sufficient to ensure complete solubilisation of
liposomes140,141. DOX fluorescence intensity was measured using microplate reader
with excitation and emission wavelength of 485 nm and 590 nm, respectively. DOX
encapsulation efficiency (DOX EE) was calculated by comparing the mean
fluorescence intensity (FI) of the samples (λem = 590 nm) before and after purification:
DOX EE (%) =

FI after purification
× 100%
FI before purification

2.2.6 Determination of ICG optical properties and encapsulation efficiency (ICG
EE)
Optical properties of liposomal ICG were measured using microplate reader with a
resolution of 1 nm. To determine the ICG EE, a calibration curve of monomeric ICG
(0.3125 - 10 µM) in HBS/DMSO (1/4, v/v) at absorbance wavelength of 792 nm.
Concentration of encapsulated ICG was quantified by solubilizing the purified
liposomes in HBS/DMSO (1/4, v/v) and interpolated using the calibration curve. ICG
EE was determined by taking the ratio between the concentration of encapsulated ICG
and initial ICG concentration.
ICG EE(%) =

Encapsulated [ICG]
× 100%
Initial [ICG]

2.2.7 Hyperthermia-triggered DOX release assay
For water bath heating, 0.1 mL of DOX-loaded liposome sample was added to 1.9 mL
of release buffer, preheated at designated temperature. 200 µL of aliquot was
withdrawn at selected time points and immediately immersed in an ice water bath to
stop further drug release. 50 µL of the aliquots was added to 150 µL of release buffer
and added in triplicates to a black 96-well plate.
For photothermal heating, experiments were performed by Dr Guanglong Ma, at
Queen’s University Belfast, UK. FC-808 fibre-coupled laser system (CNI
Optoelectronics Tech, Changchun, China) was operated at a laser wavelength of 808
nm and a current of 2.27 A. 200 µL of samples were transferred to a clear 96-well
plate, and placed in a 37 °C water bath. The collimator of the laser system was placed
at 5 cm vertically above the surface of the 96-well plate, which corresponds to an
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energy flux density of 0.5 W cm-2. The laser was switched on for 5 min and
temperature of the samples were measured every minute using a fibre optic
temperature probe (PRB-G40, Osensa, Canada). The laser was then switched off and
on for 5 min each. At 5 and 15 min (the end of each 5 min laser irradiation session),
10 µL of aliquot was withdrawn and added to 190 µL of release buffer and added in
triplicates to a black 96-well plate
DOX fluorescence intensity was measured using microplate reader with excitation and
emission wavelength of 485 nm and 590 nm, respectively. The percentage DOX
release was calculated by:
DOX release(%) =

FI(t) − FI(0)
× 100%
FIlysed − FI(0)

where FI(t) is the fluorescence (λem = 590 nm) of the aliquot collected at the selected
time points, FI(0) is the fluorescence of the aliquot collected before release (t = 0) and
FIlysed is the mean fluorescence of six random wells after being lysed by the addition
of Triton X-100, to estimate 100% release.
2.2.8 Preparation of N-palmitoyl-6-nitrodopamine-coated superparamagnetic
iron oxide nanoparticles (SPION)
Hydrophobic N-palmitoyl-6-nitrodopamine (PNDA)-coated superparamagnetic iron
oxide nanoparticles (SPION) was synthesised by Dr Ilaria Monaco, at Department of
Industrial Chemistry “Toso Montanari”, University of Bologna, Italy. Oleic acidcoated SPION was first synthesise by thermal decomposition of iron pentacarbonyl in
octyl ether, in the presence of oleic acid as described in the literature 142. PNDA ligand
was synthesised by reacting 6-nitrodopamine hemisulphate with palmitic acid Nhydroxysuccinimide ester, as described in the literature 143. Oleic acid-coated SPION
was ligand exchanged to PNDA to obtain PNDA-coated SPION, where a solution of
20 mg mL-1 PNDA in THF/DMSO (2/1, v/v) was added dropwise to a solution of 3
mg mL-1 Oleic acid-coated SPION in THF. The mixture was stirred at 50 °C for 24 h,
then washed by THF and centrifuged for 1 h at 10000 g for three times. The prepared
PNDA-coated SPION (hereinafter called SPION) were dispersed in THF and stored
at 4 °C.
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2.2.9 Atomic absorption spectroscopy (AAS)
Total concentrations of iron content of samples were determined by atomic absorption
spectroscopy (AAS) using an Agilent 55 AA (Agilent, CA, US) equipped with Iron
Lumina hollow cathode lamp (PerkinElmer, UK). Iron absorbance was obtained at
absorption wavelength of 248.33 nm. Samples were first completely dried off using a
block heater, then 1 mL of concentrated nitric acid was then added and heated at 80
°C for 2 h for acid digestion. Digested samples were diluted appropriately to 1 - 5 ppm
by deionised water and filtered through a 0.45 µm syringe filter before AAS
measurement. The system was blanked by deionised water, calibrated standards were
prepared by diluting an iron standard solution (Sigma, UK) to 1, 2 and 5 ppm
(µg mL-1). Recalibration was performed between every ten samples. SPION EE was
calculated as the ratio between iron concentration of mLTSL10 samples and the loaded
SPION.
2.2.10 Statistical analysis
Student’s unpaired two-tailed t-test and one-way analysis of variance (ANOVA)
followed by Fisher’s least significant difference (LSD) test144,145 were used to assess
statistical significance between group means. Regression analyses were performed
using least-squares fitting. All analyses were performed, with the significance level α
= 0.05, in GraphPad Prism 7.0 (GraphPad Software Inc., CA, US).
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Microfluidic preparation of sterically stabilised
liposomes

Paper related to this chapter:
Cheung, C. C. L. & Al-Jamal, W. Sterically stabilized liposomes production using
staggered herringbone micromixer: Effect of lipid composition and PEG-lipid content.
Int. J. Pharm. 566, 687-696 (2019).
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Introduction
Liposomes are enclosed phospholipid vesicles that have been clinically approved to
deliver a wide range of therapeutics and diagnostics1,38. Microfluidics has been
explored to prepare liposomes in a well-controlled, reproducible and high-throughput
manner; thereby overcoming hurdles of conventional techniques, namely low batchto-batch reproducibility and limited throughput72,79. An exciting recent advancement
was the development of staggered herringbone micromixer (SHM) that showed
superiority (higher throughput, faster mixing and lesser dilution) over conventional
microfluidic hydrodynamic focusing (MHF) devices104,120.
To date, many clinically approved and under clinical trial liposomal formulations are
PEGylated, with 100 - 150 nm diameter1,38. PEGylated liposomes, compared to nonPEGylated liposomes, have exhibited increased stability, reduced dispersity and
prolonged blood circulation time17. PEGylated formulations were also clinically
successful as demonstrated by Doxil® and Onivyde® 1,19. Despite the high demands for
sterically stabilised drug delivery systems, most existing microfluidics studies (not
limited to SHM) reported the production of non-PEGylated formulations (Table 1.4).
Few studies reported the preparation of PEGylated liposomes, which produced either
very small in size (≈ 50 nm), unstable or of high dispersity (> 0.2). For instance,
Zhigaltsev et al. failed to produce stable and uniform, high phase-transition liposomes
(DPPC or HSPC) using SHM, and mixing with unsaturated lipids was needed to
enhance the stability of these PEGylated liposomes123. Furthermore, majority of these
reports investigated only the effect of the only two processing parameters, total flow
rate (TFR) and aqueous-to-ethanol flow rate ratio (FRR), on liposome
properties82,120,126,146. Such approach might have demonstrated the robustness and
simplicity of microfluidics, where optimisation of nanoparticles preparation could be
achieved by simply controlling TFR and FRR. On the other hand, this might indicate
the lack of knowledge on the limitation of this technique to prepare liposomes. Namely,
formulations that could not be prepared, with an optimal size and dispersity, solely by
optimising the processing parameters.
There have been studies which reported the effect of formulation parameters: choice
of aqueous and organic medium, lipid concentration, lipid components and
composition on liposomes preparation (Table 1.4). However, there have been
contradictory results regarding the effect of some of the parameters, possibly due to
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the difference in microfluidic devices and range of values investigated, leading to
difficulty in making conclusive comparison. A systematic study of the parameters in
microfluidic-assisted nanoprecipitation of liposomes is still lacking.

Aim and objectives
This chapter aimed to investigate the microfluidic-assisted nanoprecipitation of
conventional PEGylated liposomes and assess the effect of processing and formulation
parameters on the physiochemical properties of the prepared liposomes. To achieve
this, DOPC-based liposomes was first prepared for its high fluidity and ease of
preparation, followed by preparation of rigid DPPC- and DSPC-based liposomes. To
understand the factors controlling liposome characteristics, the effect of processing
parameters (TFR and FRR) and formulations parameters (aqueous solvent, lipid
concentration and composition) were examined. DLS was used to characterise
liposomes hydrodynamic diameter, dispersity, and stability; fluorescent spectroscopy
was used to assess DOX loading efficiency; and TEM was used to characterise size
and morphology.
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Results
3.3.1 Preparation of fluid unsaturated DOPC liposomes
3.3.1.1 Effect of TFR and FRR
Staggered herringbone micromixer (SHM) was used as the microfluidic device to
prepare liposomes. DOPC is an unsaturated phospholipid consists of two oleyl
hydrocarbon chains which has a phase transition temperature of -17 °C. This implies
that DOPC is in liquid-crystalline phase at room temperature. To enhance the stability
of the formulation, 50 mol % cholesterol with respect to phospholipid16, and 5 mol %
DSPE-PEG2000 was introduced147,148. The formulation (DOPC/Chol/DSPE-PEG2000;
95/50/5 molar ratio) was termed DOPC5. Normal saline (NS) and phosphate-buffered
saline (PBS) were used as the aqueous media, and ethanol was selected as the organic
solvent for its relatively low toxicity149.
The effect of total flow rate (TFR) and aqueous-to-ethanol flow rate ratio (FRR) on
DOPC5 size and dispersity was studied. The organic (10 mM DOPC5) and aqueous
phases (NS and PBS) were infused into the SHM at TFR of 1 and 2 mL min-1 and FRR
of 1, 2, 3 and 5. At the same FRR, DOPC5 prepared at TFR of 1 mL min-1 have slightly
larger sizes compared to TFR of 2 mL min-1 (Figure 3.1). While statistically there
were significant differences in liposome sizes prepared at different TFR, the actual
differences were relatively small (~ 5 nm). DOPC5 prepared at the highest ethanol
content (FRR of 1) exhibited the largest size of 100 nm (Figure 3.1). Interestingly, as
the ethanol content decreased to FRR of 2, 3 and 5, the liposome sizes dramatically
and significantly decreased to 30 – 40 nm. The relationship between ethanol content
(FRR) and DOPC5 size was evaluated using linear and exponential regression models
(Table 3.1). An exponential relationship was better fitted for DOPC5 prepared in NS
or PBS, and regardless of the TFR (1 or 2 mL min-1) (Figure 3.2). One-way ANOVA
was conducted to study the effect of FRR on DOPC5 size and dispersity. There was
significant effect of FRR on size (p < 0.001), in both aqueous media (NS or PBS) and
TFR (1 or 2 mL min-1). This suggested that FRR is a determinant factor in controlling
size of liposomes produced by microfluidics, as previously reported with other nonPEGylated formulations82,94. In contrast, the effect of FRR on dispersity was
insignificant (p < 0.05). In fact, dispersity of all liposomes was similar (< 0.2),
demonstrating the size of the prepared liposomes were highly homogenous.
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Figure 3.1. The effect of TFR and FRR on DOPC5 size and dispersity. Z-average diameter
(solid bars) and dispersity (open circles) of 10 mM DOPC5 prepared in (a) NS and (b) PBS,
at TFR of 1 and 2 mL min-1 and FRR of 1, 2, 3 and 5 (n = 3). Data show mean ± SD. *, p <
0.05; **, p < 0.01; ***, p < 0.001 comparing Z-average diameter, compared between TFR
with the same FFR; two-tailed unpaired t-tests.

Table 3.1 Regression analysis of DOPC5 Z-Average diameter versus final ethanol content.
Sy,x denotes the standard deviation of the residuals.

Aqueous solvent
TFR
NS
1 mL min-1
NS
2 mL min-1
PBS
1 mL min-1
PBS
2 mL min-1

Nonlinear Regression

Linear Regression

y = 29.68 + 0.145e0.1242𝑥
Sy,x = 3.257
y = 24.41 + 0.451e0.1017𝑥
Sy,x = 5.744
y = 26.92 + 0.797e0.0898𝑥
Sy,x = 2.172
y = 19.88 + 1.986e0.0692𝑥
Sy,x = 2.284

y = −17.59 + 2.199x
Sy,x = 13.13
y = −19.83 + 2.170x
Sy,x = 12.50
y = −22.74 + 2.318x
Sy,x = 10.36
y = −17.07 + 1.941x
Sy,x = 7.443
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Figure 3.2. Least squares fitting with exponential growth regression model of DOPC5 Zaverage diameter versus final ethanol content. DOPC5 were prepared in NS and PBS, at
TFR of 1 and 2 mL min-1 and final ethanol concentration of 16.6 – 50% (FRR of 1 – 5; n = 3).
Data show mean ± SD.

3.3.1.2 Effect of aqueous medium
Following the evaluation of the effect of processing parameters (TFR and FRR), the
effect of formulation parameters was investigated, first by changing the aqueous
medium. The organic (10 mM DOPC5) and aqueous phases (deionised water (DW),
NS and PBS) were infused into the SHM at TFR of 1 and 2 mL min-1 and FRR of 1.
The differences in size and dispersity between liposomes prepared in DW compared
to NS and PBS were obvious (Figure 3.3). One-way ANOVA was conducted to study
the effect of the three aqueous media on DOPC5 size and dispersity. At TFR of 1 mL
min-1, there was a significant effect of aqueous medium on size (F2,6 = 11.81, p =
0.008), where liposomes prepared in DW (69.38 nm) was smaller than those prepared
in NS (102.0 nm; t6 = 4.455, p = 0.004) and PBS (97.98 nm; t6 = 3.91, p = 0.008). The
dispersity of liposomes was also significantly influenced by the aqueous medium (F2,6
= 11.77, p = 0.008), where liposomes prepared in DW was more dispersed (0.219)
compared to those prepared in NS (0.095; t6 = 4.591, p = 0.004) and PBS (0.121; t6 =
3.653, p = 0.011). However, the difference between NS and PBS was not significant
for both size and dispersity. Similarly, at TFR of 2 mL min-1, there were significant
effect of aqueous medium on both size (F2,6 = 9.679, p = 0.013) and dispersity (F2,6 =
74.64, p < 0.001). It was evident that formation of liposomes in DW resulted in smaller
and more dispersed (dispersity > 0.2) liposomes; therefore, DW as an aqueous media
was excluded from further studies.
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Figure 3.3 The effect of aqueous media on DOPC5 size and dispersity. Z-average diameter
(solid bars) and dispersity (open circles) of 10 mM DOPC5 prepared in DW, NS and PBS, at
TFR of 1 and 2 mL min-1, and FRR of 1 (n = 3). Data show mean ± SD. **, p < 0.01 comparing
Z-average diameter. #, p < 0.05; ##, p < 0.01; ###, p < 0.001 comparing dispersity; compared
to DW of the same TFR, Fisher’s LSD test.

3.3.1.3 Effect of initial lipid concentration
To investigate the effect of initial lipid concentration, the organic (5 – 15 mM DOPC5)
and aqueous phases (NS and PBS) were infused into the SHM at TFR of 2 mL min-1
and FRR of 1. Here, the effect of initial lipid concentration was studied, instead of the
final lipid concentration, to isolate from the effect of FRR, since the final lipid
concentration is dependent on both initial lipid concentration and FRR. For the
liposomes prepared in NS, as the initial lipid concentration increased from 5 mM to
15 mM, the average size increased slightly from 97.1 nm to 107.8 nm (Figure 3.4).
One-way ANOVA was conducted to study the effect of initial lipid concentration on
DOPC5 size or dispersity. There were no statistically significant differences in size
(F2,6 = 1.498, p > 0.05) between these formulations. Although there were significant
differences in dispersity (F2,6 = 17.43, p = 0.003), the dispersity of all liposomes was
lower than 0.2. Meanwhile, there were no significant differences in both size (F2,8 =
3.15, p > 0.05) and dispersity (F2,8 = 4.266, p > 0.05) for liposomes prepared in PBS.
Overall, it was concluded that the initial lipid concentration only has a minor effect on
the size and dispersity of DOPC5 prepared using SHM.
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Figure 3.4 The effect of initial lipid concentration on DOPC5 size and dispersity. Zaverage diameter (solid bars) and dispersity (open circles) of 5, 10, 15 mM DOPC5 prepared
in NS and PBS, at TFR of 2 mL min-1 and FRR of 1 (n = 3 – 5). Data show mean ± SD. #, p
< 0.05; ##, p < 0.01 comparing dispersity; compared to 10 mM of the same aqueous medium,
Fisher’s LSD test.

3.3.2 Preparation of rigid saturated DSPC liposomes
3.3.2.1 Effect of TFR and FRR
Liposomes composed of saturated phospholipids (such as DPPC and DSPC) have rigid
membranes that exhibit greater stability in plasma, longer blood circulation and lower
premature drug leakage9. Clinically relevant formulations, such as Doxil® and
Onivyde® , are composed of sterically stabilised, DSPC-based liposomes (see Table
1.3). The structural difference between DOPC and DSPC is the degree of saturation
of their fatty acid chains. In contrast to DOPC (Tm = -17 °C) that exists in liquidcrystalline phase at room temperature, DSPC (Tm = 55 °C) exists in the gel phase,
which their higher membrane stiffness greatly lower their tendency to close into
vesicles112. Therefore, DSPC-based formulations (see Table 2.1) were prepared at
65 °C, above the phase transition temperature of DSPC, by heating both aqueous and
organic phases during their infusion into the SHM. To start with, the preparation of
DSPC5 (DSPC/Chol/DSPE-PEG2000, 95/50/5 molar ratio) was investigated.
The ethanol (10 mM DSPC5) and aqueous phases (NS and PBS) were infused into the
SHM at 65°C, at TFR of 2 mL min-1 and FRR of 2 – 4. DSPC5 prepared in NS at TFR
of 2 mL min-1 followed the expected effect of FRR, where their size decreased quickly
with increasing FRR (Figure 3.5a). Starting at an intermediate FRR of 3, DSPC5 had

58

Chapter 3 Microfluidic preparation of sterically stabilised liposomes
an average size of 93.78 nm and dispersity of 0.238, which was fairly dispersed. These
liposomes are significantly larger (t7 = 5.545, p < 0.001) and more disperse (t7 = 5.532,
p < 0.001) compared to DOPC5 prepared in the same flow conditions (size of 29.56
nm and dispersity of 0.098; Figure 3.1). As FRR was reduced to 2.5 and 2, size of the
liposomes increased to 133.9 nm and 194.2 nm, and the dispersity rose to 0.371 and
0.430, respectively, with the presence of precipitates in the collected samples. On the
other hand, by increasing the FRR from 3 to 4, the size of the liposomes decreased as
expected, to 62.84 nm; however, the sample remained dispersed, with a dispersity of
0.283. By optimising the FRR, DSPC5 with the desired size of roughly 100 nm were
obtained; although the dispersity, which was relatively unresponsive towards both
TFR and FRR, could not be improved and remained high (> 0.2). Similar results were
observed with DSPC5 prepared in PBS.
DSPC5 became increasingly unstable at above 25% (v/v) ethanol (FRR < 3), in
comparison to DOPC5 which remained stable with 50% (v/v) ethanol (FRR of 1). In
addition, it is worth mentioning that peaks in the micron range were reported by DLS
in both intensity- and volume-weighted size distributions for all the above flow
conditions (TFR of 2 mL min-1 and FRR of 2 – 4), signifying the presence and
contribution of these peaks (Figure 3.5b, c). While the distribution (width) of the main
peaks remained relatively similar, the proportion of the micron-sized peak decreased
sharply with increasing FRR (i.e. decreasing ethanol concentration). The micron-sized
peak was still present at FRR of 4 (20 v/v % ethanol), which DSPC5 was around 60
nm in size. It could be extrapolated that further optimisation of processing parameters
would not produce DSPC5 with both the desired size (≈ 100 nm) and dispersity (<
0.2).
While the presence of micron-sized peaks in a DLS report does not necessary imply
the presence of micron-sized particles, it suggests the presence of certain species with
slow Brownian motion or diffusivity, which is unlikely to be of the same liposome
population. This result suggested that DSPC5 could not self-assemble homogeneously,
especially without size homogenisation procedures such as membrane extrusion or
sonication. Note that the greater proportion of the micron-sized peaks in volumeweighted distribution compared to intensity-weighted distribution could be due to the
limited resolution of the DLS software in resolving particles of such large sizes.
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Figure 3.5 The effect of FRR on DSPC5 size and dispersity. (a) Z-average diameter (solid
bars) and dispersity (open circles) of 10 mM DSPC5 prepared in NS and PBS, at TFR of 2
mL min-1 and FRR of 2, 2.5, 3 and 4 (n = 3 – 6). Data show mean ± SD. Representative (b)
intensity and (c) volume-weighted (right) size distribution of DSPC5 prepared in NS, at TFR
of 2 mL min-1 and FRR of 2, 2.5, 3 and 4. Note that the proportion of the micron-sized peak
decreased with increasing FRR.

3.3.2.2 Effect of DSPE-PEG2000
Since the production of DSPC5 with a monomodal size distribution was not achievable,
the lipid composition was modified, by reducing the amount of DSPE-PEG2000 from 5
to 0 mol %. Namely, the preparation of PEGylated DSPC5, DSPC4 and DSPC2.5 and
non-PEGylated DSPC0 (see Table 2.1) was investigated. The ethanol (10 mM lipid
mixture) and aqueous phases (NS and PBS) were infused into the SHM at 65 °C, at
TFR of 2 mL min-1 and FRR of 3. Interestingly, results showed that reducing the
DSPE-PEG2000 content produced larger and more homogenous liposomes (Figure
3.6a). One-way ANOVA was conducted to study the effect of DSPE-PEG2000 content
on DSPC/Chol/DSPE-PEG2000 (100-x/50/x, where x = 0, 2.5, 4 and 5) size or
dispersity. There were statistically significant differences in both size (F3,16 = 62.15, p
< 0.001) and dispersity (F3,16 = 16.88, p < 0.001) between these liposomes prepared in
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NS. As DSPE-PEG2000 content was decreased from 5 to 4 mol %, the dispersity greatly
improved: size of DSPC4 changed minimally from 93.78 to 93.19 nm (t16 = 0.0854, p
> 0.05), but the dispersity reduced from 0.238 to 0.143 (t16 = 4.381, p < 0.001), with
reduced presence of the micron-sized peak (Figure 3.6b, c). Further reduction of the
DSPE-PEG2000 content to 2.5 mol %, DSPC2.5 size increased to 122.0 nm (t16 = 3.246,
p = 0.005). Unexpectedly, the dispersity decreased significantly to 0.055 (t16 = 6.632,
p < 0.001), and the micron-sized peak was no longer reported. Thus, DSPC2.5 was
deemed the optimal DSPC-based PEGylated liposomal formulation. Similar results
and significance difference (size: F2,7 = 6.162, p = 0.029 and dispersity: F2,7 = 9.303,
p = 0.011) were observed using PBS.
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Figure 3.6 The effect of DSPE-PEG2000 content on DSPC-based liposomes size and
dispersity. (a) Z-average diameter (solid bars) and dispersity (open circles) of 10 mM
DSPC/Chol/DSPE-PEG2000 (100-x/50/x, x = 0-5) prepared in NS and PBS, at TFR of 2 mL
min-1 and FRR of 3 (n = 3 – 7). Data show mean ± SD. *, p < 0.05; **, p < 0.01; ***, p <
0.001 comparing Z-average diameter. #, p < 0.05; ###, p < 0.001 comparing dispersity;
compared to 5 mol % DSPE-PEG2000 of the same aqueous medium, Fisher’s LSD test.
Representative (b) intensity and (c) volume-weighted size distribution of DSPC0, DSPC2.5,
DSPC4, DSPC5 prepared in NS. Note that the proportion of the micron-sized peak increased
with increasing DSPE-PEG2000 content for the PEGylated formulations.
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Upon removing DSPE-PEG2000 completely from the formulation, DSPC0 size further
increased to 189.4 nm (t16 = 12.04, p < 0.001) and the dispersity increased to 0.204
(t16 = 1.357, p > 0.05), with the presence of the micron-sized peak. However, in
contrast to DSPC5 (which was already < 100 nm at FRR 3), it was possible to prepare
smaller DSPC0 by increasing FRR. At FRR of 4 and 5, DSPC0 were 131.6 nm
(dispersity = 0.102) and 86.7 nm (dispersity = 0.128), respectively (Figure 3.7a). The
micron-sized peak was no longer reported (Figure 3.7b, c). Similar results were
obtained with liposomes prepared in PBS.
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Figure 3.7 The effect of FRR on DSPC0 size and dispersity. (a) Z-average diameter (solid
bars) and dispersity (open circles) of 10 mM DSPC0 prepared in NS and PBS, at TFR of 2
mL min-1 and FRR of 3, 4 and 5 (n = 3 – 5). Data show mean ± SD. Representative (b) intensity
and (c) volume-weighted (right) size distribution of DSPC0 prepared in NS, at TFR of 2 mL
min-1 and FRR of 3 (red), 4 (green) and 5 (blue). Note that the micron-sized peak appeared
only at FRR 3.
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3.3.3 Preparation of rigid saturated DPPC liposomes
3.3.3.1 Effect of lipid components
DPPC consists of two saturated hydrocarbon chains with 16 carbon atoms (instead of
18 carbon atoms as in DSPC), which has a phase transition temperature of 41 °C.
Therefore, DPPC-based formulation was prepared at 52 °C, above the phase transition
temperature of DSPC, by heating both aqueous and organic phases during their
infusion into the SHM. To start with, the preparation of DPPC5 (DPPC/Chol/DSPEPEG2000, 95/50/5 molar ratio) was investigated.
The ethanol (10 mM DPPC5) and aqueous phases (NS and PBS) were infused into the
SHM at 52 °C, at TFR of 2 mL min-1 and FRR of 3. The average size and dispersity
of DPPC5 prepared in NS were 107.4 nm and 0.099 respectively (Figure 3.8). Oneway ANOVA was conducted to study the effect of membrane fluidity on liposome
size or dispersity. Unexpectedly, there were statistically significant differences in both
Z-average diameter (F2,9 = 25.97, p < 0.001) and dispersity (F2,9 = 28.00, p < 0.001)
between DOPC5, DPPC5 and DSPC5 prepared in NS. Comparing DPPC5 to DSPC5,
the difference in size was not significant (t9 = 1.321, p > 0.05), but the dispersity of
the liposomes was significantly lower (t9 = 6.103, p < 0.001). Furthermore, no micronsized peak was reported. Similarly, significance differences (Z-average diameter: F2,7
= 80.03, p < 0.001 and dispersity: F2,7 = 14.09, p = 0.004) were observed using PBS.
Since the size and dispersity of DPPC5 prepared with this condition were acceptable,
further optimisation was not performed. This clearly indicated that slight
modifications in the composition of the liposomal formulation, such as hydrocarbon
length or DSPE-PEG2000 content could have a major impact on stealth liposomal
production using microfluidics.
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Figure 3.8 The effect of membrane fluidity on liposomes size and dispersity. Z-average
diameter (solid bars) and dispersity (open circles) of 10 mM DOPC5, DPPC5 and DSPC5
prepared in NS and PBS, at TFR of 2 mL min-1 and FRR of 3 (n = 3 – 6). Data show mean ±
SD. ***, p < 0.001 comparing Z-average diameter. ##, p < 0.01; ###, p < 0.001 comparing
dispersity; compared to DSPC5 of the same aqueous medium, Fisher’s LSD test.

3.3.4 Characterisation of optimised liposomes
3.3.4.1 Stability study
Results demonstrated the successful preparation of different sterically stabilised
liposomal formulations with suitable size and dispersity using SHM microfluidics.
Next, to assess their capacity as drug delivery systems, all formulations were prepared
in different aqueous media, namely, NS, PBS (pH 7.4), HBS (pH 7.4) and (NH4)2SO4
(pH 5.4), with the respectively optimised flow conditions (Table 3.2). HBS and
(NH4)2SO4 were used for their relevance with drug loading and biological applications.
All liposomes were successfully prepared with Z-average diameter around 100 nm and
dispersity lower than 0.2 (with the exception of DSPC5 which homogenous liposomes
could not be obtained). All dialysed liposomes, including DSPC5, stored at 4 °C, were
stable in size up to 28 days with minimum changes in their size and dispersity (Figure
3.9).
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Table 3.2 Optimised flow conditions, corresponding Z-average diameter and dispersity of DOPC5, DSPC2.5, DSPC5 and DPPC5 for stability study
(with initial lipid concentration of 10 mM) prepared in different aqueous media (NS, PBS (pH 7.4), HBS (pH 7.4), and (NH 4)2SO4 (pH 5.4); n = 3 –
6). Data show mean ± SD.
Optimised flow conditions
Formulation
Z-average diameter (nm)

Dispersity
TFR (mL min-1)

FRR

NS

PBS

HBS

(NH4)2SO4

DOPC5

2

1

101.5 ± 5.1
0.10 ± 0.01

116.8 ± 7.9
0.10 ± 0.02

100.9 ± 8.4
0.09 ± 0.01

120.7 ± 8.6
0.10 ± 0.03

DSPC2.5

2

3

122.0 ± 8.8
0.06 ± 0.01

111.4 ± 5.8
0.09 ± 0.02

116.1 ± 3.5
0.09 ± 0.01

136.6 ± 5.3
0.11 ± 0.01

DSPC5

2

3

100.0 ± 8.6
0.26 ± 0.02

85.8 ± 9.3
0.25 ± 0.08

110.4 ± 6.7
0.29 ± 0.04

106.2 ± 4.3
0.23 ± 0.05

DPPC5

2

3

107.4 ± 3.8
0.10 ± 0.02

92.5 ± 7.8
0.11 ± 0.02

111.7 ± 4.3
0.09 ± 0.01

118.1 ± 12.3
0.09 ± 0.01
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Figure 3.9 Stability of liposomes prepared by microfluidic-assisted nanoprecipitation. Zaverage diameter and dispersity of optimised (a) DOPC5, (b) DSPC2.5, (c) DSPC5, and (d)
DPPC5 prepared in NS, PBS, HBS and (NH4)2SO4 (n = 3). Z-average diameter and dispersity
of the liposomes, stored at 4 °C, were monitored over 28 days. Data show mean ± SD.
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3.3.4.2 TEM structure elucidation
The morphology of the three optimised sterically stabilised formulations prepared by
their respective optimised flow conditions was characterised using TEM (Figure 3.10).
All liposomes exhibited vesicular structures and were homogenous in size, with a
15

mean diameter of about 100 nm, which is in a good agreement with the Z-average
diameter provided by DLS (Table 3.2).

20

Figure 3.10 TEM micrographs of liposomes prepared by microfluidic-assisted
nanoprecipitation. TEM micrographs of optimised (a) DOPC5, (b) DSPC2.5, and (c) DPPC5.
Liposomes prepared have vesicular structures with diameter of around 100 nm. Scale bar
represents (a) 200 nm, and (b, c) 100 nm.
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3.3.4.3 Encapsulation efficiency of DOX by remote loading
25

DOX is a chemotherapy agent used against a wide range of cancers. The clinical
usefulness of DOX is limited by its non-specificity biodistribution and systemic
toxicity, such as alopecia, nausea, vomiting, myelosuppression and cardiotoxicity47.
Liposomal encapsulation of DOX have been clinically proven to be successful with
their significantly reduced toxicity with comparable efficacy to DOX alone47.
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Furthermore, active loading of DOX into liposomes using a transmembrane
ammonium sulphate pH gradient, enabled high and stable loading of DOX57.
Therefore, DOX is an attractive hydrophilic drug model for its clinical significance
and ability to assay the integrity of the liposome membrane.
Once the flow conditions were optimised, DOX remote loading was performed to
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characterise the loading capability and the membrane integrity of the microfluidicsprepared liposomes. The initial lipid concentrations were first increased (dependent
on the corresponding optimal FRR) to counteract the dilution by the aqueous media,
to achieve a final lipid concentration of 7.5 mM. All formulations were prepared using
(NH4)2SO4 solution as the aqueous phase for establishing a pH-gradient for DOX

40

remote loading. The physiochemical properties of the liposomes were characterised
by DLS (Table 3.3). Size and dispersity of the prepared liposomes were comparable
to those prepared at lower lipid concentration (Table 3.2). DOX encapsulation
efficiency (EE) of all formulations was above 80%, including the less-than-ideal
DSPC5. Results demonstrated that liposomes prepared by microfluidic-assisted
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nanoprecipitation have an intact membrane for maintain a pH-gradient and were
capable of efficient loading of DOX.
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Table 3.3 Modified initial lipid concentration, optimised flow conditions, corresponding Z-average diameter, dispersity, ζ-potential, and DOX EE of
DOPC5, DSPC2.5, DSPC5 and DPPC5 prepared in (NH4)2SO4 (pH 5.4) buffer and remotely loaded with DOX (n = 3 - 7). Data show mean ± SD.

Formulation

Initial lipid
concentration

Optimised flow
conditions
TFR
FRR
(mL min-1)

Z-average
diameter (nm)

Dispersity

ζ-potential
(mV)

%EE

DOPC5

15 mM

2

1

125.1 ± 10.8

0.12 ± 0.03

-12.3 ± 2.5

88.2 ± 3.2

DSPC2.5

30 mM

2

3

131.5 ± 9.6

0.11 ± 0.03

-8.7 ± 1.4

84.9 ± 4.5

DSPC5

30 mM

2

3

115.4 ± 0.6

0.20 ± 0.01

-11.8 ± 0.6

88.4 ± 2.5

DPPC5

30 mM

2

3

134.0 ± 4.9

0.10 ± 0.04

-10.3 ± 1.6

82.0 ± 5.4
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Discussion
Steric stabilisation of liposomes by PEGylation prevents liposomes aggregation,
enhances stability, and increases their blood circulation half-life17,46,60. PEGylation is
therefore an essential factor in designing drug delivery systems, as demonstrated in
the clinically approved formulations Doxil® and Onivyde® 1. However, to date,
majority of the microfluidics studies on liposomes preparation focused on
conventional non-PEGylated formulations94,121,123,124,126.
In this chapter, PEGylated formulations with different fluidity (DOPC5, DPPC5 and
DSPC2.5) were successfully prepared using SHM, through the optimisation of both
processing and formulation parameters. Self-assembly of liposomes in microfluidics
is a bottom-up nanoprecipitation technique, thus the liposome quality will depend
largely on the physical properties of the liposomal formulation, and the surrounding
solvent environment110. In contrast to conventional bulk production of liposomes,
microfluidic techniques do not require post-processing procedures150. Consequently,
as the liposomal formulation changes, the optimal flow conditions might have to be
changed to obtain liposomes of similar size and dispersity.
3.4.1 Effect of TFR and FRR
FRR was the governing parameter controlling the liposome size. Increasing the FRR
resulted in sharp decrease in liposome size, until the size approached a lower limit
where the difference became gradual. TFR had similar effect on liposome size
qualitatively, but the decrease in liposome size were instead minimal. The responses
in liposome size toward varying TFR and FRR has been reported extensively, in both
MHF and SHM devices79,82,98. Encouragingly, the effect of TFR and FRR on liposome
size was universal regardless of the type of liposomal formulations, which can be
explained by the nanoprecipitation mechanism94,110. Briefly, as lipid molecules diffuse
from the solvent phase (ethanol) to the non-solvent phase (aqueous medium), they
become less soluble and form nanoprecipitates, also known as bilayer discs24. At lower
FRR, the rate of decrease in solubility is extended, allowing nanoprecipitates to grow
larger in size before their eventual closure into larger liposomes; while at higher FRR,
nanoprecipitates are closed into smaller liposomes as they are rapidly exposed to the
non-solvent. The critical ethanol concentration for formation of nanoprecipitates, for
unsaturated phospholipid, was estimated to be 80% (v/v) ethanol, and their closure
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into liposomes at 60% (v/v) ethanol94. This result agreed with the optimisation of
DOPC5, where unsaturated DOPC-based liposomes could be formed at a high ethanol
concentration of 50% (v/v) ethanol (FRR of 1).
3.4.2 Effect of aqueous medium
The choice of aqueous medium was reported to affect both the size and dispersity of
the vesicles prepared by nanoprecipitation, where low ionic strength medium led to
smaller and more dispersed vesicles124,135. This agreed with the results which
liposomes prepared in DW were significantly smaller and more dispersed than those
containing ions (NS, PBS, HBS and (NH4)2SO4). It was reported that at low ionic
strength, the hydration layer (electrical double layer) around a particle is greater151,152,
which might result in premature closure of nanoprecipitates into smaller and more
dispersed liposomes. Nonetheless, in high (e.g. isotonic) ionic strength solution,
uniform liposomes could be formed; the difference in the buffer composition had a
minimal effect on liposomes size which enable drug loading using different loading
methods (passive and active loading).
3.4.3 Effect of initial lipid concentration
Regulating the concentration of liposomes can improve the operation of the
downstream assay, avoiding extra procedures such as centrifugation to concentrate the
liposomal samples. The introduction of the aqueous medium as a non-solvent is
essential to the formation of liposomes by nanoprecipitation, inevitably leads to
dilution of the initial lipid solution. In SHM, chaotic advection provided by
herringbone grooves allows preparation of homogenous liposomes at high flow rates
(in mL min-1) and unprecedentedly low FRR (typically 1 to 5, with final lipid
concentration in mM range)104, in comparison to MHF devices with typical value of
TFR in the µL min-1 range and FRR > 1096,98,112,115. By increasing initial lipid
concentration (up to 30 mM), with respect to the optimised FRR for each formulation,
final lipid concentration of 7.5 mM could be obtained, comparable to the liposome
concentration obtained with thin film hydration method153. Interestingly, increasing
initial lipid concentrations resulted in a slight increase in the liposomes size, without
affecting the dispersity. Maeki et al. also reported increasing liposomes size without
affecting dispersity, independent of FRR, from initial lipid concentration of 5 mg mL1

to 20 mg mL-1 (6.6 mM to 26.3 mM), in agreement with the results94. However, there
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have been contradictory reports in the literature on the effect of initial lipid
concentration. Preparing non-PEGylated formulation using SHM, it was reported that
decreasing initial lipid concentration below 3 mg mL-1 (< 5 mM) led to increasing
liposome size and dispersity124. This effect was again reported by Forbes et al., across
initial lipid concentration of 0.3 mg mL-1 to 10 mg mL-1 (≈ 0.5 mM to 17 mM)125. It
is possible that at the lower range of initial lipid concentration, the formation of
nanoprecipitates become less frequent and controlled, increasing the likelihood for
formation of heterogeneous liposomes. In the experiment, with an initial lipid
concentration of 5 mM and FRR of 3, count rates of liposome samples measured by
DLS approached the lower recommended limit of detection, suggesting further
reduction in initial lipid concentration might lead to inadequate signals for accurate
interpretation of DLS measurements.
3.4.4 Effect of lipid component and fluidity
Besides optimising the production of PEGylated liposomes, the study showed how the
fluidity of the lipid bilayer affects the size and dispersity of the liposomes. It was
obvious that the fluid formulation (DOPC5) was significantly smaller in size
compared to the rigid formulations (DPPC5 and DSPC5), with the same flow
conditions, which agrees with Joshi et al. findings using SHM to prepare nonPEGylated formulations124. Interestingly, despite the two carbons difference between
DPPC and DSPC, uniform DPPC5 liposomes were produced, while small liposomes
with a micron-sized peak was present in DSPC5, and HSPC5 (Appendix A.1). This
contradicts Zhigaltsev et al., where purely rigid liposomes were not successfully
produced, as unstable and large liposomes were obtained123.
Lipid bilayers with high fluidity (or low bending elasticity modulus), prepared using
MHF, have been shown to bend and close into liposomes at a higher rate, yielding
smaller liposomes112. More important, Takechi-Haraya et al. demonstrated using
atomic force microscopy (AFM) that cholesterol-containing liposomes with saturated
lipids were still stiffer than those with unsaturated lipids, despite all of them being in
liquid-ordered phase 11. These results clearly justify the significant difference in size
between the fluid (DOPC5) and rigid formulations (DPPC5, DSPC5), despite all
formulations being prepared in their liquid-ordered phase.
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3.4.5 Effect of DSPE-PEG2000
The heterogeneity and the micron-sized peak in DSPC5 formulation could not be
eliminated by optimising the processing parameters alone; however, this was resolved
through optimisation of formulation parameters, namely by lowering the DSPEPEG2000 content down to 2.5 mol %. It was observed that increasing the DSPE-PEG2000
content decreased the liposome size and increased its dispersity. Similar effect of PEGlipid decreasing the size of lipid nanoparticle and polymeric nanoparticle systems
using SHM, have been reported previously154–156. The properties and origin of the
micron-sized peak were not well understood, but evidently it was dependent on the
ethanol content (FRR) and DSPE-PEG2000 content.
Ethanol is known to enhance permeability, promote interdigitation of membranes and
causes rupture and coalesce of small liposomes (< 200 nm). This effect is more
effective on liposomes with longer and saturated carbon chain length157–162. PEG-lipid
with their bulky polymer chain provides higher steric hindrance, which favours high
surface curvature or micellar structure, and it is known to stabilise or induce the
formation of bilayer discs (by stabilising the exposed hydrophobic edge) and micelles
at high PEG concentration130,163,164. For instance, Edwards et al. observed increasing
numbers of circular bilayer discs with increasing DSPE-PEG2000 content for
DSPC/Chol/DSPE-PEG2000, prepared by the lipid film hydration method131. Although
the DSPE-PEG2000 content in DSPC5 was lower than the estimated critical value of
DSPE-PEG2000 content where open bilayer discs started to form, this could be due to
the difference between lipid film hydration and the microfluidic-assisted
nanoprecipitation method. Nonetheless, the improvement in dispersity by reducing
DSPE-PEG2000 content, from DSPC5 to DSPC2.5, was indisputable. Therefore, it was
speculated that the combined effect of ethanol and DSPE-PEG2000 destabilise the
nanoprecipitates and leading to their closure into irregular liposomes; however, further
studies are still warranted.
In this chapter, both formulation and processing parameters that could affect the
production of sterically stabilised liposomes were systematically investigated. A
general flowchart was proposed, as a qualitative recommendation, for designing and
optimising sterically stabilised liposomal formulations using microfluidics (Figure
3.11). The flowchart is arranged based on the influence of each parameter on the
prepared liposomes and summarised the effects of the parameters on the liposome size
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and dispersity. As one optimises a formulation with microfluidics, one would be
expected to design each parameter following the downward direction, and optimise
each parameter starting from the processing parameters. In case optimisation of the
processing parameters could not resolve an encountered issue, one would have to
modify the formulation parameters following the upward direction; and in the worstcase scenario, to change the lipid component.

Figure 3.11 Flowchart for designing and optimisation of liposomal formulation using
SHM. The flowchart is arranged, from top to bottom, based on the influence of each parameter
on the property of the liposomal formulation. The qualitative effect of increasing respective
parameter on the size and dispersity of liposomes prepared by microfluidics is indicated.
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Conclusion
Results have demonstrated that by manipulating both processing and formulation
parameters, all three PEGylated formulations were successfully prepared with the
desired size (≈ 100 nm), dispersity (< 0.2) and final lipid concentration (7.5 mM),
comparable to those prepared by the conventional thin film hydration with extrusion
method153. The vesicular structures of the optimised liposomes were confirmed by
TEM. Remote loading of DOX into the liposomes by pH-gradient further verified their
membrane integrity and capability as a drug delivery system. Regardless of the
suboptimal characteristics of DSPC5 in terms of dispersity, it was also able to maintain
a pH-gradient and have satisfactory DOX EE. Furthermore, while the unsaturated
DOPC5 and saturated DPPC5 could be optimised simply by varying the processing
parameters (TFR and FRR), DSPC5 was dispersed (dispersity > 0.2) regardless of the
processing parameters. By optimising the formulation parameters, namely content of
DSPE-PEG2000, the modified DSPC2.5 was successfully prepared with the desired size
and dispersity.
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Microfluidic preparation of lysolipid containing
temperature-sensitive liposomes (LTSL)

Papers related to this chapter:
Cheung, C. C. L., Ma, G., Ruiz, A. & Al-Jamal, W. T. Microfluidic production of
lysolipid-containing temperature-sensitive liposomes. J. Vis. Exp. 157, e60907 (2020).
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Introduction
Lysolipid-containing thermosensitive liposomes (LTSL) are a type of stimuliresponsive liposomes that enable ultrafast drug release upon phase transition at mild
hyperthermia temperature165. LTSL are able to initiate and produce release of
encapsulated drugs with great spatial and temporal control, which have been
challenging for non-thermosensitive liposomes and traditional thermosensitive
liposome (relying on greater membrane permeability upon phase transition to liquidcrystalline phase) to achieve165. ThermoDox® , a lysolipid-containing liposomal DOX,
is the most clinically advanced LTSL formulation, currently in Phase III development
for the treatment of primary liver cancer and in development for other cancer
indications166.
The ThermoDox® formulation consists of DPPC/MSPC/DSPE-PEG2000 at a
composition of 86.5/9.7/3.8 mol %23. Major differences between LTSL and the
conventional DPPC5 formulation are the presence of lysolipid MSPC and the lack of
cholesterol. The lack of unsaturated phospholipids or cholesterol render these
formulations susceptible to ethanol-induced interdigitation13,160. To date, microfluidic
preparation of saturated phospholipid-based, cholesterol-free liposomes was not
reported (Table 1.4). Most of the reported liposomal formulations prepared by
microfluidic-assisted nanoprecipitation consisted of either saturated phospholipid with
cholesterol (such as DSPC/Chol) or purely unsaturated phospholipid without
cholesterol. As the presence of ethanol is inevitable during nanoprecipitation, the
strategy and viability to prepare LTSL with microfluidics is yet to be studied. Until
now, the effect of residual ethanol present during the microfluidics production of
liposomes has not been well understood.
Also, the effect of lysolipids on the nanoprecipitation of liposomes is unclear. It has
been reported that lysolipids enhanced the release rate of entrapped hydrophilic
payloads, it also introduced membrane disorder at the gel phase167. As the molecular
shape of lysolipids are inverted cone, they preferably adopt micellar phase; which can
generates open liposomes and bilayer discs upon phase transition21. Therefore, the
inclusion of lysolipid could reduce the stiffness of the membrane and affect the
formation of the liposomes prepared by microfluidic-assisted nanoprecipitation.
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Aim and objectives
This chapter aimed to explore the microfluidic-assisted nanoprecipitation of LTSL and
assess the effect of processing and formulation parameters on the physiochemical
properties of the engineered liposomes. To achieve this, LTSL formulations comprised
DPPC, MSPC and DSPE-PEG2000 were prepared. To obtain desirable LTSL size and
dispersity, both processing and formulation parameters were optimised. LTSL were
characterised by their size and dispersity, DOX loading efficiency, phase transition
behaviour and thermosensitivity release to confirm their functionality.
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Results
4.3.1 Preparation

of

conventional

LTSL

using

microfluidic-assisted

nanoprecipitation
4.3.1.1 Effect of aqueous medium
The conventional LTSL formulation, LTSL4 (DPPC/MSPC/DSPE-PEG2000, 86/10/4
molar ratio), was first prepared using SHM. Initial preparation conditions of LTSL4
was selected based on that for formulating DPPC5. Ethanol (5 mM LTSL4) and
aqueous phase (NS) were injected into the SHM at 52 °C, at TFR of 1 mL min-1 and
FRR of 3. Unexpectedly, the collected samples became viscous and gelled as they cool
down to room temperature. As the presence of salts are known to influence the
properties of lipid bilayers168, the effect of aqueous medium on the gel formation of
LTSL4 was investigated.
Ethanol (5 mM LTSL4) and four different aqueous (DW, NS, PBS and HBS) phases
were injected into the SHM at 52 °C, at TFR of 1 mL min-1 and FRR of 3. For high
ionic strength aqueous media (NS, PBS and HBS), collected samples were similarly
gelled (Figure 4.1). Although, gelled samples could reversibly return to non-viscous
upon warming up back to 52 °C, the samples remained dispersed. One-way ANOVA
was conducted to compare the effect of the aqueous media on LTSL4 size or dispersity
and no statistically significant differences were determined (Z-average: F3,21 = 2.049,
p > 0.05; dispersity: F3,21 = 0.8765, p > 0.05). Therefore, to avoid the formation of gel,
DW remained as the aqueous medium for further optimisation.
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Figure 4.1 The effect of aqueous medium on LTSL4 size and dispersity. Z-average
diameter (solid bars) and dispersity (open circles) of 5 mM LTSL4 prepared in DW, NS, PBS
and HBS, at TFR of 1 mL min-1 and FRR of 3 (n = 3 – 10). Data show mean ± SD.
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4.3.1.2 Effect of TFR and FRR
Once the formation of gel was avoided, the size and dispersity of LTSL4 were then
optimised by changing the processing parameters. The ethanol (5 mM LTSL4) and
aqueous (DW) phases were infused into the SHM at 52 °C, at TFR of 0.5 – 2 mL min-1
and FRR of 1 – 4. Prepared at TFR of 1 mL min-1 and FRR of 3, LTSL4 were small
sized (58.6 ± 25.7 nm) and dispersed (0.30 ± 0.18). At TFR < 1 mL min-1 and FRR of
3, LTSL4 samples were disqualified by the DLS measurement, that is, samples were
highly dispersed and multimodal, consequently the Z-average diameter values were
ill-defined (Figure 4.2a). Similar results were obtained for LTSL4 prepared at TFR
of 1 mL min-1 and FRR < 3 (Figure 4.2b). No obvious improvement in dispersity and
reproducibility was observed with other flow conditions (TFR > 1 mL min-1 or FRR
> 3), thus 1 mL min-1 and FRR of 3 was selected as the processing parameters for
further optimisation.
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Figure 4.2 The effect of FRR and TFR on LTSL4 size and dispersity. Z-average diameter
(red) and dispersity (blue) of 5 mM LTSL4 prepared in DW, at (a) TFR of 1 mL min-1 and
FRR of 1 – 3 (n = 1 – 6) and (b) TFR of 0.5 - 2.0 mL min-1 and FRR of 3 (n = 1 – 3). Data
show mean ± SD.
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4.3.1.3 Effect of MSPC
Failing to achieve desirable liposome characteristics, the lipid composition of LTSL4
was modified. The major difference between the previously optimised DPPC5
(DPPC/Chol/DSPE-PEG2000, 95/50/5 molar ratio; Section 3.3.3) and LTSL4
(DPPC/MSPC/DSPE-PEG2000, 86/10/4) is the lack of cholesterol, substituted by the
lysolipid MSPC. Thus, the effect of MSPC content was studied by injecting the ethanol
(5 mM DPPC/MSPC/DSPE-PEG2000, 96–x/x/4, x = 0, 5, 10, 15) and aqueous (DW)
phases into the SHM at 52 °C, at TFR of 1 mL min-1 and FRR of 3. All samples were
dispersed, in fact, higher dispersity samples were obtained with lower MSPC content
(Figure 4.3). Therefore, the MSPC content was deemed irrelevant to the high
dispersity of LTSL4 and was kept at 10 mol %.
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Figure 4.3 The effect of MSPC on LTSL prepared in DW. Z-average diameter and
dispersity of 5 mM DPPC/MSPC/DSPE-PEG2000 (96–x/x/4, x = 0 – 15; n = 1 – 3), prepared
in DW at TFR of 1 mL min-1 and FRR of 3. Data show mean ± SD.
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4.3.1.4 Effect of DSPE-PEG2000
The effect of DSPE-PEG2000 on LTSL preparation was then investigated, since the
DSPE-PEG2000 content was shown to affects both the liposome size and dispersity of
DSPC-based

formulations

(see

Section

3.3.2.2).

The

ethanol

(5

mM

DPPC/MSPC/DSPE-PEG2000, 90–x/10/x, x = 0, 4, 10) and aqueous (DW) phases were
injected into the SHM at 52 °C, at TFR of 1 mL min-1 and FRR of 3. Samples remained
gelled for 0 and 4 mol % of DSPE-PEG2000. At 10 mol % DSPE-PEG2000, i.e. LTSL10,
clear non-viscous samples were obtained (Figure 4.4); lower dispersity and better
reproducibility was observed, with size of 77.1 ± 23.2 nm and dispersity of 0.24 ± 0.04.
Thus, the LTSL10 formulation was selected for further optimisation.

Figure 4.4 Photograph of as-prepared LTSL4 and LTSL10. 5 mM of (left) LTSL4 and
(right) LTSL10 prepared in (NH4)2SO4 using SHM at TFR of 1 mL min-1 and FRR of 3.

As high ionic strength aqueous media, such as (NH4)2SO4, are preferable for their
relevance with drug loading applications, the study of DSPE-PEG2000 effect on LTSL
formulations was repeated using (NH4)2SO4 as the aqueous phase. The ethanol (5 mM
DPPC/MSPC/DSPE-PEG2000, 90–x/10/x, x = 4, 7, 10, 12.5, 15) and aqueous
((NH4)2SO4) phases were injected into the SHM at 52 °C, at TFR of 1 mL min-1 and
FRR of 3. Expectedly, for formulations with less than 10 mol % DSPE-PEG2000,
dispersity of the samples was high (> 0.5) and gelling were observed (Figure 4.5a).
Freshly prepared LTSL4 using (NH4)2SO4 was very viscous as indicated by large
amount of air bubbles trapped in the sample upon shaking (Figure 4.5b). At 10 mol
% DSPE-PEG2000 (LTSL10), samples were 78.9 ± 1.4 nm and dispersity of 0.17 ±
0.05, approaching the desirable liposome quality of 100 nm and dispersity < 0.2. With
DSPE-PEG2000 above 10 mol %, while all samples have similar size and appeared clear,
the dispersity increased gradually from 0.17 (10 mol %; LTSL10) up to
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0.45 (15 mol %). Therefore, LTSL10 was a promising candidate for replacing LTSL4
for avoiding gel formation during microfluidic preparation.
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Figure 4.5 The effect of DSPE-PEG2000 content on size and dispersity of LTSL. 5 mM
DPPC/MSPC/DSPE-PEG2000 (90–x/10/x, x = 4 – 15; n = 1 – 5) prepared in (a) DW and (b)
(NH4)2SO4 at TFR of 1 mL min-1 and FRR of 3. Data show mean ± SD.

4.3.2 Formulation of cholesterol-containing LTSL formulation (LTSL4C10)
Apart from changing the lipid composition, lipid components can also be optimised to
potentially improve the quality of liposomes. The formation of gel with LTSL4 (in
contrast to DPPC5) was attributed to the lack of cholesterol; thus, it was hypothesised
that inclusion of cholesterol to the LTSL4 formulation can prevent the gel formation.
It was reported that 10 mol % cholesterol could be included into LTSL4 to improve
the stability of the formulation without negative influence on thermosensitivity169;
therefore the preparation of cholesterol-containing LTSL formulation, i.e. LTSL4C10,
was studied. The ethanol (20 mM LTSL4C10) and aqueous ((NH4)2SO4) phases were
injected into the SHM at 52 °C, at TFR of 1 – 4 mL min-1 and FRR of 3 – 5. LTSL4C10
was first prepared at TFR of 1 mL min-1 and FRR of 3, and samples with average size
above 300 nm and dispersity around 0.2 were obtained (Figure 4.6). No gelation was
observed. In attempt to reduce liposome size to around 100 nm, TFR and FRR were
increased. Increase in TFR alone to 2 mL min-1 was ineffective in reducing the size,
thus FRR was increased to 5, where LTSL4C10 size was reduced to around 150 nm.
Further increase in TFR or FRR were unfeasible due to difficulty in operating the SHM.
Ultimately, considering the better reproducibility, flow conditions at TFR of 4 mL
min-1 and FRR of 5 were selected for LTSL4C10 preparation, as another candidate for
LTSL microfluidic preparation.
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Figure 4.6 The effect of FRR and TFR on LTSL4C10 size and dispersity. Z-average
diameter (solid bars) and dispersity (open circles) of 20 mM LTSL4C10 prepared in
(NH4)2SO4, at TFR of 1 – 4 mL min-1 and FRR of 3 – 5 (n = 3 – 5). Data show mean ± SD.

4.3.3 DOX remote loading into LTSL formulation
The modified LTSL formulations were characterised for their ability to encapsulate
DOX through remote loading. First, LTSL10 were prepared with higher lipid
concentration for DOX loading by injecting the ethanol (20 mM LTSL10) and aqueous
((NH4)2SO4) phases into the SHM at 52 °C, at TFR of 1 mL min-1 and FRR of 3
(Figure 4.7a). Prepared liposomes were 108.5 ± 15.2 nm in size with dispersity of
0.15 ± 0.02. DOX was loaded into the liposomes at the standard conditions for DOX
loading of LTSL formulations (incubation with DOX-to-phospholipid molar ratio of
1:20 at 37 °C for 1.5 h). Unexpectedly, DOX EE were only 15.2 ± 2.7 % (n = 6); the
relatively low DOX EE (< 50%) indicated DOX remote loading was unsuccessful
(Figure 4.7b). Initially, it was speculated that low DOX EE was caused by incomplete
ethanol removal during dialysis or inefficient DOX diffusion into the liposomes.
Therefore, the DOX loading experiment was repeated with: (1) dialysis temperature
at 20 – 52 °C; (2) dialysis duration of 24 – 48 h; (3) DOX incubation temperature at
20 – 42 °C; (4) DOX incubation duration of 1.5 – 24 h; and the combination thereof.
Surprisingly, of all the dialysis and DOX incubation conditions, DOX EE were only
12.2 ± 3.7% (n = 21). It is worth noting that LTSL when incubated at 52 °C, which
was above its phase transition temperature, would not possess a pH-gradient for
remote loading. Therefore, it was evident that these LTSL formulations were only
capable of passive loading.
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Annealing was therefore introduced before dialysis during the preparation of LTSL10,
which have insignificant effect on size (t10 = 1.577, p > 0.05) but improved its
dispersity (t10 = 4.354, p = 0.001). DOX were loaded into annealed LTSL4, LTSL4C10,
LTSL10, and LTSL10 without annealing, prepared with their respective optimised
flow conditions (Figure 4.7a). As a control, LTSL4 and LTSL10 were also prepared
by lipid film hydration with extrusion technique (LTSL4 (LF) and LTSL10 (LF)).
Expectedly, LTSL prepared by the lipid film hydration technique were successfully
loaded with DOX (Figure 4.7b). Although there was significant difference between
LTSL4 and LTSL10 (t6 = 2.952, p = 0.026). Interestingly, despite the poor quality
(formation of gel) and high dispersity of LTSL4 prepared by SHM, after annealing
and dialysis, DOX could still be remotely loaded. Similarly, DOX was also
successfully loaded into LTSL4C10, without significantly difference in EE from
LTSL4 (t4 = 0.0869, p > 0.05). Among all formulations, LTSL10 was capable of the
highest DOX EE of 85.8 ± 6.6%, significantly better than LTSL4 (t7 = 2.641, p =
0.033), LTSL4C10 (t6 = 6.17, p < 0.001) and LTSL10 without annealing (t10 = 24.19,
p < 0.001). Results demonstrated that annealing of SHM-prepared LTSL formulations
was essential in enabling DOX remote loading. While LTSL4C10 was capable of
DOX remote loading, further optimisations were required to reduce their size and
dispersity.
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4.3.4 Phase transition temperature and DOX release study
Phase transition temperatures of LTSL were characterised by differential scanning
calorimetry (Figure 4.8a). The conventional LTSL4 formulation has a lower and
sharper phase transition with onset at 41.3 °C, in agreement with the literature23.
LTSL10 prepared by SHM exhibited a broader phase transition with onset at 41.6 °C
and peak at 42.6 °C. LTSL10 prepared by lipid film hydration exhibited similar phase
behaviour.
DOX release experiments were then performed to validate the temperature-sensitive
release property of LTSL formulations (Figure 4.8b). At 37 °C, passive release of
encapsulated DOX over 60 min was about 10%; at 42 °C, all encapsulated DOX was
burst released within 5 minutes. Similar results were observed with LTSL10 (LF) as a
control. Both characterisations indicated that LTSL10 prepared by SHM and lipid film
hydration were comparable in their thermal properties.
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Figure 4.8 Thermal properties of LTSL10. (a) Thermographs of LTSL4 (LF), LTSL10 (LF),
and LTSL10 (n = 3). Dotted lines are added as a visual aid for the onset phase transition
temperature. (b) DOX release profile of LTSL10 (LF) and LTSL10 at 37 and 42 °C (n = 3 –
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86

Chapter 4 Microfluidic preparation of LTSL

Discussion
Scalability of conventional liposomal preparation techniques has been an ongoing
concern, as illustrated in the supply shortage of Doxil® started in 201119. To date,
LTSL were prepared by batch methods of lipid film hydration method165,169,170 or
reverse-phase evaporation171, which has limited scalability. Microfluidic production is
a promising technique to overcome this hurdle.
To prepare LTSL via nanoprecipitation, two miscible solvents with distinctive
solubility for the lipids are required: typically, ethanol as the lipid solvent and aqueous
solution as the lipid non-solvent. Thus, exposure of liposomes to ethanol during
preparation is unavoidable. LTSL4 was developed and clinically tested for the burst
release of encapsulated hydrophilic drug166,172. While the lack of cholesterol and
inclusion of lysolipid ensured a sharp phase transition and the formation of membrane
pores167,

this

rendered

the

formulation

susceptible

to

ethanol-induced

interdigitation12,161,173. Cholesterol-free liposomal formulations were reported to form
interdigitated gel when exposed to ethanol12,13,174. Ethanol inserts between
phospholipids and swells the headgroups leading to interdigitation (bilayers interlock
into each other), forming bilayer sheets. The resulting bilayer sheets can fuse into
larger sheets of 1 – 10 microns in extent, which is accompanied by increase in viscosity
and opacity170. During the initial microfluidic preparation of LTSL4, the formation of
viscous gel and its reversible phase change upon heating, suggested that LTSL4
existed in the interdigitated gel phase.

Despite the poor liposome size and dispersity, LTSL4 prepared in DW enabled further
optimisation without the formation the gel. The effect of processing parameters TFR
and FRR on LTSL4 were first studied. Starting with TFR of 1 mL min-1 and FRR of
3, LTSL4 size were small (~ 50 nm) and highly dispersed. Optimisation of TFR and
FRR can effectively modify liposome sizes but has limited effect on improving
dispersity. Dispersity remained high (> 0.3) for the conditions investigated and gel
formation was observed at low TFR or FRR. The LTSL4 formulation again
demonstrated that microfluidic preparation of liposomes requires comprehensive
design and optimisation, especially formulation parameters to improve the quality of
the liposomes.
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To avoid gel formation, the lipid components and compositions of the LTSL4
formulation were modified. Reduction in both MSPC and DSPE-PEG2000 both resulted
in lower liposome quality, suggested these micelle-forming lipids could prevent the
formation of gel170. Also, these micelle-forming lipids tend to incorporate into the
membrane, rather than existing as monomer or micelles22,170. Increasing concentration
of PEG-lipids on the membrane has been reported to increase membrane curvature
and minimize interactions between membranes, reducing the tendency for
interdigitation175. Subsequently by increasing DSPE-PEG2000 to 10 mol %, LTSL10
was designed and successfully prevented the formation of gel. Alternatively, inclusion
of cholesterol can also prevent interdigitated gel formation; however, LTSL4C10 are
larger and more dispersed than LTSL10 with suboptimal DOX EE, which warrants
further optimisation.
LTSL10 prepared by microfluidic-assisted nanoprecipitation and lipid film hydration
have similar size and dispersity. However, upon DOX loading into LTSL10, it was
realised that LTSL10 without annealing did not enable remote loading. Regardless of
the dialysis and incubation conditions, DOX EE remained under 20%. It was expected
that for samples dialyzed or incubated at or above 42 °C, phase transition temperature
of LTSL, were not expected to hold a pH-gradient for remote loading. The indifference
of DOX EE for all non-annealed LTSL10 indicated that DOX were loaded solely
through passive diffusion, rather than remote loading by transmembrane pH-gradient.
Therefore, it was speculated that structural defects were formed during self-assembly
of LTSL10, resulting in membrane leakage. A key difference between the two
preparation techniques is the presence of ethanol during nanoprecipitation. As a
single-chain surfactant, MSPC packs normally at the bilayer-water interface22;
however, the presence of ethanol which expands the headgroup region of the lipid
bilayer161 might have facilitated the micelle-like conformation. It has been suggested
that structural defects, i.e. fault-dislocations, arise as small bilayer phospholipid
fragments self-assemble into liposomes24,176. However, by annealing liposomes above
their phase transition temperature to allow the redistribution of lipid molecules, these
defects can be annihilated176. The effect of annealing on LTSL10 was demonstrated
by the complete restoration of DOX remote loading capability. It is interesting to note
that neither cholesterol containing (i.e. DPPC5) nor lipid film hydration prepared
liposomes (i.e. LTSL10 (LF)) required annealing to enable DOX remote loading,
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which supported our speculation that the leakiness of non-annealed LTSL was caused
by the interaction of ethanol and the lipid bilayer. Nevertheless, this warranted further
mechanistic investigations between the LTSL10 bilayer and ethanol to identify the
cause of this phenomenon.
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Conclusion
Microfluidics production of LTSL based on LTSL4 was unsuccessful due to the
formation of interdigitated gel. Optimisation of the processing parameters (TFR and
FRR) alone was again shown to be ineffective in improving the dispersity. By
modifying the lipid composition and thus the development of LTSL10, gel formation
was prevented; prepared LTSL10 was small sized (100 nm) and uniform (dispersity <
0.2). However, as-prepared LTSL10 was incapable of DOX remote loading,
presumably due to the formation of membrane pores. By annealing LTSL10 above
their phase transition temperature before DOX loading, structural defects in the
membrane can be annihilated, restoring the integrity of the membrane and DOX
loading capacity. LTSL10 have phase transition at mild hyperthermia temperature and
DOX burst release capability, similar to LTSL prepared by the conventional lipid film
hydration technique.
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Introduction
Indocyanine Green (ICG) is a small-molecule cyanine dye with peak absorption
wavelength at 780 – 800 nm and emission wavelength at 810 – 830 nm, depending on
the solvent environment177. ICG is a near-infrared (NIR) fluorescent dye (marketed as
IC-GREEN™) that has been clinically applied for angiography examination, sentinel
lymph node mapping, and intraoperative imaging178. ICG is also a promising
photoacoustic imaging agent that allows non-invasive imaging with high spatial
resolution and deep penetration depth179. ICG can also be used as a photothermal agent
for therapeutic applications, to generate localised cytotoxic heat upon irradiation of
NIR light66. However, ICG bounds to plasma proteins in vivo and is rapidly cleared
from the circulatory system180. Its inherent low photo-, thermal- and aqueous-stability
also limited their application as a therapeutic agent181,182.
To overcome these limitations, ICG has been encapsulated in liposomes that has
demonstrated improved ICG pharmacokinetics, biodistribution and fluorescence
quantum yield179,183–185. Moreover, photothermal conversion efficiency of ICG was
enhanced when encapsulated in liposomes, offering photothermal triggered release
and therapy opportunities66,186–188. Liposomal ICG is therefore a promising theranostic
platform, offering potential in vivo fluorescence imaging, photothermal-triggered drug
release and hyperthermia66,189. However, the photothermal properties of liposomal
ICG was shown to depend on multiple parameters. Fluidity of the membrane can
influence the ICG encapsulation efficiency and photothermal conversion efficiency66.
Concentration and localisation of ICG in the liposomal membrane can also induce
membrane instability and aggregation183,190. To date, nanoprecipitation preparation of
liposomal ICG has not been reported, and a systematic investigation on the parameters
mentioned can provide essential information about formulating liposomal ICG for
potential theranostic applications.
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Aim and objectives
This chapter aimed to investigate the encapsulation of ICG into the optimised
liposomes prepared using microfluidic-assisted nanoprecipitation. To achieve this,
ICG was introduced to the initial lipid mixture, which was then formulated by
microfluidic-assisted nanoprecipitation. The effect of liposomal formulations
(conventional and LTSL), degree of PEGylation and concentration of ICG on the
physiochemical properties of prepared liposomes were studied. Encapsulation
efficiency of ICG in liposomes was determined by UV-Vis. ICG-mediated
photothermal triggered release of LTSL were assessed using laser irradiation.
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Results
5.3.1 Absorbance of ICG in different solvents
The solvent environment highly influences ICG aggregation states, as monomers and
dimers, and thus its optical properties182,191. To assess the effect of the solvent on ICG
optical properties, 5 µM of ICG was dispersed in DMSO, deionised water (DW), 5%
w/v dextrose solution (DEX), HEPES buffered saline (HBS) and ammonium sulphate
solution ((NH4)2SO4) (Figure 5.1). ICG was highly soluble in DMSO, characterised
by a dominant peak of monomeric ICG (792 nm) and a shoulder at 715 nm (Haggregate, or dimer)192. ICG dispersed in DW exhibited a monomeric peak at 780 nm
and a weaker H-aggregate peak at 715 nm. ICG in DEX exhibited similar absorption
spectrum to that in DW, with a slight reduction in overall absorbance. On the other
hand, ICG in HEPES buffered saline (HBS) showed much weaker absorbance with
two comparable monomeric and H-aggregate peaks, which has been inferred to the
aggregation-promoting effect of NaCl182,191. ICG in (NH4)2SO4 did not show welldefined peaks, rather a broad peak across 600 nm to 900 nm, which might be attributed
to the higher ionic strength of (NH4)2SO4 compared to HBS, resulting in greater degree
of aggregation.
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Figure 5.1 Absorption spectra of ICG dispersed in different solvents. 5 µM of ICG
dispersed in DMSO (red), DW (green), DEX (blue), HBS (violet) and (NH4)2SO4 (black).
Inset of 100 µM ICG dispersed in HBS. Data show mean.
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5.3.2 Preparation of conventional ICG-loaded liposomes
5.3.2.1 Effect of membrane fluidity
To investigate the influence of lipid bilayer on ICG loading, ICG was loaded into
DOPC5, DPPC5 and DSPC5 formulations prepared using microfluidic-assisted
nanoprecipitation. The ethanol (lipids and ICG) and aqueous (HBS) phases were
infused into the SHM at their respective optimised initial lipid concentration, flow
conditions and temperature (see Table 3.3). Final lipid and ICG concentration were
7.5 mM (5 mM phospholipid and 2.5 mM cholesterol) and 180 µM, respectively.
These ICG-loaded formulations were termed, DOPC5-ICG-HBS, DPPC5-ICG-HBS
and DSPC5-ICG-HBS, respectively.
Liposomal ICG size and dispersity were characterised by DLS (Figure 5.2). DOPC5ICG-HBS and DSPC5-HBS were around 110 and 130 nm in size, respectively. Their
sizes were similar to their empty counterparts of 115 – 135 nm, as shown previously
(DOPC5 and DSPC5; see Table 3.3). DPPC5-ICG-HBS was the largest liposomal
ICG, with the size of about 190 nm. In addition, DPPC5-ICG-HBS was also larger
than its empty counterpart of 134 nm (DPPC5; see Table 3.3). All three liposomal
ICG formulations were relatively uniform, with dispersity < 0.2. However, similar to
empty DSPC5, a micron-sized peak also appeared for the DSPC5-ICG-HBS (Figure
5.2b, c). One-way ANOVA were conducted to compare the effect of membrane
fluidity on the formulations size and dispersity. The difference between the liposomes
size were statistically significant (F2,8 = 17.61, p = 0.001) but insignificant for
dispersity (F2,8 = 1.824, p > 0.05).
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Figure 5.2 The effect of membrane fluidity on conventional liposomal ICG size and
dispersity. (a) Z-average diameter (solid bars) and dispersity (open circles); representative (b)
intensity- and (c) volume-weighted size distribution of DOPC5-ICG-HBS, DPPC5-ICG-HBS
and DSPC5-ICG-HBS (n = 3 – 4). Data show mean ± SD. **, p < 0.01; ***, p < 0.001
comparing Z-average diameter, Fisher’s LSD test.
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Absorbance of the liposomal ICG were measured by microplate reader (Figure 5.3).
Monomeric ICG peaks with maximum absorbance at around 792 nm were observed
for all three formulations. Compared to the monomeric ICG absorption peak at 780
nm when dispersed in aqueous media, slight red-shift to 790 – 800 nm can be attributed
to the hydrophobic microenvironment (lipid bilayer) surrounding the ICG179,182.
Absorption spectrum of DOPC5-ICG-HBS was qualitatively similar to that of ICG
solubilised in DMSO, suggesting ICG was well solubilised in the DOPC5 membrane
(Figure 5.3a). This agreed with the almost complete loading of ICG, with EE of 97.9%
in DOPC5-ICG-HBS (Figure 5.3b). On the other hand, membranes comprising
saturated phospholipids (DPPC5-ICG-HBS and DSPC5-ICG-HBS), compared to
DOPC5-ICG-HBS, exhibited lower absorption peaks of monomeric ICG, with
relatively more pronounced dimeric H-aggregate peaks, indicating a higher tendency
of ICG aggregation in these saturated lipid bilayers. Interestingly, a characteristic redshifted peak at 892 nm was observed for both saturated DPPC5-ICG-HBS and
DSPC5-ICG-HBS, which was not observed for the unsaturated DOPC5-ICG-HBS.
The characteristic red-shifted peak can be attributed to the formation of larger and
stabler aggregates known as J-aggregates182,193. Lower ICG EE of only about 15% in
these saturated membranes might be explained by the higher aggregation of ICG. Oneway ANOVA were conducted to compare the effect of liposome membrane fluidity
on the ICG encapsulation efficiency (ICG EE). The difference between the ICG EE
was deemed statistically significant (F2,7 = 1083, p < 0.001). ICG EE of DOPC5-ICGHBS was significantly different compared to DPPC5-ICG-HBS and DSPC5-ICGHBS.
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Figure 5.3 The effect of membrane fluidity on convnetional liposomal ICG absorbance
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(b) ICG EE of DOPC5-ICG-HBS, DPPC5-ICG-HBS and DSPC5-ICG-HBS (n = 3 – 4). Data
show mean ± SD. ***, p < 0.001 comparing Z-average diameter, Fisher’s LSD test.

5.3.2.2 Effect of DSPE-PEG2000
DSPC5, was demonstrated previously to be non-optimal due to the presence of the
micron-sized peak. Preparation of DSPC2.5 and DSPC0 formulations were shown to
be more suitable for their lower dispersity. Therefore, the effect of DSPE-PEG2000
content on ICG-loaded DSPC-based formulations was investigated by preparation
ICG-loaded DSPC5, DSPC2.5 and DSPC0. (NH4)2SO4 was used as the aqueous phase
for potential drug loading applications. The ethanol (lipids and ICG) and aqueous
((NH4)2SO4) phases were infused into the SHM at 65 °C, at TFR of 2 mL min-1 and
FRR of 3 (for DSPC5 and DSPC2.5) or 4 (for DSPC0). Final lipid and ICG
concentration were 7.5 mM (5 mM phospholipid and 2.5 mM cholesterol) and 180
µM, respectively. These formulations were termed, DSPC5-ICG-AS, DSPC2.5-ICGAS and DSPC0-ICG-AS respectively.
Liposomal ICG size and dispersity were characterised by DLS (Figure 5.4). All three
formulations were about 170 – 180 in size with low dispersity of 0.12 – 0.14 (Figure
5.4a). DSPC5-ICG-AS (179.6 nm) was significantly greater in size (t10 = 6.475, p <
0.001) compared to DSPC5-ICG-HBS, but there were no statistical differences
between dispersity (t10 = 0.528, p > 0.05). Expected for DSPC5-AS, a micron-sized
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peak was also presented (Figure 5.4b, c). However, the micron-sized peak was present
in DSPC0-ICG-AS, while it was previously shown to be absent in the empty DSPC0
(see Figure 3.7). DSPC2.5-ICG-AS was the only ICG-loaded DSPC-based
formulations with the micron-sized peak eliminated. One-way ANOVA were
conducted to compare the effect of DSPE-PEG2000 content on the formulations size
and dispersity. The differences were deemed statistically insignificant for both size
(F2,12 = 0.8075, p > 0.05) and dispersity (F2,12 = 0.1497, p > 0.05).
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Figure 5.4 The effect of DSPE-PEG2000 content on conventional DSPC-based liposomal
ICG size and dispersity. (a) Z-average diameter (solid bars) and dispersity (open circles);
representative (b) intensity- and (c) volume-weighted size distribution of DSPC5-ICG-AS,
DSPC2.5-ICG-AS and DSPC0-ICG-AS (n = 3 – 8). Data show mean ± SD.

Absorbance of the liposomal ICG were measured by microplate reader (Figure 5.5).
Monomeric ICG peaks at 792 nm of similar absorbance were present for all the
formulations, with significantly more pronounced ICG J-aggregate (IJA) peaks at 892
nm (Figure 5.5a). DSPC5-ICG-AS have the lowest IJA absorbance of 0.46, compared
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to DSPC2.5-ICG-AS (0.67) and DSPC0-ICG-AS (0.67). IJA absorbance of all three
formulations were greater than monomeric ICG. Notably for DSPC2.5-ICG-AS,
absorbance of IJA was more than three times the absorbance of ICG. ICG EE of
DSPC5-ICG-AS was the lowest at 13.45% (Figure 5.5b). An increasing trend in ICG
EE can be observed with decreasing PEG content (DSPC5-AS: 13.45%; DSPC2.5-AS:
19.21%; DSPC0-AS 26.64%). One-way ANOVA were conducted to compare the
effect of DSPE-PEG2000 content on the ICG EE. Although the difference between the
ICG EE was deemed statistically significant (F2,7 = 1083, p < 0.001).
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(b) ICG EE of DSPC5-ICG-AS, DSPC2.5-ICG-AS and DSPC0-ICG-AS (n = 3 – 8). Data
show mean ± SD.

5.3.3 Preparation of ICG-loaded LTSL10
5.3.3.1 Effect of ICG concentration
The preparation of ICG-loaded LTSL10 (LTSL10-ICG) was then investigated to
combine the diagnostic properties of ICG and therapeutic potential of thermosensitive
liposomes. The ethanol (20 mM LTSL10 and 0 – 720 µM ICG) and aqueous
((NH4)2SO4) phases were infused into the SHM at 52 °C, at TFR of 1 mL min-1 and
FRR of 3. Final lipid and ICG concentration were 5 mM phospholipid and 0 – 180
µM, equivalent to ICG-to-lipid molar ratio of 0.036.
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LTSL10-ICG size and dispersity were characterised by DLS (Figure 5.6). At low ICG
concentration regime of ICG-to-lipid molar ratio of 0 – 0.003, liposomes were
monomodally distributed with a mean size of 100 nm with low dispersity of 0.1. There
were no statistical differences between the Z-average diameter (t7 = 0.2555, p > 0.05)
and dispersity (t7 = 0.7032, p > 0.05) of empty LTSL10 and LTSL10-ICG with ICGto-lipid molar ratio of 0.003. At intermediate ICG concentration of ICG-to-lipid molar
ratio of 0.006 – 0.012, there existed a disruption regime, where LTSL10 membrane
was disrupted by ICG. The mean size increased with the presence of micron-sized
peaks; dispersity also increased slightly to the range of 0.14 – 0.17. At high ICG
concentration of ICG-to-lipid molar ratio of 0.024 – 0.036, there existed a gel regime,
where LTSL10 turned to a viscous gel. The size distributions were multimodal with
mean sizes above 1000 nm and dispersity above 0.4.
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Absorbance of LTSL10-ICG were measured by microplate reader (Figure 5.7).
Absorption spectra of LTSL10-ICG exhibited strong monomeric ICG absorption
peaks at 792 nm, indicating well solubilisation of ICG in the LTSL10 membrane. This
was in contrast with the aggregation state of ICG when loaded in the DPPC5
membrane, where ICG H-aggregates (715 nm) and J-aggregates (892 nm) were
present (Figure 5.3a). Only at high ICG concentration of ICG-to-lipid molar ratio of
0.024 – 0.036, where LTSL10-ICG existed in gel state, IJA absorption peaks were
present.
ICG EE was gradually decreasing with increasing ICG-to-lipid molar ratio. At low
ICG concentration regime of ICG-to-lipid molar ratio of 0.003, ICG EE was about
75%. At intermediate ICG concentration of ICG-to-lipid molar ratio of 0.006 – 0.012,
ICG EE decreased to 46 – 63%. At high ICG concentration of ICG-to-lipid molar ratio
of 0.024 – 0.036, ICG EE decreased to 17 – 28%.
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5.3.3.2 DOX remote loading
DOX was remotely loaded into LTSL10-ICG, DOX fluorescence were measured by
microplate spectrophotometer to calculate DOX EE (Figure 5.8). At low ICG
concentration regime of ICG-to-lipid molar ratio of 0 - 0.003, DOX EE were above
80%. High DOX EE indicated that the membrane was intact and capable of loading
drugs into aqueous core. At intermediate ICG concentration of ICG-to-lipid molar
ratio of 0.006 – 0.012, DOX EE decreased sharply down to 13 – 47%. This suggested
that, at this ICG concentration, while the self-assembly of lipids and ICG into
LTSL10-ICG was largely unaffected (i.e. similar size and dispersity), the integrity of
the membrane was disrupted, rendering the liposomes unable to maintain a pHgradient for DOX remote loading. At high ICG concentration of ICG-to-lipid molar
ratio of 0.024 – 0.036, DOX EE decreased further to around 6%. DOX EE less than
10% were presumably the result of DOX loading by passive diffusion and adsorption,
as in liposomes without a pH-gradient (see Section 4.3.3).
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5.3.4 Photothermal heating and triggered drug release of LTSL10-ICG
Near-infrared laser-induced photothermal heating of ICG and thermosensitivity of
LTSL10 and LTSL10-ICG (at ICG-to-lipid molar ratio of 0.003) were characterised
by applying laser irradiation at 808 nm. For negative control of empty LTSL10, no
significant photothermal heating and DOX release were observed (Figure 5.9). On the
other hand, temperature of LTSL10-ICG increased to a peak of about 50 °C in the first
minute and gradually declined to the reference temperature (33 – 34 °C) of empty
LTSL10. The rapid decline in photothermal heating could be attributed to ICG
inherent low photostability (Figure 5.9a). Regardless of the photodegradation of ICG,
the sample temperature was above the release temperature (~ 41 °C) for 5 minutes
upon laser irradiation. Within this duration, almost complete release of encapsulated
DOX was achieved as expected from a LTSL formulation (Figure 5.9b).
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profile of LTSL10 and LTSL10-ICG. Samples were irradiated with 808 nm laser at 0.5 W cm2
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Discussion
Indocyanine green (marketed as IC-GREEN™) is clinically applied typically for
quantitative measure of hepatic function due to its rapid binding to albumin and
subsequent hepatic clearance178. To exploit ICG imaging and therapeutic capability
for cancer theranostic applications, pharmacokinetics of ICG can be improved by
incorporating into nanoparticles as drug delivery carriers194. The incorporation of ICG
into liposomes provided higher optical stability179 and enhanced the fluorescence
intensity for greater depth of detection183. Moreover, therapeutically, photothermal
conversion efficiency was also increased66. All these liposomal ICG formulations
were prepared by conventional lipid film hydration methods. There was one report on
the continuous double emulsion of liposomal ICG via hydrodynamic focusing, yield
liposomes with a large size of 60 – 150 µm195. Moreover, ICG was proposedly
encapsulated in the aqueous core, which resulted in the quenching of fluorescence
emission prior to being released, limiting its potential for in vivo imaging and
tracking195. The preparation of nano-sized liposomal ICG via scalable or highthroughput techniques are yet to be reported. This chapter presented the first study on
the microfluidic-assisted nanoprecipitation of liposomal ICG.
Regarding conventional liposomal ICG, it was evident that unsaturated lipid bilayers
were capable of incorporating ICG without significant negative influences, while the
inclusion of ICG into saturated lipid bilayers resulted in increased liposome sizes.
Distinctive differences in ICG EE were also observed between membranes composed
of unsaturated and saturated lipids. Almost complete ICG loading was achieved with
unsaturated DOPC5-HBS, while ICE EE of saturated DPPC5-HBS and DSPC5-HBS
were about 15 – 25%. High ICG EE for unsaturated fluid membranes agreed with the
literature, regardless of the cholesterol content 66,196. Similar results were also obtained
independent of the preparation method, i.e. microfluidic-assisted nanoprecipitation by
SHM or lipid film hydration (Figure 5.10). On the other hand, saturated liposomes
have lower ICG EE than those prepared by conventional methods with ICG EE of
around 25 – 40%. Specifically, ICG EE of DPPC5-HBS (t6 = 3.117, p = 0.021) and
DSPC5-AS (t14 = 4.617, p < 0.001) prepared by microfluidic-assisted
nanoprecipitation were significantly lower than that prepared by lipid film hydration.
The difference in ICG EE could be attributed to the presence of ethanol during
microfluidic-assisted nanoprecipitation. ICG is highly soluble in ethanol and sparingly
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soluble in high ionic strength aqueous solution, i.e. HBS and (NH4)2SO4. In lipid film
hydration, organic solvents were complete evaporated to form a lipid-ICG thin film
before the formation of liposomes through hydration, which might promote interaction
between ICG and lipids during liposome formation. In contrast, microfluidics relies
on the self-assembly of all components into liposomes; both ethanol and aqueous
solution are present during the process. Some ICG could be solubilised with ethanol
rather than lipid bilayers, which might account for the lower ICG incorporation into
lipid bilayers. Similarly, ICG EE not more than 40% have been reported for
preparation of cholesterol-free saturated liposomal ICG66,179.
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Figure 5.10 Comparison of ICG EE of ICG-loaded liposomes prepared by lipid film
hydration and microfluidic-assisted nanoprecipitation. ICG EE of DOPC5-HBS (red),
DPPC5-HBS (orange), DSPC5-HBS (green) and DSPC5-AS (blue). Data for lipid film
hydration (striped bar) was adapted from our published work196. Data for microfluidic-assisted
nanoprecipitation (SHM; solid bar) was identical with ICG EE of formulations from previous
figures. Samples were prepared with final lipid and ICG concentration of 7.5 mM (5 mM
phospholipid and 2.5 mM cholesterol) and 180 µM, respectively. Data show mean ± SD. *, p
< 0.05; ***, p < 0.001; two-tailed unpaired t-tests.

During ICG incorporation into saturated liposomes, particularly DSPC-based
formulations, ICG J-aggregate (IJA) was formed. J-aggregates are characterised by
absorption spectra with a very narrow width (10 – 20 nm), dramatic redshift (~ 100
nm), and strongly increased molar attenuation coefficient, in comparison with their
106

Chapter 5 Microfluidic preparation of indocyanine green-loaded liposomes
monomeric state; J-aggregate fluorescence emission spectra are also redshifted and
sharpened. As a result of redshift, J-aggregates of several organic dyes are
spectroscopically active in the NIR region, allowing bioimaging with minimal autofluorescence from biological tissues, reduced light scattering, and higher tissue
penetration197. Photodegradation of ICG, through the oxidative cleavage of the
polymethine chain, remained unavoidable unless chemical modifications are made198.
This limited the duration of ICG photothermal heating, reportedly less than 5
minutes189,196. J-aggregates formation is an alternative approach to improve ICG
physiochemical stability197,199. ICG J-aggregate (IJA), first reported more than 50
years ago, can be prepared by heating highly concentrated ICG solution at high
temperature for a long duration200. IJA have demonstrated exceptional photo-,
thermal-, and aqueous-stability compared to monomeric ICG181. Liu et al. reported
IJA as a one-component theranostic agent enabling both fluorescence and
photoacoustic imaging, with enhanced photothermal conversion efficiency and
prolonged duration of at least 20 minutes201. Recently, we have demonstrated that
liposomes can facilitate IJA formation (where liposomal ICG was converted to IJA),
even at milder preparation conditions compared to preparing free IJA, through the
“template effect” of lipid bilayer. Liposomal IJA, prepared using lipid film hydration
with extrusion, demonstrated prolonged blood circulation, enhanced tumour
fluorescence intensity, with superior photothermal heating capability196.
In comparison to lipid film hydration, liposomal IJA production was less favourable
using microfluidic-assisted nanoprecipitation (Figure 5.11). No IJA was formed in
DOPC5-HBS as expected from unsaturated lipid bilayers, where ICG were well
solubilised. For saturated liposomes, the IJA-to-ICG absorbance ratio (IJA/ICG;
A892/792) prepared by microfluidics were only about 1 compared to about 2 – 3 for
those prepared by lipid film hydration. In particular for DSPC5 formulations, mean
IJA/ICG of DSPC5-HBS (t7 = 3.084, p = 0.018) and DSPC5-AS (t14 = 4.635, p < 0.001)
prepared by the two methods were significantly different. Yet, lower IJA/ICG could
not be attributed solely to difference in encapsulated ICG, since liposomes prepared
by lipid film with lower loaded ICG concentration could still achieve greater
IJA/ICG196. It is worth mentioning that as DSPC5 was a suboptimal formulation for
microfluidic-assisted nanoprecipitation, as suggested by the presence of micron-sized
peak, direct comparison of DSPC5 between the two methods might be misleading. In
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fact, among all SHM-prepared formulations, DSPC2.5-AS yielded greatest IJA/ICG
of 3.36, comparable to DSPC5-HBS and DSPC5-AS prepared by lipid film. This
suggested that the quality of the liposomal formulation (e.g. without micron-sized
peak) was more crucial compared to the difference between preparation methods.
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Figure 5.11 Comparison of IJA-to-ICG absorbance ratio of ICG-loaded liposomes
prepared by lipid film hydration and microfluidic-assisted nanoprecipitation. IJA-toICG absorbance ratio (A892/792) of DOPC5-HBS (red), DPPC5-HBS (orange), DSPC5-HBS
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final lipid and ICG concentration of 7.5 mM (5 mM phospholipid and 2.5 mM cholesterol)
and 180 µM, respectively. Data show mean ± SD. *, p < 0.05; ***, p < 0.001; two-tailed
unpaired t-tests.

LTSL10, as a cholesterol-free formulation, behaved differently towards the loading of
ICG. LTSL10 was initially designed from LTSL4 to prevent gel formation caused by
ethanol-induced interdigitation108; however, the presence of high concentration of ICG
also induced gel formation. Intriguingly, despite gel formation and the loss of
membrane integrity, traces amount of IJA was still formed. Similarly, other
cholesterol-free formulations prepared by lipid film hydration also exhibited ICGinduced liposome aggregation, at ICG-to-lipid molar ratio of about 0.04 and above183.
Thus, the disruption effect of ICG on liposome membrane is not unique to
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microfluidic-assisted nanoprecipitation. Gel formation of LTSL10 upon ICG loading
might have suggested similar interaction of ethanol and ICG, where the molecules
occupy a volume surrounding the headgroups of the lipids, increasing the fluidity and
permeability of the lipid bilayer158,161. In fact, others have demonstrated using
molecular dynamics and experimentally (prepared by lipid film hydration with ICGto-lipid molar ratio of 0.02), that ICG preferably resides in the lipid bilayer and
disrupts the ordered lipid bilayer of cholesterol-free liposomes; furthermore, this
enabled PEG to be inserted into the lipid bilayer and led to further destabilisation 190.
This can explain the gradual decrease in membrane integrity with increasing ICG
concentration as observed in the disruption and gel regime. Consequently, to preserve
the membrane integrity of hydrophilic drug loading, LTSL10-ICG was prepared at a
low ICG-to-lipid molar ratio of 0.003. Expectedly, upon laser irradiation,
photothermal heating diminished after an initial burst, due to photodegradation of
monomeric ICG, as previously demonstrated in both free ICG and liposomal ICG66,196.
Nevertheless, the initial burst of photothermal heating was sufficient to induce
complete burst release of encapsulated DOX within 5 minutes from LTSL10-ICG,
comparable to the anticipated release profile of the LTSL formulation23.
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Conclusion
Microfluidic-assisted nanoprecipitation of nano-sized, homogeneous ICG-loaded
liposomes was demonstrated. Conventional cholesterol-containing formulations of
DOPC5 achieved almost complete ICG loading and DSPC2.5 enabled liposometemplated IJA formation, which were in close resemblance to liposomes prepared by
lipid film hydration method196. In general, conventional liposomes prepared by SHM
have slightly lower ICG EE and IJA/ICG than that prepared by lipid film hydration.
For cholesterol-free formulations, ICG was shown to disrupt the LTSL10 membrane.
At ICG intermediate concentration could induce membrane leakage resulting in
decreasing DOX EE; and at higher concentration even result in gel formation. Low
ICG-to-lipid molar ratio was deemed optimal to preserve the loading capacity and
membrane integrity of LTSL10, while sufficient to provide photothermal heating via
laser irradiation, for the hyperthermia-triggered burst release of encapsulated DOX. It
was evident that the quality of liposomes should be optimised prior to ICG loading, as
ICG induces additional instability to the system. Overall, with the liposomal
formulations designed and selected carefully, ICG-loaded liposomes were
successfully prepared by microfluidic-assisted nanoprecipitation exhibiting promising
theranostic potential.
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Nanoprecipitation preparation of lysolipidcontaining temperature-sensitive magnetoliposomes
(mLTSL)

Papers related to this chapter:
Cheung, C. C. L. et al. Nanoprecipitation preparation of low temperature-sensitive
magnetoliposomes. Colloids and Surface B: Biointerfaces (Accepted Oct 2020).
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Introduction
To further exploit the potential of the LTSL platform, additional modalities have been
included to monitor and improve the performance of drug release. Metallic
nanoparticles, such as superparamagnetic iron oxide nanoparticles (SPION)171, gold
nanoparticles171,202 and copper sulfide nanoparticles170, offer attractive optical and
magnetic properties. They have been incorporated into LTSL as liposomenanoparticle hybrids, for potential non-invasive bioimaging modality and trigger
release controlled through external stimuli171.
Superparamagnetic iron oxide nanoparticles (SPION) are iron oxide particles with
diameter ranges from 1 nm to 100 nm. In the absence of an external magnetic field,
when the time used to measure the magnetisation of the nanoparticles is much longer
than the Néel relaxation time (mean time between two flips in magnetisation direction
under the influence of temperature), their average magnetisation appears to be zero;
they are said to be in the superparamagnetic state. At such small size, SPION only
have a single magnetic domain and exhibits superparamagnetism, and high magnetic
susceptibility. On application of a magnetic field, SPION provide stronger and more
rapid magnetic response, compared with bulk magnets, with negligible remanence
(residual magnetisation) and coercivity (the field required to bring the magnetism to
zero). Therefore, SPION respond to an externally applied magnetic field, without the
risk of agglomeration as SPION exhibit negligible magnetisation in the absence of
applied magnetic field203. SPION can be prepared with a hydrophilic or hydrophobic
coating, although hydrophobic SPION are more attractive for their lower
hydrodynamic size, greater colloidal stability, better imaging and hyperthermia
efficiency204,205.
To improve their pharmacokinetics and biodistribution, SPION have been
incorporated into liposomes, as magnetoliposomes, for their promising theranostic
functionality. Magnetoliposomes enable magnetic targeted drug delivery206,207, act as
MRI contrast agent204, and hyperthermia therapy potential67,205. Furthermore, the
incorporation of SPION have been reported to stabilise the lipid bilayer and reduces
unfavourable premature drug leakage from liposomes208. Despite the promising
potentials of magnetoliposomes, their clinical translation has been slow; a significant
hurdle in their translation besides safety, is the complexity in scaling up laborious
manufacturing processes. Most of the magnetoliposome formulations utilised
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conventional batch methods, namely reverse phase evaporation207 or lipid film
hydration combined with sonication or extrusion67,204–206,208. These are cumbersome
bench-scale techniques, which are challenging to scale up and come along with other
issues including low production yield, poor batch-to-batch reproducibility and cost
ineffectiveness209. To date, reports on the scalable preparation of magnetoliposomes
have been lacking. In this regard, nanoprecipitation is a scalable approach that could
enables the one-step formation of magnetoliposomes via self-assembly.
In this chapter, the preparation of SPION-loaded LTSL10 (mLTSL10) was studied.
Considering that the solid SPION may agglomerate and clog the microchannel of
SHM210,211, a preliminary investigation using solvent injection nanoprecipitation was
conducted. Note that, differences between variations of nanoprecipitation techniques
are on the approach of mixing fluid phases, which the liposome formation mechanism
remain unchanged. Thus, formulation parameters are expected to be transferrable
between nanoprecipitation-based techniques, whereas processing parameters may be
optimised with relative ease, in case of different mixing efficiency.

Aim and objectives
This chapter aimed to explore embedding hydrophobic SPION into LTSL lipid
bilayer. To achieve this, a water-miscible binary solvent system that solubilise both
SPION and lipids was developed. The effect of volume fraction of solvents on the
solubility of SPION and physiochemical properties of the prepared LTSL was
investigated. The optimised magnetoliposome was characterised by their
hydrodynamic diameter and dispersity, DOX and SPION loading efficiency, phase
transition behaviour and morphology. Magnetoliposomes prepared by different
nanoprecipitation methods were compared, and the physiochemical properties of the
prepared vesicles were assessed.
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Results
6.3.1 Solubility of SPION in aqueous and organic media
Hydrophobic N-palmitoyl-6-nitrodopamine (PNDA)-coated superparamagnetic iron
oxide nanoparticles (SPION) was synthesised by Dr Ilaria Monaco, at Department of
Industrial Chemistry “Toso Montanari”, University of Bologna, Italy. Prepared
SPION were characterised by Dr Nina Kostevšek, at Department for Nanostructured
Materials, Jožef Stefan Institute, Slovenia212.
To formulate mLTSL10 by nanoprecipitation, a water-miscible solvent to solubilise
SPION is required. SPION is soluble in chloroform, hexane, tetrahydrofuran (THF)
and toluene, and is insoluble in most water-miscible organic solvents (acetone,
acetonitrile, dimethylformamide, DMSO and short-chain alcohols). Tetrahydrofuran
(THF) is miscible with both water and ethanol, and able to solubilise SPION, therefore
an ideal solvent for mLTSL10 preparation. To introduce SPION to the LTSL10
formulation, SPION could be added to either the lipid-containing ethanol phase or the
aqueous phase. To investigate the metastability and solubility of SPION when
dispersed in these conditions, 200 µg mL-1 SPION in THF was dispersed in ethanol,
DW, (NH4)2SO4 and HBS, with a final THF volume fraction of 1 v/v % (Figure 6.1a).
While SPION was insoluble in ethanol and aqueous solution alone, it was metastable
when dispersed in THF-ethanol and THF-DW with overnight stability. However, in
the presence of salt ((NH4)2SO4 and HBS), SPION precipitated rapidly and completely
settled overnight. While SPION can be dispersed in THF-DW, the use of DW as an
aqueous phase for nanoprecipitation is not desirable due to the high dispersity of the
prepared vesicles135,213. In fact, HBS and (NH4)2SO4 were preferred for their relevance
with biological and drug loading applications. Moreover, the encapsulation efficiency
of hydrophobic SPION into liposomes will be reduced when dispersed in large volume
of aqueous phase. Therefore, SPION was dispersed in THF-ethanol along with the
lipids. Hereinafter, THF-ethanol was used as the organic phase and the volume
fraction of THF in ethanol is implied by “% THF”.
Subsequently, mLTSL10 mixture comprising 200 µg mL-1 SPION and 10 mM
LTSL10 lipid was dispersed in 1% THF (Figure 6.1b). Unexpectedly, the SPION
rapidly precipitated. To identify the cause, SPION was mixed with the three lipid
components of LTSL10 (8 mM DPPC, 1 mM MSPC and 1 mM DSPE-PEG2000)

114

Chapter 6 Nanoprecipitation preparation of mLTSL
respectively. Clearly, SPION remained metastable with DPPC and MSPC but was
precipitated with DSPE-PEG2000. It was evident that the presence of DSPE-PEG2000
disrupted the metastable SPION from the 1% THF solvent system. However, when
SPION and DSPE-PEG2000 were dispersed in THF alone, the mixture remained stable
(Figure 6.1c).

Figure 6.1 Solubility and stability of SPION in different solvents. (a) SPION dispersed in
(left to right) ethanol, DW, (NH4)2SO4 and HBS, with 1% THF. (b) SPION dispersed in
ethanol with 1% THF, containing (left to right) 10 mM LTSL10, 8 mM DPPC, 1 mM MSPC
and 1 mM DSPE-PEG2000. (c) SPION dispersed in 100% THF, containing 1 mM DSPEPEG2000. All samples contain 200 µg mL-1 SPION and were prepared at 20 °C.

It was hypothesised that the ratio between ethanol (to solubilise phospholipid) and
THF (to solubilise SPION) could be optimised to achieve a stable dispersion of
mLTSL10. Therefore, the stability of the mLTSL10 mixture in 0% to 100% THF was
studied overnight (Figure 6.2). At 0% (absolute ethanol) to 40% THF, a decreasing
amount of SPION was precipitated. At 60% and 80% THF, all components were
soluble with overnight stability. In 100% THF, however, the mixture appeared turbid
with the presence of MSPC-like precipitates. Therefore, the optimal volume fraction
of THF should be greater than 40% and less than 100% THF.
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Figure 6.2 Solubility of SPION and LTSL10 lipid in THF-ethanol binary solvents. Photos
of 200 µg mL-1 SPION with 10 mM LTSL10 dispersed in ethanol with (left to right) 0, 20, 40,
60, 80, 100% THF at 20°C.

6.3.2 Preparation of LTSL10 using solvent injection nanoprecipitation
6.3.2.1 Effect of volume fraction of solvents
To determine the optimal THF volume fraction for mLTSL preparation, the effect of
THF on the size and dispersity of LTSL10 was first investigated. The organic phase
(0 – 75% THF) containing 10 mM LTSL10 was injected into the aqueous phase
((NH4)2SO4) at 60 °C with VR of 3 (Figure 6.3). One-way ANOVA was conducted
to study the effect of % THF on LTSL10 size and dispersity. There were statistically
significant differences in both size (F4,17 = 162.2, p < 0.001) and dispersity (F4,17 =
4.934, p = 0.008). LTSL10 size increased sharply with % THF, from about 80 – 100
nm in 0 – 40% THF, to about 230 nm in 50% – 60% THF, up to above 1000 nm in
75% THF. Despite the variation in LTSL10 size, samples prepared in 0 – 60% THF
remained uniform, only in 75% THF was the dispersity above 0.2.
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Figure 6.3 The effect of THF volume fraction on LTSL10 size and dispersity. Z-average
diameter (red) and dispersity (blue) of 10 mM LTSL10, dispersed in 0 – 75% THF, were
infused into (NH4)2SO4 with VR of 3. Data are mean ± SD (n = 3 – 6).
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6.3.3 Preparation of mLTSL10 using solvent injection nanoprecipitation
6.3.3.1 Effect of volume fraction of solvents
After successful formulation of LTSL10 using solvent injection nanoprecipitation,
SPION was included to optimise the preparation of mLTSL10. The organic phase (20
– 75% THF) containing 10 mM LTSL10 and 300 µg mL-1 SPION was injected into
the aqueous phase ((NH4)2SO4) at 60 °C with VR of 3 (Figure 6.4). Expectedly, in 20
– 40% THF, due to the low stability of the mLTSL10 mixture, liposome size
distributions were multimodal and highly dispersed (> 0.4); moreover, SPION
precipitates could be observed. Therefore, one-way ANOVA was conducted to study
the effect of % THF on the size and the dispersity of mLTSL10 prepared only in
between 50 – 75% THF. There were statistically significant differences in both size
(F2,10 = 164.3, p < 0.001) and dispersity (F2,10 = 12.67, p = 0.002). Both the liposome
size and dispersity rose significantly with increasing THF volume fraction, from 50%
THF (Z-average = 194.4 nm; dispersity = 0.107) to 60% THF (Z-average = 325.2 nm,
t10 = 3.947, p = 0.003; dispersity = 0.182, t10 = 2.348, p = 0.041) and 75% THF (Zaverage = 708.7 nm, t10 = 18.12, p < 0.001; dispersity = 0.241, t10 = 4.879, p < 0.001).
Intriguingly, across the range of % THF investigated, dispersity reached a local
minimum of around 0.1 at 50% THF, where uniform mLTSL10 was obtained. Thus,
50% THF was deemed the optimal solvent condition to prepare mLTSL10.
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Figure 6.4 The effect of THF volume fraction on mLTSL10 size and dispersity. Z-average
diameter (red) and dispersity (blue) of 10 mM LTSL10 and 300 µg mL-1 SPION in 50% THF,
dispersed in 20 – 75% THF, were infused into (NH4)2SO4 with VR of 3. Data are mean ± SD
(n = 2 – 8). **, p < 0.01; ***, p < 0.001 comparing Z-average diameter. #, p < 0.05; ###, p <
0.001 comparing dispersity; Fisher’s LSD test.
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6.3.3.2 Effect of aqueous-to-organic volume ratio
Once the formulation parameters were optimised, liposome size can be varied by
changing the VR. The organic phase (50% THF) containing 10 mM LTSL10 and 300
µg mL-1 SPION was infused into the aqueous phase ((NH4)2SO4) at 60 °C with an VR
of 3 – 6 (Figure 6.5). When VR was increased from 3 to 3.5, mLTSL10 size decreased
from 194.4 ± 28.2 nm (dispersity = 0.107 ± 0.041, n = 8) to 91.8 ± 8.0 nm (dispersity
= 0.091 ± 0.033, n = 5) The changes in size was statistically significant (t14 = 6.113, p
< 0.001) but insignificant for dispersity (t14 = 1.023, p > 0.05). Further increase of VR
to 4 – 6 resulted in smaller (< 100 nm) but more dispersed (> 0.2) mLTSL10. This
could be attributed to higher membrane curvature of smaller liposomes, resulting in
greater membrane distortion by SPION and heterogeneous populations204,214. In
conclusion, uniformly distributed mLTSL10 can be prepared using 50% THF, with
two available sizes: 100 nm at VR of 3.5 and 200 nm at VR of 3.
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Figure 6.5 The effect of aqueous-to-organic volume ratio on mLTSL10 size and
dispersity. Z-average diameter (red) and dispersity (blue) of 10 mM LTSL10, containing 300
µg mL-1 SPION in 50% THF were infused to (NH4)2SO4 with VR of 3 - 6. Data are mean ±
SD (n = 3 – 6). ***, p < 0.001 comparing Z-average diameter; two-tailed unpaired t-tests.
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6.3.3.3 Effect of SPION loading on mLTSL10
In an attempt to maximise the SPION loading into mLTSL10, the organic phase (40 60% THF) containing 10 mM LTSL10 and 0 - 500 µg mL-1 SPION (SPION-to-lipid
ratio of 0 – 50, µg µmol-1) was infused into the aqueous phase ((NH4)2SO4) at 60 °C
with VR of 3 and 3.5 (Figure 6.6). It was expected that as the loading of SPION
exceeds a certain threshold limit, SPION and LTSL10 cannot self-assemble uniformly,
thus larger and more dispersed samples would be formed. From SPION-to-lipid ratio
of 0 – 40, mLTSL10 sizes were mostly unaffected by the amount of SPION introduced
(Figure 6.6a). On the other hand, mLTSL10 dispersity expectedly increased with
SPION concentration. At the optimal solvent condition of 50% THF, large mLTSL10
(VR of 3) can tolerate up to SPION-to-lipid ratio of 40, with dispersity remaining <
0.2 (Figure 6.6b, green). Interestingly, less amount of SPION (30 µg µmol-1) was
tolerated by the small mLTSL10 (VR of 3.5). As dispersity almost reaches 0.2 at 40
µg µmol-1 (dispersity = 0.198 ± 0.108, n = 5; Figure 6.6b, blue). Analysed by oneway ANOVA, SPION concentration has statistically insignificant effect on mLTSL10
size for both large (VR of 3; F2,11 = 0.078, p > 0.05) and small mLTSL10 (VR of 3.5;
F4,20 = 2.822, p > 0.05). On the other hand, while there was insignificant effect on
dispersity of large mLTSL10 (F2,11 = 1.577, p > 0.05), the effect on dispersity of small
mLTSL10 was significant (F4,20 = 4.563, p = 0.009).
At 40% THF where SPION are not well solubilised, mLTSL10 become dispersed as
low as SPION-to-lipid ratio of 15 µg µmol-1, affirming that self-assembly of
mLTSL10 in 40% THF is unfavourable. On the other hand, despite greater solubility
of SPION in 60% THF, mLTSL10 have higher dispersity compared to those prepared
in 50% THF, which can be attributed to the unfavourable condition for formation of
liposome per se in high concentration of THF. Considering the desirable size and
dispersity of the prepared mLTSL10, the optimal conditions for preparing mLTSL10
were using 50% THF, with SPION-to-lipid ratio of 30 µg µmol-1 and VR of 3.5.
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Figure 6.6 The effect of SPION concentration and THF volume fraction on mLTSL10
size and dispersity. (a) Z-average diameter and (b) dispersity of mLTSL10 with SPION-tolipid ratio of 0 – 50 (µg µmol-1), dispersed in 40 – 60 % THF, were injected into (NH4)2SO4
with VR of 3 (or 3.5). Data are mean ± SD (n = 2 – 7). Inset are representative photo of
mLTSL10 with SPION-to-lipid ratio of 0 – 40 (µg µmol-1).

6.3.4 Validation of mLTSL10 preparation and purification
Controlled experiments of injecting SPION without the LTSL10 lipids were
performed to validate the mLTSL10 preparation processes. Freshly prepared
mLTSL10 after injection was left overnight at 20 °C without purification; despite
slight reduction in volume due to evaporation of THF, the solution remained clear
(Figure 6.7). In contrast, under the same conditions, SPION, in the absence of
LTSL10 lipids, were unstable. SPION precipitated at the wall and the bottom of the
container, which also agreed with the low solubility of SPION in the presence of
(NH4)2SO4. This suggested that SPION have interacted with the LTSL10 lipids,
presumably embedded into the lipid bilayer, resulting in greater dispersion stability.

Figure 6.7 Stability of initial mLTSL10 lipid-SPION mixture. (left) 10 mM LTSL10 and
300 µg mL-1 SPION; (right) 300 µg mL-1 SPION only, dispersed in 50% THF were infused to
(NH4)2SO4 with VR of 3. Both samples were left overnight at 20 °C without SEC purification.
Red boxes indicate the location of SPION precipitates.
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To remove free SPION and organic solvents, freshly prepared mLTSL10 was purified
by SEC. mLTSL10 passed through the column at the expected elute volume for
liposomes and was collected as a clear, brownish solution (Figure 6.8). In contrast,
SPION alone could not be eluted and was stuck to the filter at the top of the SEC
column, which suggested that for mLTSL10 samples, SPION and LTSL10 liposomes
eluted as a homogenous population.

Figure 6.8 Purification of mLTSL10 after solvent injection nanoprecipitation. (left) 10
mM LTSL10 and 300 µg mL-1 SPION; (right) 300 µg mL-1 SPION only, dispersed in 50%
THF were infused to (NH4)2SO4 with VR of 3. Both samples were passed through the SEC
column, using HBS as the mobile phase, after injection and annealing of the initial mixture.
Red boxes indicate the location of SPION.
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6.3.5 Characterisation of mLTSL10
6.3.5.1 Determination of mLTSL10 SPION encapsulation efficiency
Encapsulation efficiency of SPION (SPION EE) of purified mLTSL10 was
characterised by atomic absorption spectroscopy (AAS) (Figure 6.9). Large 200 nm
mLTSL10 prepared at VR of 3 had a mean SPION EE of 85.85% (3.74 w/w %),
significantly greater than small 100 nm mLTSL10 prepared at VR of 3.5 of 60.77%
(2.65 w/w %; t10 = 5.83, p < 0.001). Liposomes of larger size have a lower surface
curvature to accommodate SPION, which may explain the higher loading capacity and
thus lower dispersity of larger mLTSL10 prepared in 50% THF204,214.
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Figure 6.9 SPION EE of mLTSL10 prepared by solvent injection nanoprecipitation.
Encapsulation efficiency of SPION of mLTSL10 (SPION-to-lipid ratio of 30 µg µmol-1)
prepared in 50% THF with injection VR of 3 and 3.5. Data are mean ± SD (n = 5 – 7). Twotailed unpaired t-test; ***, p < 0.001.

122

Chapter 6 Nanoprecipitation preparation of mLTSL
6.3.5.2 Determination of mLTSL10 DOX encapsulation efficiency
To assess the ability of the prepared mLTSL10 to encapsulate DOX, samples with
SPION-to-lipid ratio of 0 – 40 µg µmol-1 were loaded with DOX (Figure 6.10). DOX
EE of all samples, regardless of the SPION concentration, were above 80%. The
successful DOX remote loading suggested that preparation technique for LTSL10,
either by microfluidic-assisted nanoprecipitation (see Section 4.3.3) or solvent
injection nanoprecipitation, did not influence the membrane integrity of LTSL10.
Concentration of SPION loaded into LTSL10 also did not negatively influence their
DOX loading capability. Supported by one-way ANOVA, which showed that the
amount of SPION has no significant effect on the DOX EE (F3,9 = 0.5386, p > 0.05).
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Figure 6.10 DOX EE of mLTSL10 prepared by solvent injection nanoprecipitation.
Encapsulation efficiency of DOX of mLTSL10 (SPION-to-lipid ratio of 0 - 40 µg µmol-1)
dispersed in 50% THF with injection VR of 3.5. Data are mean ± SD (n = 2 – 7). Inset is
representative photo of purified mLTSL10 after DOX remote loading.
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6.3.5.3 Thermal analysis of mLTSL10
The mean phase transition temperatures of LTSL10 and mLTSL10, defined as the
onset temperature of the melting peak characterised by DSC, were 41.55 °C and
41.87 °C, respectively (Figure 6.11). The increased enthalpy of phase transition of
mLTSL10, suggested that LTSL10 membranes were stabilised by the embedded
SPION as reported by others208. Although the phase transition temperature was
increased by 0.3 °C, it remained within the range of mild hyperthermia (40 – 42 °C)
for hyperthermia-triggered release.
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Figure 6.11 Thermal properties of LTSL10 and mLTSL10. (a) Thermographs and (b)
onset phase transition temperature of LTSL10 and mLTSL10 characterised by DSC (n = 3 –
9). Dotted lines are tangent of the point of maximum slope, for extrapolating the onset phase
transition temperature (x-intercept of the tangent). Two-tailed unpaired t-test; *, p < 0.05. Data
are mean ± SD.
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6.3.5.4 Transmission electron microscopy (TEM)
Morphology of SPION and mLTSL10 were characterised by transmission electron
microscopy (TEM). Representative TEM micrograph showed that SPION have an iron
core size of 4 – 5 nm, in agreement with the reported SPION size (Figure 6.12a)212.
Particles of matching size and morphology to SPION were observed in the TEM
micrographs of mLTSL10 (Figure 6.12b). SPION were evenly distributed within the
liposomes, which could be attributed to the two-dimensional projection and flattening
of spherical liposomes, indicating the incorporation of SPION into the LTSL10 lipid
bilayer. Only trivial quantity of individual SPION and no irregularly shaped
agglomerate (as for free SPION) were observed, confirming the successful
purification of unencapsulated and the effective embedment of SPION into LTSL10.

Figure 6.12 TEM micrographs of SPION and mLTSL10. TEM micrographs of (a) THF
solution of SPION, and (b) optimised mLTSL10 (prepared in 50% THF, VR of 3.5, SPIONto-lipid ratio of 30 µg µmol-1). Scale bars are 50 nm.
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6.3.6 Preparation of mLTSL10 using microfluidic-assisted nanoprecipitation
6.3.6.1 Preparation of mLTSL10 using SHM
After optimisation using solvent injection nanoprecipitation, the preparation of
mLTSL10 was transferred onto the SHM microfluidic platform for continuous
production. The organic phase (50% THF) containing 10 mM LTSL10 and 300 µg
mL-1 SPION was infused into the aqueous phase ((NH4)2SO4) at 60 °C at TFR of 2
mL min-1 and FRR of 3.5.
Surprisingly, prepared samples were large (399.1 ± 290.6 nm) and heterogeneous
(dispersity of 0.482 ± 0.082; n = 4). After several mLTSL10 sample preparations, the
back pressure of the SHM was extremely high, which suggested the clogging of SHM.
Upon inspection of the SHM, SPION was found trapped at the herringbone section,
which persisted after washing the SHM with 100% THF (Figure 6.13). With relatively
good colloidal stability of mLTSL10 (Figure 6.7; left), it was unlikely that SPION
would be precipitated owing to the mixing of the two phases. It could be due to certain
interactions between the SPION and the glass microchannel surface of the SHM,
which led to the deposition of SPION and clogging of SHM. Further optimisation of
mLTSL10 using SHM could not be proceeded until the clogging issue could be
resolved and prevented. Preparation of mLTSL10 on alternative microfluidic devices
were investigated.

Figure 6.13 Photograph of SHM after mLTSL10 preparation. SPION was found deposited
in staggered herringbone section (red box) of the SHM.
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6.3.6.2 Preparation of mLTSL10 using simple fluidic junctions
Simple fluid junctions that merge streams of fluids can be used for mixing and
nanoprecipitation of vesicles132,215,216. As an alternative to SHM, which require
sophisticated equipment to manufacture, junction devices are “off-the-shelf”
microfluidic devices that are simple and cheap to obtain. Preparation of liposomes on
two fluidic junction platforms, tee junction and cross junction, were investigated
(Figure 6.14). The tee and cross fluidic junctions were made of THF-resistant
fluoropolymer (ethylene tetrafluoroethylene; ETFE), which offered lower cost and
better handling compared to glass-based microfluidic devices. The performances of
different microfluidic devices were assessed by the preparation of fluid DOPC5
(Appendix A.2). Results demonstrated that SHM produced liposomes of the smallest
size and lowest dispersity, indicating the highest mixing efficiency among three
devices expectedly. As cross junction produced liposomes of lower dispersity,
compared to tee junction, it was selected for further investigation.

Figure 6.14 Schematic of microfluidic-assisted nanoprecipitation of liposomes using (top)
tee junction and (bottom) cross junction.

The microfluidic-assisted nanoprecipitation of mLTSL10 was investigated using cross
junction device setup. The organic phase (50% THF) containing 10 mM LTSL10 and
300 µg mL-1 SPION was infused into the aqueous phase ((NH4)2SO4) at 60 °C at TFR
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of 2 mL min-1 and FRR of 3.5. During sample collection from the outlet, viscous
fingering could be observed, indicating incomplete fluid mixing. This was expected
since no mixing mechanism was present for the simple fluidic junction, the two fluid
phases were unlikely to be completely mixed during their short transport through the
microchannel. Visually, mLTSL10 prepared by cross junction was lighter in the
brownish colour, compared to that prepared by solvent injection nanoprecipitation
(Figure 6.15). This indicated a loss of SPION during the preparation process and
potentially poorer liposome quality similar to SHM-assisted nanoprecipitation.
Consequently, upon inspection of the setup, traces of brownish deposit were found at
the outlet of the collection tubing.

Figure 6.15 Photograph of mLTSL10 prepared by solvent injection and microfluidicassisted nanoprecipitation using cross junction. mLTSL10 by (left) solvent injection
nanoprecipitation and (right) X-junction, prepared in 50% THF loaded with SPION-to-lipid
ratio of 30 μg μmol-1 with VR of 3.5 (or FRR of 3.5 for X-junction).

mLTSL10 prepared by the three nanoprecipitation techniques were characterised
(Figure 6.16). The optimised solvent injection yielded mLTSL10 of 91.0 nm with
dispersity of 0.093. Cross junction device yielded liposome size of 171.8 nm with
dispersity of 0.285, almost twice the expected size. SHM produced largest and
heterogeneous liposomes of 399.1 nm with dispersity of 0.482. Analysed by one-way
ANOVA, the differences between the size (F2,10 = 4.337, p = 0.044) and dispersity
(F2,10 = 37.77, p < 0.001) of mLTSL10 prepared by the three techniques were
statistically significant (Figure 6.16a). mLTSL10 prepared by injection technique
presented narrow, monomodal intensity- and volume-weight size distribution, in
agreement with their low dispersity; whereas those prepared by cross junction
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presented a monomodal main peak with the presence of a relatively small micronsized intensity peak (Figure 6.16b, c). Samples prepared by SHM were large and
heterogeneous.
Cross junction device was shown to be capable of preparing mLTSL10 with decent
reproducibility, a remarkable improvement compared to SHM, albeit further
optimisations were required to reduce the sample size and dispersity.
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Figure 6.16 Comparison of mLTSL10 size and dispersity prepared by different
nanoprecipitation techniques. (a) Z-average diameter (solid bars) and dispersity (open
circles); representative (b) intensity- and (c) volume-weighted size distribution of mLTSL10
prepared by injection, cross junction and SHM. 10 mM mLTSL10 were prepared in 50% THF
with 300 µg mL-1 SPION; at a VR of 3.5 for injection (n = 5); at TFR of 2 mL min-1 and FRR
of 3.5 for cross junction (n = 3) and SHM (n = 4). Data are mean ± SD. *, p < 0.05 comparing
Z-average diameter. ##, p < 0.01; ###, p < 0.001 comparing dispersity; Fisher’s LSD test.
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Discussion
To date, the majority of magnetoliposome have been prepared by batch methods in
combination with downsizing techniques of extrusion or sonication67,204,205,208. In fact,
because of the robustness of downsizing, there are little or no limitations on the quality
of the preformed liposomes; large, heterogeneous, multilamellar vesicles can be
processed into small, unilamellar vesicles. However, both downsizing techniques have
limited scalability and come with their own disadvantages; sonication may degrade or
contaminate the sample, while extrusion may suffer from high product losses217. In
contrast, nanoprecipitation is a scalable one-step method which homogeneous
unilamellar liposomes are formed directly by self-assembly. There is no need for
downsizing or homogenisation, which in turn liposome characteristics are governed
by the formulation and processing parameters. Moreover, microfluidics offers
continuous and readily scalable production for better clinical translation potential72.
Thus far, there are only few reports on the nanoprecipitation of magnetoliposomes.
Kulkarni et al. presented the nanoprecipitation of SPION-loaded solid lipid
nanoparticles (SLNs), comprising abundant hydrophobic core lipids of triglycerides
or sterols (up to 97.5 mol %) to entrap SPION in the SLN core215. Nevertheless, 40%
THF was still necessary to solubilise SPION in the initial lipid mixture. In comparison,
Bixner and Reimhult used 100% THF to prepare conventional magnetoliposome using
injection method218. Both reported formulations are based on unsaturated phospholipid,
which have higher fluidity and greater tolerance towards interdigitation, compared to
saturated phospholipid-based formulations, i.e. mLTSL10. From the clinical
translation point of view, unsaturated phospholipids are prone to oxidation and their
low phase transition temperature can result in premature release at physiological
temperature219. Though more challenging to prepare, mLTSL10 are based on the
LTSL formulation currently under clinical studies, ThermoDox® , which comprises
saturated phospholipid and offers triggered drug release with stealth properties.
To formulate thermosensitive magnetoliposome mLTSL10 via nanoprecipitation, the
formulation parameters must be first designed and optimised carefully to ensure all
components can self-assemble into vesicles homogeneously. First, the thermosensitive
formulation LTSL10, previously optimised for the nanoprecipitation preparation, was
selected to improve the tolerability towards interdigitation (see Chapter 4). Next, the
THF-ethanol binary solvent system was designed and the effect of volume fraction on
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the properties of mLTSL10 was evaluated. The effect of introducing THF in ethanol
led to substantial increase in both size and dispersity for both LTSL10 and mLTSL10.
Since nanoprecipitation, by self-assembly, is a spontaneous process that minimizes the
molecular free energy, factors such as solubility and diffusivity of individual
components (lipids, SPION or solvents) in the system can contribute to the assembly’s
lowest energy state, hence the quality of the liposome population220. Huang and Zhang
observed that smaller polymeric nanoparticle sizes were obtained using solvents with
greater diffusion coefficient in water133. The effect can be explained by the
nanoprecipitation process, as solvents diffuse faster into water, solutes reach their
critical nucleation concentration earlier, providing less time for nuclei to grow in size,
resulting in smaller nanoprecipitates110. To the best of our knowledge, literature on the
tertiary system of THF-ethanol-water were yet to be available; however, based on the
data on the binary systems, the diffusion coefficient of ethanol-water is greater than
that of THF-water221,222. Therefore, it could be reasoned that with increasing % THF
in ethanol, diffusion coefficient would decrease, which could explain our observation
that larger mLTSL10 were formed as volume fraction of THF increased.
Subsequently, the optimal solvent system of 50% THF was attained for mLTSL10
preparation, without the need of hydrophobic core lipids and avoided using excessive
THF as in previous reported formulations215,218. Using lower concentration of THF is
preferred, apart from mLTSL10 production concerns, as THF raises other concerns
regarding scaling-up. High volatility and the ethereal smell of THF may be unpleasant
for user to handle; also, THF is highly flammable and can decompose into explosive
peroxide, posing safety hazards. Furthermore, THF limits the choice of material for
scale-up production using microfluidics. Traditional microfluidic devices made of
silicon or glass suffer from high technical manufacturing requirement and cost35.
Currently,

many

microfluidic

devices

are

polymer-based

(such

as

polydimethylsiloxane and cyclic olefin copolymer) for their low-cost and ease of
fabrication but have limited compatibility towards strong organic solvents like THF223.
In fact, ongoing researches have been conducted to advance material fabrication and
microfluidic capabilities, in turn accelerating the development and translation of
products prepared by nanoprecipitation223,224. In this regard, to translate the batch
injection nanoprecipitation of mLTSL10 to the continuous, scalable microfluidics
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method, upcoming microfluidic devices have to be compatible with a minimum of
50% THF in ethanol.
In the preliminary experiment to translate mLTSL10 production from injection to
microfluidics, both X-junction and SHM devices demonstrated greater liposome size
and dispersity compared to solvent injection nanoprecipitation. Results suggested that
apart from device compatibility, other parameters were involved when translating
between nanoprecipitation techniques, i.e. various microfluidic platforms. The
approach of fluid mixing can affect the mixing efficiency and ultimately the formation
of liposomes; for example, Phapal and Sunthar showed that stronger mixing from
injection yielded smaller vesicles compare to syringe pump stream mixing and
microfluidic (similar to X-junction) mixing, where all three methods were prepared at
a comparable FRR or VR of 1097. X-junction mixes by microfluidic hydrodynamic
focusing (MHF), which necessitate high FRR, and thus high sample dilution, to
minimise the diffusion length and mixing time for efficient nanoprecipitation of
liposomes. Reportedly FRR of 40 or above was common for MHF devices to achieve
decent focusing for formation of liposomes with high reproducibility97,100,112. On the
other hand, micromixers such as SHM enable greater mixing efficiency at lower
dilution factor (FRR), but the relatively complex channel geometry of micromixers
can suffer from potential clogging and performance issues210,211. Therefore, the
properties and performance of microfluidic devices can present a hurdle to the
translation of hydrophobic nanoparticles-containing liposomal formulations.
To date, there is only scarce information on microfluidic preparation of nanoparticleloaded hybrid nanoparticles. SPION-loaded polymeric nanoparticles have been
prepared by poly(dimethyl siloxane) (PDMS)-based MHF device, using THF as the
organic solvent225. Magnetic fluid (or hydrophilic SPION)-loaded liposomes have also
been prepared using a multi-inlet PDMS-based MHF device226. Although these
formulations were successfully prepared at the bench scale, as PDMS swells in the
presence of THF (about 40% increase in volume after 24 h), long-term usage may pose
performance issues227. In this regard, microfluidic devices may be fabricated in
compatible materials such as silicon, glass, or fluorine-based polymer, at the expense
of higher cost and ease of fabrication224. Overall, it remains challenging to prepare
hydrophobic nanoparticle-containing liposomal formulations on microfluidic
platforms at the current stage, especially when nano-sized inorganic nanoparticles are
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involved. Therefore, design and engineer of future microfluidic devices should
consider not only mixing performance, but also solvent compatibility, susceptibility
to clogging and maintenance solutions.

Conclusion
This chapter demonstrated the solvent injection nanoprecipitation of hydrophobic
SPION into the low temperature-sensitive liposomal system (LTSL10), yielding
spherical, nano-sized homogeneous magneto-thermosensitive liposomes, mLTSL10.
Nanoprecipitation allows efficient SPION loading and eliminates the need for post
processing such as extrusion or sonication. Formulation parameters, solvent system
and SPION concentration, have important influences on the size of mLTSL10; a
minimum of 50% v/v of THF-ethanol was required to yield uniform and stable
population. Thermosensitivity, DOX loading capacity and membrane integrity were
not affected by the inclusion of SPION. However, continuous nanoprecipitation of
mLTSL10 by microfluidic mixing remained challenging due to technical difficulties
with the microfluidic devices. Further optimisation studies and advancement of
microfluidic technology are warranted to enable continuous mLTSL10 production.
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Overall Discussion
Combining the features and advantages of pipe flow, miniaturisation and
microfabrication, microfluidics enables continuous liposomes production with greater
control over fluid mixing and offers scalability potential. Microfluidics has been
demonstrating superiority over classical techniques throughput different steps in the
clinical translation of nanoparticles, specifically for nanoparticle synthesis72,228. Jahn
et al. first put forward the idea of using microfluidic hydrodynamic focusing for
liposome production, offering controllable liposome size through varying TFR and
FRR34,98. Research since then rapidly expanded for the on microfluidic-assisted
nanoprecipitation of liposomes (see Table 1.4). Yet, batch synthesis techniques (i.e.
lipid film hydration) remained the preferred choice for researchers, despite their low
throughput and batch-to-batch variations. The field of microfluidics is still in its
infancy and more fundamental and feasibility studies are required to improve their
reliability and confidence. In this regard, knowledge on the following aspects are still
lacking: (1) ability to produce liposomes of specified size and dispersity, especially in
relation to existing formulations prepared by conventional techniques; (2) limitation
of microfluidic-assisted nanoprecipitation; (3) preparation of PEGylated, saturated
liposomes; and (4) preparation of multifunctional liposomes.
Formulation of unsaturated lipid bilayer, i.e. DOPC5, was successful and
straightforward. Optimisation of TFR and FRR was sufficient to produce liposomes
that meet the specified size (~100 nm) and dispersity (< 0.2). This capability of
microfluidics was anticipated, similar to other reports on the successful preparation of
unsaturated liposomes formulations94,114,120,132.
Saturated and PEGylated lipid bilayers were shown to behave differently. This can be
partially attributed to the greater susceptibility of saturated membranes to ethanolinduced interdigitation. Among the scarce reports on microfluidic-assisted
nanoprecipitation of saturated and PEGylated formulations, none achieved liposome
size of around 100 nm and low dispersity115,123,127. DSPC5 can be prepared with small
size (60 – 90 nm) but high dispersity (> 0.2). Attempts to increase the liposome size
(by decreasing FRR) result in higher dispersity with instability and precipitation;
liposome dispersity was not improved by adjusting FRR either. This is an example of
microfluidics to prepare liposomes with homogeneous size distribution. Particularly,
DSPC5 optimised by lipid film hydration was highly uniform (dispersity of 0.069), as
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previously reported by our group153. However, through optimisation of formulation
parameters, DSPC2.5 was developed and prepared meeting the specification. The
inability of DSPC5 to self-assemble homogeneously suggested potential instability of
the formulation, though this issue would be obscured and eliminated by the
homogenisation process after lipid film hydration. On the other hand, using
microfluidics, DSPC2.5 was demonstrated to self-assemble uniformly, which may be
conversely used to improve quality of liposomes prepared by lipid film hydration, e.g.
to reduce batch to batch variations.
Cholesterol-free LTSL formulations were shown to be the most challenging to prepare
with nanoprecipitation, owing to the inevitable exposure to ethanol (or other organic
solvents). It was again evident that optimisation of processing parameters (TFR and
FRR) alone was insufficient. Aqueous medium, lipid composition and lipid
components all contributed to the gel formation of LTSL. To date, none have reported
the nanoprecipitation preparation of cholesterol-free, saturated lipid bilayers. A stable
LTSL formulation, LTSL10, was eventually developed by increasing the PEG lipid
content. This was in contrast to optimising cholesterol-containing DSPC-based
formulations, where PEG-lipid content was reduced (from 5% to 2.5%). Even though
LTSL10 of the designated size and dispersity was successfully prepared, annealing
was found to be essential for enabling DOX remote loading capability. This
presumably eliminated membrane defects that would have led to leakiness and
consequently loss of the pH gradient.
With the successful formulation of LTSL10, additional functionality can be
incorporated in the LTSL10 platform, as exemplified by the multifunctional LTSL10ICG and mLTSL10 formulations, exploiting accelerated development and clinical
translation potential of microfluidics. ICG loading into conventional cholesterol
containing formulations was relatively straightforward. ICG-loaded formulations
prepared by microfluidic-assisted nanoprecipitation have similar properties compared
to those prepared by lipid film hydration, despite lower ICG EE. Properties of ICGloaded LTSL10 was shown to be ICG concentration-dependent, as ICG interacts with
the membrane and can disrupt the membrane or induce gel formation. At low ICG
concentration, however, LTSL10-ICG was still capable of photothermal heating and
hyperthermia-triggered DOX release.
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Preparation of the SPION-loaded mLTSL10 was very challenging to achieve in
various aspects. Technically, small dimensions of the microfluidic systems are
susceptible to clogging and deposition of colloidal particles, especially at regions with
low flow velocity, such as channel surfaces and corners210,211. Surface roughness and
local defects of microchannels also facilitate the initiation of deposition and
progressing of aggregation of colloidal particles210,211. Choice of solvent and their
compatibility with the microfluidic devices also limited the room for optimisation. In
the case of mLTSL10, resorting to solvent injection nanoprecipitation allowed rapid
and preliminary optimisation of such complex formulations before resolving
technically their continuous production on a microfluidic platform. It can be seen that
for nanoprecipitation, the introduction of hydrophobic nanoparticles brought about
multitude of complexities and limitations, in comparison to the empty LTSL10. The
conventional lipid film hydration technique, in comparison, can prepare and process
both LTSL10 and mLTSL10 with almost identical procedures.
Overall, this thesis clearly demonstrated the versatility, as well as the limitations of
microfluidics in preparing multifunctional liposomes. In nanoprecipitation, all
parameters have to be optimised to ensure all components self-assemble energetically
favourably into a uniform liposomal population. While optimisation of a formulation
was more requiring in comparison to conventional techniques, the benefits brought
about by the continuous and scalable production are indispensable for its clinical
translation.

Future perspectives
George Whitesides, the pioneer of microfluidics, asked in his renowned review on
microfluidics, “As a technology, microfluidics seems almost too good to be true: it
offers so many advantages and so few disadvantages. But it has not yet become widely
used. Why not?”35 A decade later, microfluidics flourished as a technology, but have
yet to become the preferred choice over conventional methods137. This thesis
demonstrated the feasibility of using microfluidics to prepare multifunctional
liposomes, in hopes of encouraging users to employ microfluidic technology and
accelerate the clinical translation of nanoparticles.
In Chapter 3, microfluidic preparation of PEGylated conventional liposomes
provided essential knowledge on the effect of formulation and processing parameters.
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The effect of TFR and FRR agreed with the literature. Encouragingly, high
reproducibility of microfluidics enabled efficient translation of research output
between researchers and from bench to bedside. However, during the optimisation of
rigid DSPC formulations, modification of formulation parameters was necessary due
to the high dispersity (presence of micron-sized peak). Previous studies on preparing
rigid PEGylated formulation using microfluidics resulted in either unstable123 or very
small liposomes127, which illustrated the limitation of microfluidics to generate rigid
liposomes. This uncertainly may have suggested the preference of researchers to
employ conventional techniques over microfluidics, especially the former has shown
to be reliable. Although this issue was resolved by reducing the DSPE-PEG2000
content, the nature of the micron-sized peak and the role of DSPE-PEG2000 in
nanoprecipitation of liposomes were not entirely clear. Further investigation may
provide better understanding in preparing rigid formulations.
In Chapter 4, cholesterol-free LTSL formulation was successfully prepared for the
first time. The reference LTSL formulation, LTSL4, suffered from gel formation
owing to ethanol-induced interdigitation; this was again resolved by modifying the
formulation parameters. In contrast to DSPC-based formulation, DSPE-PEG2000 had
to be increased to obtain the stable formulation, LTSL10. Conventional techniques do
not suffer from ethanol-induced interdigitation, while the exposure of liposomes to
ethanol is unavoidable in microfluidic-assisted nanoprecipitation. Incorporation of
cholesterol (LTSL4C10) had shown some improvement in preventing interdigitation,
though optimisation of liposome size was warranted. Further investigation into the
relationship of cholesterol content and thermosensitivity can be beneficial for the
development of LTSL formulations with greater stability without compromising
thermosensitivity. Further exploration into these limitations and development of
overcoming strategies will be essential for preparing LTSL and other cholesterol-free
formulations. Thus far, optimisations of the formulations were conducted empirically.
The macroscopic (e.g. from LTSL4 to LTSL10) and microscopic (e.g. before and after
annealing) change in properties of the membranes remained unclear, which warranted
further characterisations and theoretical studies.
In Chapter 5, ICG-loaded liposomes prepared by microfluidics were uniform in size,
despite lower ICG EE and IJA/ICG compared to those prepared by lipid film
hydration. Encouragingly, with our recent work demonstrated both in vitro and in vivo
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that liposomal IJA can offer multimodal imaging and combinatory chemo- and
photothermal cancer therapy196. Similarly, LTSL10-ICG have introduced additional
theranostic properties to the LTSL10 platform. The successful microfluidic production
of liposomal IJA offer great promise for clinical translation of these formulations.
Optimisation of the ICG concentration and IJA/ICG in liposomal IJA (e.g. DSPC2.5ICG-AS) and LTSL10-ICG may further enhance their theranostic potential.
In Chapter 6, thermosensitive magnetoliposome mLTSL10 was prepared by injection
rather than microfluidics owing to technical difficulties with SHM. Two major
limitations of microfluidic-assisted nanoprecipitation emerged. First, a miscible and
solvent/non-solvent system limited the choice of solvent. For multifunctional
nanoparticles where multi components of varying solubilities may be involved, a
stable initial organic mixture may require comprehensive optimisation. Second, the
solvent compatibility, maintenance and mixing efficiency of the microfluidic devices
were all factors to be considered. Specific to preparing magnetoliposomes such as
mLTSL10, future microfluidic device designs should consider the materials’ solvent
compatibility to withstand at least 50% THF, provide efficient mixing while resistant
to trapping small nanoparticles (~ 5 nm) and easy to clean or handle.
Microfluidic-assisted nanoprecipitation was proven to be a viable and versatile
approach to preparing multifunctional liposomal formulations. Nanosized and uniform
liposomes have been produced, indifferent from conventional techniques, despite
certain limitations related to the microfluidic device or nanoprecipitation technique.
Further investigation, as mentioned previously, can provide better confidence for users,
particularly without prior microfluidic experience, to switch from conventional
preparation techniques to microfluidics. In addition, reproducing existing liposomal
formulations (e.g. in clinical trials or approved formulations) could be a simple and
powerful approach to justify the use of microfluidics.
While this thesis has focused on employing SHM for continuous formulating
liposomes, batch processes such as buffer exchange and dialysis were the bottleneck
for continuous production. To fully utilise microfluidic technology for accelerating
formulation development, these processes should be operated continuously as well.
As a proof-of-concept, a fully-integrated microfluidic device has been designed that
offered on-chip buffer exchange and remote DOX loading134. Encouragingly, few
recent studies have coupled tangential flow filtration modules, for purification of
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liposomes, with SHM to form a semi-modular microfluidic system138,229. It is
envisaged that future microfluidic platforms can enable researchers to prepare,
formulate and characterise nanoparticles.
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Appendix A
A.1 Preparation of hydrogenated soybean phosphatidylcholine
formulation
Hydrogenated soybean phosphatidylcholine (HSPC) is a mixture of mainly DSPC
with some DPPC (5 – 20 w/w %). As the micron-sized peak was presence in DSPC5
but not in DPPC5, replacing DSPC in DSPC5 with HSPC (the formulation named
HSPC5) might improve the quality. Therefore, the ethanol (10 mM HSPC5) and
aqueous phases ((NH4)2SO4) were injected into the SHM at 65 °C with TFR of 2 and
4 mL min-1 and FRR of 3 (Figure A.1). Z-average diameter and dispersity for HSPC5
prepared at 2 mL min-1 were 126.5 nm and 0.209; and at 4 mL min-1, were 98.85 nm
and 0.177, respectively. Micron-sized peaks were also present for HSPC5 prepared in
these conditions.
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Figure A.1 The effect of TFR on HSPC5 size distribution. Representative (a) intensity- and
(b) volume-weighted size distribution of HSPC5 prepared in (NH4)2SO4, at TFR of 2 and 4
mL min-1 and FRR of 3.

A.2 Preparation of DOPC5 using simple fluidic junctions
The ethanol (10 mM DOPC5) and aqueous phases (NS) were infused into the SHM,
tee junction and cross junction at TFR of 1 and 2 mL min-1 and FRR of 1 and 3.
Interestingly, DOPC5 prepared using SHM were smaller in size with lower dispersity
(~ 0.1) than the ones prepared using the junction devices. Overall, liposomes prepared
by the cross junction were more uniform (lower dispersity) than those prepared by the
tee junction. Similar to SHM, with increasing FRR, sizes of liposomes prepared by
both junction devices also decreased, despite to a lesser extent. This is understandable
as junction devices, with the absence of mixing mechanisms, rely only on simple
diffusion for fluid mixing. Lower mixing efficiency and longer mixing duration
(before complete mixing of the two phases), resulted in larger liposomes. This also
explained the requirement of high FRR used in microfluidic hydrodynamic focusing
devices (analogous to cross junction) for generating a larger diffusion gradient for
greater mixing efficiency.
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Figure A.2 The effect of different microfluidic devices on DOPC5 size and dispersity. Zaverage diameter and dispersity of 10 mM of DOPC5 prepared in NS, with TFR of 1 and 2
mL min-1 and FRR of 1 and 3, using SHM, tee junction and cross junction.
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Preparation of lipid-based drug delivery systems by microﬂuidics has been increasingly popular, due to the
reproducible, continuous and scalable nature of the microﬂuidic process. Despite exciting development in the
ﬁeld, versatility and superiority of microﬂuidics over conventional methods still need further evidence, since
preparing clinically-relevant sterically stabilised liposomes has been lacking. The present study describes the
optimisation of PEGylated liposomal formulations of various rigidity using staggered herringbone micromixer
(SHM). The eﬀect of both processing parameters (total ﬂow rate (TFR) and aqueous-to-ethanol ﬂow rate ratio
(FRR)) and formulation parameters (lipid components and composition, initial lipid concentration and aqueous
media) was investigated and discussed. Liposomal formulations consist of 1,2-dioleoyl-sn-glycero-3-phosphatidylcholine (DOPC), 1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine (DPPC) or 1,2-distearoyl-sn-glycero-3phosphatidylcholine (DSPC), with cholesterol and PEGylated lipid (DSPE-PEG2000) were successfully prepared
with the desired size (∼100 nm) and dispersity (< 0.2). Doxorubicin was successfully encapsulated in these
liposomes at high (> 80%) encapsulation eﬃciency using the pH-gradient remote loading method, illustrating
their bilayer integrity and capability as drug delivery systems. We demonstrated that clinically-relevant
PEGylated liposomal formulations could be prepared with properties comparable to conventional techniques.
Limitations and recommendations on the microﬂuidic production of PEGylated liposomes were also discussed.

1. Introduction
Liposomes are enclosed phospholipid vesicles that have been clinically approved to encapsulate a wide range of therapeutics and diagnostics (Bulbake et al., 2017; Chang and Yeh, 2012; Cheung and AlJamal, 2018; Kraft et al., 2014). Microﬂuidics has been explored to
prepare liposomes in a well-controlled, reproducible and highthroughput manner; thereby overcoming hurdles of conventional
techniques, namely low batch-to-batch reproducibility and limited
throughput (Björnmalm et al., 2014; Lu et al., 2016; Ma et al., 2017;
Maeki et al., 2018; Valencia et al., 2012). An exciting recent advancement was the development of staggered herringbone micromixer (SHM)
that showed superiority (higher throughput, faster mixing and lesser
dilution) over the conventional microﬂuidic hydrodynamic focusing
(MHF) devices (Stroock, 2002; Zhigaltsev et al., 2012).
Currently, there are two obstacles impeding the progression of microﬂuidics as the preferable technique over the conventional techniques: the hurdles for researchers without prior microﬂuidic knowledge
and experience to design, select and operate microﬂuidic devices
(Björnmalm et al., 2014); and concerns about whether microﬂuidics

⁎

could meet their speciﬁc need, as conventional methods have been able
to provide (Carugo et al., 2016; Sackmann et al., 2014; Whitesides,
2013). The former have been alleviated by commercialisation of microﬂuidic devices (Volpatti and Yetisen, 2014), while the latter could be
resolved by demonstrating functionality of microﬂuidics, compared to
conventional methods, in preparing clinically-relevant liposomal formulations (Sackmann et al., 2014; Whitesides, 2013).
To date, most clinically approved (and under clinical trial) liposomal formulations are sterically stabilised, with 100–150 nm diameter
(Bulbake et al., 2017; Chang and Yeh, 2012; Kraft et al., 2014; Suk
et al., 2016). PEGylated liposomes, compared to non-PEGylated liposomes, have shown to exhibit increased stability, reduced dispersity and
prolonged blood circulation time (Suk et al., 2015). The clinical signiﬁcance of PEGylation has been demonstrated by the inclusion of PEGlipid in the clinically-approved liposomal formulations: Doxil® and
Onivyde® (Bulbake et al., 2017). Despite the high demands for sterically
stabilised drug delivery systems, most existing microﬂuidics studies
(not limited to SHM) reported the production of non-PEGylated formulations (Forbes et al., 2019; Guimarães Sá Correia et al., 2017;
Kastner et al., 2015; Maeki et al., 2015; Zhigaltsev et al., 2012). Few
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Scheme 1. Schematic of the setup for microﬂuidic preparation of liposomes using a staggered herringbone micromixer (SHM).

cholesterol (Chol), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES), phosphate buﬀered saline (PBS) tablets, sodium chloride
(NaCl), Triton™ X-100 were purchased from Sigma-Aldrich (Dorset,
UK). Ethanol absolute was purchased from VWR (Leicestershire, UK).

studies reported the preparation of PEGylated liposomes, which were
either very small in size (∼50 nm), unstable or of high dispersity
(> 0.2) (Dong et al., 2017; Hood et al., 2014; Ran et al., 2016; Zheng
and Fyles, 2018; Zhigaltsev et al., 2015; Zizzari et al., 2017). For instance, Zhigaltsev et al. failed to produce stable and uniform, high
phase-transition liposomes (DPPC or HSPC) using SHM microﬂuidics,
and mixing with unsaturated lipids was needed to enhance the stability
of these PEGylated liposomes (Zhigaltsev et al., 2015). Furthermore,
majority of these reports investigated only the eﬀect of total ﬂow rate
(TFR) and aqueous-to-ethanol ﬂow rate ratio (FRR) on liposome quality
(Guimarães Sá Correia et al., 2017; Jahn et al., 2008; Kastner et al.,
2014; Zhigaltsev et al., 2012), since they are the only processing
parameters for liposomes production. Such approach might have demonstrated the robustness and simplicity of microﬂuidics, where optimisation of nanoparticles preparation could be achieved by simply
controlling TFR and FRR. On the other hand, this might indicate our
lack of knowledge on the limitation of this technique to prepare liposomes. Namely, formulations that could not be prepared, with an optimal size and dispersity, solely by optimising the processing parameters.
To date, here have been few studies which reported, individually,
the eﬀect of formulation parameters: choice of aqueous and/or organic
medium (Joshi et al., 2016; Obeid et al., 2017); lipid concentration
(Joshi et al., 2016; Maeki et al., 2017); lipid components (Zhigaltsev
et al., 2015) and composition (Hood et al., 2013) on nanoparticles
preparation. However, there are contradictory results regarding the
eﬀect of some of the parameters, possibly due to the diﬀerence in microﬂuidic devices and range of values investigated, leading to diﬃculty
in making conclusive comparison. Encouragingly, a recent study by
Forbes et al. investigated using SHM the eﬀect of preparation temperature, lipid concentration, lipid components and composition on the
liposome size and dispersity of non-PEGylated liposomes (Forbes et al.,
2019). Herein we have demonstrated successfully the preparation of
PEGylated liposomal formulations with the desired size (∼100 nm) and
dispersity (< 0.2) using SHM. We systematically studied the eﬀect of
formulation parameters (aqueous media, initial lipid concentration,
lipid components and composition), besides the processing parameters
(TFR and FRR). To the best of our knowledge, this is the ﬁrst report of
producing stable, uniform (∼100 nm), PEGylated liposomes using
SHM, including both ﬂuid and rigid liposomal formulations, where the
latter are more clinically relevant.

2.2. Preparation of liposomes using microﬂuidics
SHM (Darwin Microﬂuidics, Paris, France) was used as the microﬂuidic device to prepare liposomes. Lipids were dissolved in ethanol to
prepare lipid mixture of appropriate concentration and molar ratio.
Aqueous media used to prepare the liposomes included deionised water
(DW), isotonic normal saline (NS; 0.9% w/v NaCl), phosphate buﬀered
saline (PBS; 10 mM phosphate, 0.8% w/v NaCl, pH 7.4), HEPES buffered saline (HBS; 20 mM HEPES, 0.8% w/v NaCl, pH 7.4) and ammonium sulfate ((NH4)2SO4; 240 mM, pH 5.4). All aqueous media were
passed through 0.22 µm polyether sulfone syringe ﬁlter before injecting
into the SHM.
Ethanol solution of lipid mixture and aqueous medium were injected into the SHM with their volume ﬂow rates controlled by two
syringe pumps (AL1000-220, World Precision Instruments,
Hertfordshire, UK) using SyringePumpPro software. The experiment
setup is as illustrated in Scheme 1. For formulations composed of
phospholipids of high melting point (DPPC and DSPC), a heating tape
(Omega Engineering Ltd., Manchester, UK) was used to maintain the
temperature of both ethanol and aqueous solutions at least 10 °C above
the gel-to-liquid-crystalline phase transition temperature of the phospholipid (51 °C for DPPC and 65 °C for DSPC). Liposomes were collected
from the outlet of the SHM and ethanol was removed by dialysis
overnight at room temperature, against 1 L of the same aqueous
medium used in the preparation, under constant stirring, using Pur-ALyzer™ Dialysis Kit (12 kDa molecular weight cut-oﬀ; Sigma-Aldrich,
Dorset, UK).
2.3. DOX loading into liposomes using the pH-gradient remote loading
method
DOX was loaded into liposomes using a pH-gradient remote loading
method. Liposomes were ﬁrst prepared in ammonium sulfate as the
aqueous medium. Following dialysis, the external buﬀer of the liposomes was exchanged to HBS using PD-10 Sephadex G-25 gel ﬁltration
column (GE Healthcare Life Sciences, Buckinghamshire, UK). The liposomes were incubated with DOX at drug-to-phospholipid (excluding
cholesterol) molar ratio of 1:20 for 1 h, at room temperature, 45 °C and
60 °C for DOPC-, DPPC-, DSPC-based liposomes, respectively. After the
incubation, liposomes were puriﬁed by removing unencapsulated DOX
using PD-10 gel ﬁltration column, as described above. To quantify the
encapsulation eﬃciency (EE) of DOX, liposomes before and after puriﬁcation were diluted to the same lipid concentration and then solubilised by Triton X-100 to release encapsulated DOX. A ﬁnal concentration of 0.1 v/v % Triton X-100 was used, corresponds to
phospholipid-to-detergent molar ratio of 1:20, suﬃcient to ensure
complete solubilisation of liposomes (Dennis, 1974; López et al., 1998).
DOX ﬂuorescence intensity was measured using FLUOstar Omega

2. Materials and methods
2.1. Materials
1,2-dioleoyl-sn-glycero-3-phosphatidylcholine
(DOPC),
1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine (DPPC), 1,2-distearoyl-snglycero-3-phosphatidylcholine (DSPC), 1,2-distearoyl-sn-glycero-3phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] (DSPEPEG2000), were generous gifts from Lipoid GmbH (Ludwigshafen,
Germany). Doxorubicin hydrochloride (DOX) was purchased from
Apollo Scientiﬁc (Cheshire, UK). Ammonium sulfate ((NH4)2SO4),
688
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Microplate Reader (BMG LABTECH Ltd., UK) with excitation wavelength of 485 nm and emission wavelength of 590 nm. The concentration of DOX in the wells were within the linear region. EE of DOX was
then calculated by comparing the ﬂuorescence intensity of the samples
before and after puriﬁcation:

Encapsulation efficiency (%) =

I(t) after purification
× 100
I(t) before purification

Table 1
Lipid composition of formulations prepared in this study.

(1)

Formulation

Lipid Composition

Molar Ratio

DOPC5
DPPC5
DSPC5
DSPC4
DSPC2.5
DSPC0

DOPC/Chol/DSPE-PEG2000
DPPC/Chol/DSPE-PEG2000
DSPC/Chol/DSPE-PEG2000
DSPC/Chol/DSPE-PEG2000
DSPC/Chol/DSPE-PEG2000
DSPC/Chol

95/50/5
95/50/5
95/50/5
96/50/4
97.5/50/2.5
100/50

2.4. Particle size and size distribution
DOPC5. We then optimised the preparation of unprecedented 100 nm,
sterically stabilised, high phase transition DSPC liposomes by manipulating the formulation parameters (i.e. DSPE-PEG2000 content), besides
the processing parameters. Finally, doxorubicin (DOX) was actively
loaded into these PEGylated liposomes by the ammonium sulfate gradient method (Haran et al., 1993) to evaluate their capability for drug
loading.

Particle size and size distribution of the liposomes were characterised by their Z-average diameter and dispersity by dynamic light
scattering (DLS), using Zetasizer Nano ZS90 (Malvern Panalytical,
Worcestershire, UK) equipped with a 4.0 mW He-Ne laser operating at
633 nm with photodiode detector at a detection angle at 90°. The term
“dispersity” is used instead of “polydispersity index”, in accordance
with recommendations of IUPAC (Stepto, 2009). Samples were diluted
10-fold in DW and loaded in a low-volume polystyrene cuvette. Zaverage and dispersity of each sample were obtained as the average of
three measurements.
The zeta potential (ζ) was obtained by measuring the particle mobility using phase analysis light scattering. Samples were diluted 10fold in DW and loaded in a folded capillary cell. Six measurements were
performed for each sample at 25 °C. Zeta potential of each sample was
obtained as the average of six measurements.

3.1. Preparation of DOPC5 liposomes using microﬂuidics
DOPC is an unsaturated phospholipid consists of two oleyl hydrocarbon chains (18 carbon atoms with one cis double bond at omega-9
position), which has a phase transition temperature of −17 °C. This
implies that DOPC is already at liquid-crystalline phase at room temperature. The eﬀect of aqueous medium on liposome size and dispersity
was investigated in the present work. The organic (10 mM DOPC5 in
ethanol) and aqueous phases (DW, NS and PBS) were injected into the
SHM with TFR of 1 and 2 mL/min and FRR of 1. The Z-average diameter and dispersity of the liposomes prepared are shown in Fig. 1.
The diﬀerences in size and dispersity between liposomes prepared in
DW compared to NS and PBS were obvious. A one-way ANOVA was
conducted to compare the eﬀect of the three aqueous media on DOPC5
size or dispersity. At TFR 1 mL/min, there was a signiﬁcant eﬀect of
aqueous medium on Z-average (F2,6 = 11.81, p = 0.008), where the
size of liposomes prepared in DW (69.38 nm) was signiﬁcantly smaller
than those prepared in NS (102.0 nm; t6 = 4.455, p = 0.0043) and PBS
(97.98 nm; t6 = 3.91, p = 0.0079). The dispersity of the liposomes was
also signiﬁcantly inﬂuenced by the aqueous medium (F2,6 = 11.77,
p = 0.008), where liposomes prepared in DW showed signiﬁcantly

2.5. Transmission electron microscopy (TEM)
The morphology of the microﬂuidic-prepared liposomes was studied
using a JEOL JEM-1400 plus transmission electron microscope, operating at an accelerating voltage of 120 kV. Samples for the TEM analysis
were prepared by adding 5 µL of liposome suspension on a carboncoated 400 mesh copper grid (Ted Pella, Inc., Redding, CA, US) and
allowed to air-dry. Negative stain was applied by adding 5 µL of 1% (w/
v) phosphotungstic acid (pH 7.0 adjusted with NaOH) and allowed to
air-dry.
2.6. Statistical analysis
Student’s unpaired two-tailed t-test and one-way analysis of variance (ANOVA) followed by Fisher’s least signiﬁcant diﬀerence (LSD)
test were used to assess statistical signiﬁcance between group means,
with the signiﬁcance level α = 0.05 (Rothman, 1990; Saville, 1990).
Regression analyses were performed using least-squares ﬁtting. All
analyses were performed in GraphPad Prism 7.0 (GraphPad Software
Inc., CA, US)
3. Results
In the present work, three phospholipids (DOPC, DPPC and DSPC)
with diﬀerent phase transition were used to formulate sterically stabilised liposomes. To enhance the stability of our formulations, all liposomes contained 50 mol % cholesterol with respect to phospholipid
(Briuglia et al., 2015), and up to 5 mol % DSPE-PEG2000 to prolong their
blood circulation (Garbuzenko et al., 2005; Kenworthy et al., 1995). All
the formulations prepared in this study are listed in Table 1. The initial
lipid concentration was 10 mM, unless otherwise stated. Isotonic
normal saline (NS) and phosphate buﬀered saline (PBS) were used as
the aqueous media, and ethanol was selected as the organic solvent, due
to its relatively low toxicity (Church and Witting, 1997).
In the ﬁrst part of our investigation, we studied the eﬀect of process
parameters: total ﬂow rate (TFR) and aqueous-to-ethanol ﬂow rate ratio
(FRR) on the size and dispersity of a ﬂuidic PEGylated liposomal formulation (DOPC5). This was followed by the investigation of the eﬀect
of aqueous medium, and initial lipid concentration on the production of

Fig. 1. The eﬀect of the aqueous media on DOPC5 size and dispersity. ZAverage diameter and dispersity of 10 mM of DOPC5 prepared in DW, NS and
PBS, with TFR of 1 and 2 mL/min, and FRR of 1. Solid bars and open circles (○)
indicate the liposomes Z-Average diameter and dispersity, respectively. The
data represents the mean ± SD of at least three independent experiments. All
diﬀerences between means, with p < 0.05 are indicated (LSD test), in comparison to DW of the same TFR. **, p < 0.01 comparing Z-Average diameter.
#, p < 0.05; ##, p < 0.01; ###, p < 0.001 comparing dispersity.
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Fig. 2. The eﬀect of TFR and FRR on DOPC5 size and dispersity. Z-Average diameter and dispersity of 10 mM of DOPC5 prepared in (a) NS and (b) PBS, with TFR of 1
and 2 mL/min and FRR of 1, 2, 3 and 5. Solid bars and open circles (○) indicate the liposomes Z-Average diameter and dispersity, respectively. The data represents
the mean ± SD of at least three independent experiments. All diﬀerences between means, with p < 0.05 are indicated (t-test), comparing TFR with the same FRR. *,
p < 0.05; **, p < 0.01; ***, p < 0.001 comparing Z-Average diameter.

higher dispersity (0.219) compared to those prepared in NS (0.095;
t6 = 4.591, p = 0.0037) and PBS (0.121; t6 = 3.653, p = 0.0107).
However, the diﬀerence of preparing in NS and PBS was not signiﬁcant
for both size and dispersity. Similarly, at TFR of 2 mL/min, there were
signiﬁcant eﬀects on both Z-average (F2,6 = 9.679, p = 0.013) and
dispersity (F2,6 = 74.64, p < 0.001). It was evident that the absence of
ions in the aqueous media might result in smaller and more dispersed
(dispersity > 0.2) liposomes, therefore, DW as an aqueous media was
excluded from further studies.
Next, the eﬀect of TFR and FRR on DOPC5 production was studied.
The organic (10 mM DOPC5) and aqueous phases (NS and PBS) were
injected into the SHM with TFR of 1 and 2 mL/min, and FRR of 1, 2, 3
and 5. The Z-average diameter and dispersity of the prepared liposomes
were determined using DLS, as shown in Fig. 2.
Our results showed that DOPC5 prepared at the highest ethanol
content (FRR 1) exhibited the largest size with a hydrodynamic size of
100 nm. Interestingly, as the ethanol content decreased at FRR of 2, 3
and 5, the liposomes size dramatically and signiﬁcantly decreased to
30–40 nm. The relationship between ethanol content (FRR) and the ZAverage diameter of DOPC5 were evaluated using linear and exponential regression models (Table S1). An exponential relationship
was better ﬁtted for DOPC5 prepared in NS or PBS, and regardless of
the TFR (1 or 2 mL/min) used (Figure S1). This suggests that FRR is a
determinant factor in controlling size of liposomes produced by microﬂuidics, as previously reported with other conventional liposomes
(Kastner et al., 2014; Maeki et al., 2017). The dispersity of all liposomes
was similar (< 0.2), demonstrating the size of the prepared liposomes
were highly homogenous. TFR of 2 mL/min and FRR of 1 were selected
as the optimised ﬂow conditions for the DOPC5 formulation using SHM
device.
Following the evaluation of the eﬀect of processing parameters (TFR
and FRR) on DOPC5 production, the eﬀect of the initial lipid concentration was investigated. The organic (5, 10 and 15 mM of DOPC5)
and aqueous phases (NS and PBS) were injected into the SHM with TFR
of 2 mL/min and FRR of 1. Here, the eﬀect of initial lipid concentration
was studied, instead of the ﬁnal lipid concentration, to isolate the eﬀect
of FRR; since the ﬁnal lipid concentration is dependent on both initial
lipid concentration and FRR. Fig. 3 depicts the hydrodynamic size and
dispersity of DOPC5 prepared at diﬀerent initial concentrations.
A one-way ANOVA was conducted to study the eﬀect of initial lipid
concentration on DOPC5 size or dispersity. For the liposomes prepared
in NS, as the initial lipid concentration increased from 5 mM to 15 mM,
the average size increased slightly from 97.1 nm to 107.8 nm. There
were no statistically signiﬁcant diﬀerences in Z-average (F2,6 = 1.498,

Fig. 3. The eﬀect of initial lipid concentration on DOPC5 size and dispersity. ZAverage diameter and dispersity of 5, 10, 15 mM of DOPC5 prepared in NS and
PBS, with TFR of 2 mL/min and FRR of 1. Solid bars and open circles (○) indicate the liposomes Z-Average diameter and dispersity, respectively. The data
represents the mean ± SD of at least three independent experiments. All differences between means with p < 0.05 are indicated (LSD test), in comparison
with 10 mM. #, p < 0.05; ##, p < 0.01 comparing dispersity.

p > 0.05) between these formulations. Although there were signiﬁcant
diﬀerences in dispersity (F2,6 = 17.43, p = 0.003), the dispersity of all
liposomes was lower than 0.2. Meanwhile, there were no signiﬁcant
diﬀerences in both Z-Average (F2,8 = 3.15, p > 0.05) and dispersity
(F2,8 = 4.266, p > 0.05) for liposomes prepared in PBS. Overall, it was
concluded that the initial lipid concentration only has a minor eﬀect on
the size and dispersity of DOPC5 prepared using SHM.
3.2. Microﬂuidics preparation of high phase transition, sterically stabilised
liposomes
In the second part of our work we moved towards optimising the
production of sterically stabilised DSPC liposomes, that are more
clinically relevant, such Doxil® and Onivyde® (Bulbake et al., 2017). In
contrast to DOPC (Tm = −17 °C), which exists in a liquid-crystalline
phase at room temperature, DSPC (Tm = 55 °C) exhibits in the gel phase
which would greatly limit their ability to self-assemble into vesicles
properly. Therefore, DSPC-based formulation was prepared at 65 °C, by
heating both aqueous and organic phases prior to being injected into
the microﬂuidic device. The organic (10 mM DSPC5) and aqueous
690
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Fig. 5. The eﬀect of DSPE-PEG2000 content on DSPC/Chol/DSPE-PEG2000 (100x/50/x, x = 0–5) liposomes size and dispersity. Z-Average diameter and dispersity of 10 mM DSPC/Chol/DSPE-PEG2000 (100-x/50/x, x = 0–5) prepared
in NS and PBS, with TFR of 2 mL/min and FRR of 3. Solid bars and open circles
(○) indicate the liposomes Z-Average diameter and dispersity, respectively. The
data represents the mean ± SD of at least three independent experiments. All
diﬀerences between means, in comparison to 5 mol % DSPE-PEG2000 of the
same aqueous medium, with p < 0.05 are indicated (LSD test). *, p < 0.05;
**, p < 0.01 comparing Z-Average diameter. #, p < 0.05; ##, p < 0.01;
###, p < 0.001 comparing dispersity.

Fig. 4. The eﬀect of FRR on DSPC5 size and dispersity. Z-Average diameter and
dispersity of 10 mM of DSPC5 prepared in NS or PBS, with TFR of 2 mL/min and
FRR of 2, 2.5, 3 and 4. Solid bars and open circles (○) indicate the liposomes ZAverage diameter and dispersity, respectively. The data represents the
mean ± SD of at least three independent experiments.

phases (NS and PBS) were injected into the SHM at 65 °C with TFR of
2 mL/min and FRR of 2, 2.5, 3 and 4. The Z-average diameter and
dispersity of the prepared liposomes were shown in Fig. 4.
DSPC5 prepared in NS with TFR of 2 mL/min followed the expected
response towards the change in FRR, where their size decreased quickly
with increasing FRR. Starting at an intermediate FRR of 3, DSPC5 had
an average size of 93.78 nm and dispersity of 0.238, which was fairly
dispersed. These liposomes are signiﬁcantly larger (t7 = 5.545,
p < 0.001) and more disperse (t7 = 5.532, p < 0.001) compared to
DOPC5 prepared in the same ﬂow conditions (size of 29.56 nm and
dispersity of 0.098; Fig. 2). As the FRR was reduced to 2.5 and 2, the
size of the liposomes increased to 133.9 nm and 194.2 nm and the
dispersity rose to 0.371 and 0.430, respectively, with the presence of
some precipitates. On the other hand, by increasing the FRR from 3 to
4, the size of the liposomes decreased as expected, to 62.84 nm; however, the sample remained dispersed, with a dispersity of 0.283. By
optimising the FRR, we were able to obtain DSPC5 with the desired size
of roughly 100 nm; however, the dispersity, which was relatively unresponsive towards both TFR and FRR (as mentioned above), could not
be improved and remained high (> 0.2). Similar results were observed
with DSPC5 prepared in PBS.
Here we inferred that DSPC5 became increasingly unstable
with > 25 v/v % ethanol (FRR < 3); in comparison to DOPC5, liposomes remained stable with 50 v/v % ethanol (FRR of 1, Fig. 1). In
addition, it is worth mentioning that peaks in the micron range were
reported by DLS in both intensity- (Figure S2, left) and volumeweighted size distribution (Figure S2, right) for all the above ﬂow
conditions (TFR of 2 mL/min and FRR of 2 – 4), signifying the presence
and contribution of these peaks, respectively. While the distribution
(width) of the main peak remained relatively similar, the proportion of
the micron-sized peak decreased sharply with decreasing ethanol concentration (i.e. increasing FRR). Nevertheless, the micron-sized peak
was present even at 20 v/v % ethanol (FRR of 4).
Although the presence of micron-sized peaks in a DLS report does
not necessary imply the presence of micron-sized particles, it suggests
the presence of certain species with slow Brownian motion or diﬀusivity, which is unlikely to be of the same liposome population. This
result suggested that the DSPC5 formulation per se would not self-assemble homogeneously, without size homogenisation procedures such
as membrane extrusion (Pereira et al., 2016). Together with the
aforementioned eﬀect of processing parameters (TFR and FRR) on size
and dispersity, it could be extrapolated that further optimisation of
processing parameters would not produce DSPC5 the desired size

(∼100 nm) and dispersity (< 0.2).
Since the production of DSPC5 with a monomodal size distribution
was not achievable, the formulation was modiﬁed by reducing the
amount of DSPE-PEG2000. Namely, non-PEGylated formulation of
DSPC0 and PEGylated formulation of DSPC2.5, DSPC4 and DSPC5 were
prepared. The organic (10 mM) and aqueous phases (NS and PBS) were
injected into the SHM at 65 °C with our previously optimised TFR of
2 mL/min and FRR of 3. The Z-average diameter and dispersity of the
liposomes prepared in NS and PBS are shown in Fig. 5.
Interestingly, our results showed that reducing the DSPE-PEG2000
content produced larger and more homogenous liposomes. A one-way
ANOVA was conducted to study the eﬀect of DSPE-PEG2000 content on
DSPC/Chol/DSPE-PEG2000 (100-x/50/x, x = 0–5) liposome size or
dispersity. There were statistically signiﬁcant diﬀerences in both ZAverage (F3,16 = 62.15, p < 0.001) and dispersity (F3,16 = 16.88,
p < 0.001) between these liposomes prepared in NS. As we decreased
DSPE-PEG2000 from 5 to 4 mol %, we observed immediate improvement
with the dispersity. The size of DSPC4 liposomes changed minimally
from 93.78 to 93.19 nm (t16 = 0.0854, p > 0.05), but the dispersity
reduced from 0.238 to 0.143 (t16 = 4.381, p < 0.001), with the presence of the micron-sized peak (Figure S3). Further reduction in the
DSPE-PEG2000 content to 2.5 mol %, liposomes size of DSPC2.5 increased to an average of 122.0 nm (t16 = 3.246, p = 0.005). Unexpectedly, the dispersity decreased signiﬁcantly down to 0.055
(t16 = 6.632, p < 0.001), and the micron-sized peak was no longer
reported, as shown in Figure S3. Thus, DSPC2.5 was deemed the optimal DSPC-based PEGylated liposomal formulation. Similar results and
signiﬁcance diﬀerence (Z-Average: F2,7 = 6.162, p = 0.0286 and dispersity: F2,7 = 9.303, p = 0.0107) were observed using PBS. Upon removing DSPE-PEG2000 from the formulation (DSPC0), the size further
increased to 189.4 nm (t16 = 12.04, p < 0.001) and the dispersity increased to 0.204 (t16 = 1.357, p > 0.05), with the presence of the
micron-sized peak. However, in contrast to DSPC5, it was possible to
prepare smaller DSPC0 of 131.6 nm (dispersity of 0.102) and 86.7 nm
(dispersity of 0.128) with FRR of 4 and 5, respectively, as shown in
Figures S4 and S5. Similar results were obtained with liposomes prepared in PBS.
Next, we replaced DSPC with DPPC, a saturated phospholipid
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3.4. Structure elucidation and DOX loading into microﬂuidic prepared
liposomes
The morphology of the three sterically stabilised formulations prepared by their respective optimised ﬂow conditions was characterised
using TEM. As shown in Fig. 7, all liposomes exhibited vesicular
structures and were homogenous in size, with a mean diameter of about
100 nm, which is in a good agreement with the Z-average diameter
provided by DLS (Table 2).
Once the ﬂow conditions were optimised, the initial lipid concentrations were increased to counteract the dilution by the aqueous
media (FRR) to achieve a ﬁnal concentration of 7.5 mM. The vesicular
structure and integrity of the lipid bilayer of the microﬂuidic prepared
liposomes, including DSPC5, was conﬁrmed by high encapsulation efﬁciency of DOX, using the pH-gradient method (Table 3).
Fig. 6. The eﬀect of phospholipid rigidity on liposomes size and dispersity. ZAverage diameter and dispersity of 10 mM DOPC5, DPPC5 and DSPC5 prepared
in NS and PBS, with TFR of 2 mL/min and FRR of 3. Solid bars and open circles
(○) indicate the liposomes Z-Average diameter and dispersity, respectively. The
data represents the mean ± SD of at least three independent experiments. All
diﬀerences between means, in comparison DSPC5 of the same aqueous medium,
with p < 0.05 are indicated (LSD test). *, p < 0.05; **, p < 0.01 comparing
Z-Average diameter. #, p < 0.05; ##, p < 0.01; ###, p < 0.001 comparing
dispersity.

4. Discussion
Steric stabilisation of liposomes by PEGylation prevents liposomes
aggregation, enhances stability, and increases their blood circulation
half-life (Danhier et al., 2010; Gabizon et al., 1997; Immordino et al.,
2006). PEGylation is therefore an essential factor in designing drug
delivery systems, as demonstrated in clinically approved formulations
Doxil® and Onivyde® (Bulbake et al., 2017) or to achieve active targeting. However, to date, majority of the studies with microﬂuidics
developed non-PEGylated conventional liposomes (Guimarães Sá
Correia et al., 2017; Joshi et al., 2016; Kastner et al., 2015; Maeki et al.,
2017; Zhigaltsev et al., 2015). In this work, we successfully prepared
PEGylated formulations with diﬀerent rigidity (DOPC5, DPPC5 and
DSPC2.5) using SHM, through the optimisation of both processing and
formulation parameters. Self-assembly of liposomes in microﬂuidics is a
bottom-up nanoprecipitation technique, thus the liposome quality will
depend largely on the physical properties of the liposomal formulation,
and the surrounding solvent environment (Capretto et al., 2013). In
contrast to conventional bulk production of liposomes, microﬂuidic
techniques do not require post-processing procedures (Yu et al., 2009).
Consequently, as the liposomal formulation changes, the optimal ﬂow
conditions might have to be changed, as we demonstrated in Table 2, to
obtain liposomes of same size and dispersity.

consists of two hydrocarbon chains with 16 carbon atoms (instead of 18
carbon atoms as in DSPC), which has a phase transition temperature of
41 °C. The organic (10 mM DPPC5) and aqueous phases (NS and PBS)
were injected into the SHM at 51 °C with TFR of 2 mL/min and FRR of 3
(Fig. 6).
The average size and dispersity of the prepared DPPC5 in NS were
107.4 nm and 0.099. respectively. A one-way ANOVA was conducted to
study the eﬀect of phospholipid rigidity on liposome size or dispersity.
Unexpectedly, there were statistically signiﬁcant diﬀerences in both ZAverage (F2,9 = 25.97, p < 0.001) and dispersity (F2,9 = 28.00,
p < 0.001) between DOPC5, DPPC5 and DSPC5 prepared in NS.
Compared to the rigid DSPC5 formulation, the diﬀerence in size was not
signiﬁcant (t9 = 1.321, p > 0.05), but the dispersity of the liposomes
was signiﬁcantly lower (t9 = 6.103, p < 0.001). Furthermore, no micron-sized peak was reported. Similar results and signiﬁcance diﬀerence (Z-Average: F2,7 = 80.03, p < 0.001 and dispersity: F2,7 = 14.09,
p < 0.01) were observed using PBS. Since the size and dispersity of
DPPC5 prepared with this condition were acceptable, no further optimisation was not performed. This clearly indicates that slight modiﬁcations in the composition of the liposomal formulation, such the
hydrocarbon length or DSPE-PEG2000 content could have a major impact on stealth liposomal production using microﬂuidics.

4.1. TFR/FRR eﬀect
As our results have shown, FRR was the governing parameter controlling the liposome size. Increasing the FRR resulted in sharp decrease
in liposome size, until the size approached a lower limit where the
diﬀerence became gradual (Fig. 2). TFR has similar eﬀect on liposome
size qualitatively, but the decrease in liposome size and increase in
dispersity were instead minimal. The responses in liposome size toward
varying TFR and FRR has been reported extensively, in both MHF and
SHM devices. Encouragingly, the eﬀects of TFR and FRR on liposome
size were universal regardless of the type of liposomal formulations
(Carugo et al., 2016; Forbes et al., 2019; Jahn et al., 2007; Kastner
et al., 2014; Ma et al., 2017). Their eﬀects could be explained by the
nanoprecipitation mechanism (Capretto et al., 2013; Maeki et al.,
2017). Brieﬂy, as lipid molecules diﬀuse from solvent (ethanol) to nonsolvent (aqueous medium), they become less soluble and form self-assembled intermediate known as bilayered phospholipid fragments
(BPF) (Lasic and Martin, 1990). At lower FRR, the duration for lipids to
diﬀuse into the aqueous non-solvent is extended, allowing BPF to grow
larger in size before their eventual closure into larger liposomes; while
at higher FRR, BPF are closed into smaller liposomes as they are rapidly
exposed to the non-solvent. The critical ethanol concentration for formation of BPF, for unsaturated phospholipid, was estimated to be 80%
ethanol, and their closure into liposomes at 60% ethanol (Maeki et al.,
2017). This result agrees with the optimisation of DOPC5, where liposomes could be formed at 50% ethanol (FRR of 1).

3.3. Long-term stability of sterically stabilised liposomes prepared in
diﬀerent aqueous media
Our results demonstrated the successful preparation of diﬀerent
sterically stabilised liposomal formulations with suitable size and dispersity using SHM microﬂuidics. Next, to assess their capacity as drug
delivery systems, all formulations were prepared in diﬀerent aqueous
media, namely, NS, PBS (pH 7.4), HBS (pH 7.4) and (NH4)2SO4 (pH
5.4), with the respectively optimised ﬂow conditions, as shown in
Table 2. HBS and (NH4)2SO4 were used for their relevance with drug
loading and biological applications. All liposomes were successfully
prepared with a hydrodynamic diameter around 100 nm and dispersity
lower than 0.2 (with the exception of DSPC5 which homogenous liposomes could not be obtained). All dialysed liposomes, including DSPC5,
were subsequently stored at 4 °C were stable in size up to 28 days with
minimum changes in their size and dispersity (Figure S6).
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Table 2
Optimised ﬂow conditions, corresponding hydrodynamic diameter and dispersity of sterically stabilised liposomal formulations for stability study (with initial lipid
concentration of 10 mM) prepared in diﬀerent aqueous media (NS, PBS (pH 7.4), HBS (pH 7.4), and (NH4)2SO4 (pH 5.4)) by the SHM device. Data represents the
mean ± SD of at least three independent experiments.
Formulation

Optimised ﬂow conditions

Hydrodynamic diameter (nm)
Dispersity

TFR (mL/min)

FRR

NS

PBS

HBS

(NH4)2SO4

DOPC5

2

1

DSPC2.5

2

3

DSPC5

2

3

DPPC5

2

3

101.5 ± 5.1
0.10 ± 0.01
122.0 ± 8.8
0.06 ± 0.01
100.0 ± 8.6
0.26 ± 0.02
107.4 ± 3.8
0.10 ± 0.02

116.8 ± 7.9
0.10 ± 0.02
111.4 ± 5.8
0.09 ± 0.02
85.81 ± 9.3
0.25 ± 0.08
92.45 ± 7.8
0.11 ± 0.02

100.91 ± 8.4
0.09 ± 0.01
116.1 ± 3.5
0.09 ± 0.01
110.4 ± 6.7
0.29 ± 0.04
111.7 ± 4.3
0.09 ± 0.01

120.7 ± 8.6
0.10 ± 0.03
136.6 ± 5.3
0.11 ± 0.01
106.2 ± 4.30
0.23 ± 0.05
118.1 ± 12.3
0.09 ± 0.01

Fig. 7. Structural elucidation of microﬂuidics prepared liposomes. Transmission electron microscopy (TEM) images of (a) DOPC5, (b) DSPC2.5, and (c) DPPC5
prepared with their respective optimised ﬂow conditions, as described in Table 2, in NS. Liposomes prepared have vesicular structures with diameter of around
100 nm. Scale bar represents (a) 200 nm, and (b, c) 100 nm.

Table 3
Modiﬁed initial lipid concentration, optimised ﬂow conditions, corresponding hydrodynamic diameter, dispersity, ζ-potential, and DOX encapsulation eﬃciency (EE)
of DOPC-, DSPC-, DPPC-based liposomal formulations prepared in (NH4)2SO4 (pH 5.4) buﬀer and remotely-loaded with DOX.
Formulation

DOPC5
DSPC2.5
DSPC5
DPPC5

Initial lipid concentration

15 mM
30 mM
30 mM
30 mM

Optimised ﬂow conditions
TFR (mL/min)

FRR

2
2
2
2

1
3
3
3

Z-Average (nm)

Dispersity

ζ-potential (mV)

%EE

125.1
131.5
115.4
134.0

0.12
0.11
0.20
0.10

−12.3 ± 2.5
−8.7 ± 1.4
−11.8 ± 0.6
−10.3 ± 1.6

88.2
84.9
88.4
82.0

±
±
±
±

10.8
9.6
0.6
4.9

±
±
±
±

0.03
0.03
0.01
0.04

±
±
±
±

3.2
4.5
2.5
5.4

strength, the hydration layer (electrical double layer) around a particle
is greater (Crommelin, 1984; Sabín et al., 2006), which might result in
premature closure of BPF into smaller and more dispersed liposomes.
Nonetheless, at high ionic strength (e.g. isotonic) uniform liposomes
could be formed; the diﬀerence in the buﬀer composition had minimum
eﬀect on liposomes size which enable drug loading using diﬀerent
loading methods (passive and active loading).

Interestingly, it is worth mentioning that DOPC5 prepared using
SHM were consistently smaller in size with lower dispersity (∼0.1)
than those prepared using “oﬀ-the-shelf” microﬂuidic devices: T-junction and X-junction (Bottaro and Nastruzzi, 2016; Jeﬀs et al., 2005;
Kulkarni et al., 2017). Furthermore, SHM liposomes were more responsive to the change in FRR and less susceptible to the change in TFR
compared to the junction devices, and smaller and more uniform liposomes were produced (Figure S7). On the other hand, upon increasing the FRR in the junction devices, the liposomes size decreased
at a lesser extent and the dispersity increased greatly (Figure S7). This
highlight the high relevance of SHM devices to prepare liposomes for
drug delivery purposes.

4.3. Lipid concentration eﬀect
Regulating the concentration of liposomes can improve the operation of the downstream assay, avoiding extra procedures such as centrifugation to concentrate the liposomal samples. The introduction of
the aqueous medium as a non-solvent is essential to the formation of
liposomes by nanoprecipitation, inevitably leads to dilution of the initial lipid solution. In SHM, chaotic advection provided by herringbone
grooves allows preparation of homogenous liposomes at high ﬂow rates
(in mL/min) and unprecedently low FRR (typically 1 to 5, with ﬁnal
lipid concentration in mM range) (Stroock, 2002), in comparison to
MHF devices with typical value of TFR in µL/min range and FRR > 10
(Hood et al., 2014; Jahn et al., 2007; Zizzari et al., 2017; Zook and

4.2. Aqueous buﬀer eﬀect
The choice of aqueous medium was reported to aﬀect both the size
and dispersity of the liposomes, where low ionic strength medium led to
smaller and more dispersed liposomes (Joshi et al., 2016; Obeid et al.,
2017). This agrees with our results which liposomes prepared in DW
were signiﬁcantly smaller and more dispersity than those containing
ions (NS, PBS, HBS and (NH4)2SO4). It was reported that at low ionic
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enhance permeability, promote interdigitation of membranes and
causes rupture and coalesce of small liposomes (< 200 nm). This eﬀect
is more eﬀective on liposomes with longer and saturated carbon chain
length (Adachi et al., 1995; Boni et al., 1993; Komatsu and Okada,
1995; Patra et al., 2006; Simon and McIntosh, 1984; Vanegas et al.,
2012).
PEG-lipid with their bulky polymer chain provides higher steric
hindrance, which favours high surface curvature, or micellar structure,
and it is known to stabilise or induce the formation of bilayer discs (by
stabilising the exposed hydrophobic edge) and micelles at high PEG
concentration (Johnsson and Edwards, 2003; Rovira-Bru et al., 2002;
Zetterberg et al., 2016). For instance, Edwards et al. observed increasing numbers of circular bilayer discs with increasing DSPEPEG2000 proportion for DSPC/Chol/DSPE-PEG2000, prepared by the
lipid ﬁlm hydration method (Edwards et al., 1997). Although the DSPEPEG2000 content in DSPC5 was lower than the estimated critical value of
DSPE-PEG2000 content where open bilayer discs started to form, this
could be due to the diﬀerence between lipid ﬁlm hydration and the
microﬂuidic nanoprecipitation method. Nonetheless, the improvement
in dispersity by reducing DSPE-PEG2000 content, from DSPC5 to
DSPC2.5, was indisputable (Fig. 5). Therefore, it was speculated that
the combined eﬀect of ethanol and DSPE-PEG2000 destabilises the BPF,
leading to their closure into irregular liposomes; however, further studies are still warranted.
In the present work, we systematically investigated all factors that
could aﬀect the production of sterically stabilised liposomes. Here we
proposed a general ﬂowchart, as a qualitative recommendation, for
designing and optimising sterically stabilised liposomal formulations
using SHM microﬂuidics (Scheme 2). The ﬂowchart is arranged based
on the inﬂuence of each parameter on the prepared liposomes and
summarised the eﬀects of changing the processing and formulation
parameters on the size and the dispersity of the prepared. We have
shown that as we optimise a formulation with microﬂuidics, one would
be expected to design each parameter following the downward direction, and optimise each parameter starting from the processing parameters. In case optimising of the processing parameters could not

Vreeland, 2010). Here we have demonstrated by increasing initial lipid
concentration, with respect to the optimised FRR for each formulation
(up to 30 mM), we could obtain a ﬁnal lipid concentration of 7.5 mM,
comparable to the liposome concentration obtained with thin ﬁlm hydration method (Pereira et al., 2016). Interestingly, increasing initial
lipid concentrations resulted in a slight increase in the liposomes size,
without aﬀecting the dispersity (Fig. 3, Table 3). Maeki et al. reported
increasing liposomes size without aﬀecting dispersity, independent of
FRR, from initial lipid concentration of 5 mg/mL to 20 mg/mL (6.6 mM
to 26.3 mM), which was in agreement with our results (Fig. 3) (Maeki
et al., 2017). However, there have been contradictory reports in the
literature on the eﬀect of initial lipid concentration. Preparing nonPEGylated formulation using SHM, it was reported that decreasing initial lipid concentration below 3 mg/mL (< 5 mM) led to increasing
liposome size and dispersity (Joshi et al., 2016). This eﬀect was again
reported by Forbes et al., across initial lipid concentration of 0.3 mg/mL
to 10 mg/mL (∼0.5 mM to 17 mM) (Forbes et al., 2019). It is possible
that at the lower range of initial lipid concentration, the formation of
liposomes become less frequent and controlled, increasing the likelihood for formation of heterogeneous liposomes. In our experiment,
with an initial lipid concentration of 5 mM and FRR of 3, count rates of
liposome samples measured by DLS approached the lower recommended limit of detection, suggesting further reduction in initial
lipid concentration might lead to inadequate signals for accurate interpretation of DLS measurements.
4.4. Component/Rigidity eﬀect
Besides optimising the production of PEGylated liposomes, our
study showed how the rigidity of the lipid bilayer aﬀects the size and
dispersity of the liposomes. It was obvious that the ﬂuid formulation
(DOPC5) was signiﬁcantly smaller in size compared to the rigid formulations (DPPC5 and DSPC5), with the same ﬂow conditions (Fig. 6),
which agrees with Joshi et al. ﬁndings using non-PEGylated formulations and SHM (Joshi et al., 2016). Interestingly, despite the two carbons diﬀerence between DPPC and DSPC, uniform DPPC5 liposomes
were produced, while small liposomes with a micron-sized peak was
present in DSPC5 and HSPC5 (Figure S8). This contradicts Zhigaltsev
et al. where purely rigid liposomes were not successfully produced, and
unstable and large liposomes were obtained (Zhigaltsev et al., 2015).
Lipid bilayers with lower rigidity (or bending elasticity modulus),
prepared using MHF, have been shown to bend and close into liposomes
at a higher rate, yielding smaller liposomes (Zook and Vreeland, 2010).
More important, Takechi-Haraya et al. demonstrated using atomic force
microscopy (AFM) that the rigidity of cholesterol-containing liposomes
with saturated lipids were still higher than those with unsaturated lipids, despite all of them being in liquid-ordered phase (Takechi-Haraya
et al., 2016). These results clearly justify the signiﬁcant diﬀerence in
size between the ﬂuid (DOPC5) and rigid formulations (DPPC5,
DSPC5).
4.5. PEG-lipid content eﬀect
The heterogeneity and the micron-sized peak in DSPC5 formulation
could not be eliminated by optimising the processing parameters alone
(Fig. 4); however, this was resolved through optimisation of formulation parameters, namely by lowering the DSPE-PEG2000 content down
to 2.5 mol % (Fig. 5). Here we observed that increasing the DSPEPEG2000 content decreased the liposome size and increased its dispersity. Similar eﬀect of PEG-lipid decreasing the size of lipid nanoparticle and polymeric nanoparticle systems using SHM, have been
reported previously (Chen et al., 2014; Morikawa et al., 2018; Yanez
Arteta et al., 2018). The properties and origin of the micron-sized peak
were not well understood, but based on our results, we observed its
dependence on the ethanol content (FRR) (Figures 4 & S2) and concentration of DSPE-PEG2000 (Figures 5 & S3). Ethanol is known to

Scheme 2. Flowchart for designing and optimisation a liposomal formulation
using SHM. The ﬂowchart is arranged, from top to bottom, based on the inﬂuence of each parameter on the property of the liposomal formulation. The
qualitative eﬀect of increasing respective parameter on the size and dispersity
of liposomes prepared by microﬂuidics is indicated.
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resolve an encountered issue, one would have to modify the formulation following the upward direction; and in the worst-case scenario, to
change the lipid component.
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5. Conclusion
Our study has shown that by manipulating both processing and
formulation parameters, all three PEGylated formulations were successfully prepared with the desired size (∼100 nm), dispersity (< 0.2)
and ﬁnal lipid concentration (7.5 mM), comparable to those prepared
by the conventional thin ﬁlm hydration with extrusion method (Pereira
et al., 2016). The vesicular structures of the optimised liposomes were
conﬁrmed by TEM. Remote loading of DOX into the liposomes by pHgradient further veriﬁed their membrane integrity and ability as a drug
delivery system. Regardless of the suboptimal characteristics of DSPC5
in terms of dispersity, it was also able to maintain a pH-gradient and
have satisfactory DOX encapsulation eﬃciency. Furthermore, while the
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Abstract
The presented protocol enables a high-throughput continuous preparation of low temperature-sensitive liposomes (LTSLs), which are
capable of loading chemotherapeutic drugs, such as doxorubicin (DOX). To achieve this, an ethanolic lipid mixture and ammonium sulfate
solution are injected into a staggered herringbone micromixer (SHM) microfluidic device. The solutions are rapidly mixed by the SHM,
providing a homogeneous solvent environment for liposomes self-assembly. Collected liposomes are first annealed, then dialyzed to remove
residual ethanol. An ammonium sulfate pH-gradient is established through buffer exchange of the external solution by using size exclusion
chromatography. DOX is then remotely loaded into the liposomes with high encapsulation efficiency (> 80%). The liposomes obtained are
homogenous in size with Z-average diameter of 100 nm. They are capable of temperature-triggered burst release of encapsulated DOX in the
presence of mild hyperthermia (42 °C). Indocyanine green (ICG) can also be co-loaded into the liposomes for near-infrared laser-triggered DOX
release. The microfluidic approach ensures high-throughput, reproducible and scalable preparation of LTSLs.

Video Link
The video component of this article can be found at https://www.jove.com/video/60907/

Introduction
LTSL formulation is a clinically relevant liposomal product that has been developed to deliver the chemotherapeutic drug doxorubicin (DOX) and
1
allows efficient burst drug release at clinically attainable mild hyperthermia (T ≈ 41 °C) . The LTSL formulation consists of 1,2-dipalmitoyl-snglycero-3-phosphocholine (DPPC), the lysolipid 1-stearoyl-2-hydroxy-sn-glycero-3-phosphatidylcholine (MSPC; M stands for "mono") and
PEGylated lipid 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] (DSPE-PEG2000). Upon reaching the
phase transition temperature (Tm ≈ 41 °C), the lysolipid and DSPE-PEG2000 together facilitate the formation of membrane pores, resulting in
2
a burst release of the drug . The preparation of LTSLs primarily uses a bulk top-down approach, namely lipid film hydration and extrusion. It
3
remains challenging to reproducibly prepare large batches with identical properties and in sufficient quantities for clinical applications .
3

Microfluidics is an emerging technique for preparing liposomes, offering tunable nanoparticle size, reproducibility, and scalability . Once the
manufacturing parameters are optimized, the throughput could be scaled-up by parallelization, with properties identical to those prepared at
3,4,5
bench scale
. A major advantage of microfluidics over conventional bulk techniques is the ability to handle small liquid volumes with high
6
controllability in space and time through miniaturization, allowing faster optimization, while operating in a continuous and automated manner .
Production of liposomes with microfluidic devices is achieved by a bottom-up nanoprecipitation approach, which is more time and energy
7
efficient because homogenization processes such as extrusion and sonication are unnecessary . Typically, an organic solution (e.g. ethanol)
of lipids (and hydrophobic payload) is mixed with a miscible non-solvent (e.g. water and hydrophilic payload). As the organic solvent mixes
with the non-solvent, the solubility for the lipids is reduced. The lipid concentration eventually reaches a critical concentration at which the
7
precipitation process is triggered . Nanoprecipitates of lipids eventually grow in size and close into a liposome. The main factors governing the
size and homogeneity of the liposomes are the ratio between the non-solvent and solvent (i.e. aqueous-to-organic flow rate ratio; FRR) and the
8
homogeneity of the solvent environment during the self-assembly of lipids into liposomes .
Efficient fluid mixing in microfluidics is therefore essential to the preparation of homogeneous liposomes, and various designs of mixers have
9
been employed in different applications . Staggered herringbone micromixer (SHM) represents one of the new generations of passive mixers,
which enables high throughput (in range of mL/min) with a low dilution factor. This is superior to traditional microfluidic hydrodynamic mixing
8,10
9,11
devices . The SHM has patterned herringbone grooves, which rapidly mix fluids by chaotic advection . The short mixing timescale of SHM
(< 5 ms, less than the typical aggregation time scale of 10–100 ms) allows lipid self-assembly to occur in a homogenous solvent environment,
3,12
producing nanoparticles with uniform size distribution .
The preparation of LTSLs with microfluidics is, however, not as straightforward compared to conventional liposomal formulations due to the
8
13,14,15
lack of cholesterol , without which lipid bilayers are susceptible to ethanol-induced interdigitation
. Until now, the effect of residual ethanol
Copyright © 2020 Journal of Visualized Experiments

March 2020 | 157 | e60907 | Page 1 of 11

Journal of Visualized Experiments

www.jove.com

presents during the microfluidic production of liposomes has not been well understood. The majority of the reported formulations are inherently
16
resistant to interdigitation (containing cholesterol or unsaturated lipids) , which unlike LTSLs are both saturated and cholesterol-free.
The protocol presented herein uses SHM to prepare LTSLs for temperature triggered-release drug delivery. In the presented method, we
ensured the microfluidic-prepared LTSLs are nano-sized (100 nm) and uniform (dispersity < 0.2) by dynamic light scattering (DLS). Furthermore,
17
we encapsulated DOX using the transmembrane ammonium sulfate gradient method (also known as remote loading) as a validation of the
integrity of the LTSL lipid bilayer. Remote loading of DOX requires the liposome to maintain a pH-gradient in order to achieve high encapsulation
efficiency (EE), which is unlikely to happen without an intact lipid bilayer. In this presented method, distinctive from typical microfluidic liposome
preparation protocols, an annealing step is required before the ethanol is removed to enable the remote loading capability; i.e. to restore the
integrity of the lipid bilayer.
As mentioned previously, hydrophilic and hydrophobic payloads can also be introduced to the initial solutions for the simultaneous encapsulation
of payloads during the formation of LTSLs. As a proof-of-concept, indocyanine green (ICG), an FDA-approved near-infrared fluorescent dye,
which is also a promising photothermal agent, is introduced to the initial lipid mixture and successfully co-loaded into the LTSLs. An 808 nm laser
is used to irradiate the DOX/ICG-loaded LTSLs and successfully induce photothermal heating-triggered burst release of DOX within 5 min.
All the instruments and materials are commercially available, ready-to-use, and without the need for customization. Since all the parameters
for formulating LTSLs have been optimized, following this protocol, researchers with no prior knowledge of microfluidics could also prepare the
LTSLs, which serves as the basis of a thermosensitive drug delivery system.

Protocol

1. Equipment setup
1. Assemble the syringe pumps and SHM as follows.
1. Connect the "To Computer" port of the secondary syringe pump (Pump 02, for aqueous solution) to the "To Network" port of the master
syringe pump (Pump 01, for ethanol lipid solution) using Pump to Pump network cable (Figure 1, yellow).
2. Connect the "To Computer" port of the master pump to the "RS232 Serial" port of the computer using PC to Pump network cable
(Figure 1, blue).
3. Connect tubing to each of the inlets and outlets of the SHM using a nut and ferrule. Convert the terminal of the tubing for both inlets to
female Luer using another nut and ferrule and a union assembly. Longer tubing of the inlets allows easier attachment to the syringes
(Figure 2).
2. Set up the pump control software.
1. Assign the address of the master syringe pump and secondary syringe pump to "Ad:01" and "Ad:02", respectively, using the "Setup"
button of the syringe pump. This only needs to be done for the first time.
2. Open the pump control software on the computer. The two syringe pumps should be detected automatically, followed by a beeping
sound. Otherwise, click Pumps and Search for pumps to update the connection. (Figure 3).
3. Assign Diameter to 12.45 (mm) by choosing "HSW Norm-Ject 5 cc (Dia=12.45)".
4. Assign Rate to 0.25 mL/min for Pump 01 (ethanol lipid solution) and 0.75 mL/min for Pump 02 (aqueous solution). The flow rates
correspond to a total flow rate (TFR) of 1 mL/min and aqueous-to-ethanol flow rate ratio (FRR) of 3.
5. Assign Volume to any values above 5 mL.
NOTE: The targeted infusion volume is set greater than the loaded liquid volume considering the void volume of the tubing.
6. Select INF (infusion) mode for both pumps.
7. Press Set to confirm the settings.

2. Prepare the LTSLs
1. Prepare a LTSL10 or LTSL10-ICG lipid mixture (see Table 1).
2. Withdraw 1 mL of lipid mixture and at least 3 mL of (NH4)2SO4 solution using two 5 mL Luer lock syringes.
3. Install the two syringes onto the syringe pumps in the upright position by sliding the barrel flange of the syringe to the syringe retainer of the
pump, and the plunger flange of the syringe to the pusher block of the pump (Figure 4).
4. Wrap the end of the heating tape to the syringe with the aqueous solution. Wrap the other end of the heating tape and temperature probe
of the thermostat around the syringe with the lipid solution. It is helpful to practice this step with empty syringes in place in order to ease the
assembly process (Figure 5A).
5. Connect the two syringes to the female Luer adaptors of the corresponding inlets of the SHM. Make sure the syringes containing the lipid
mixture and (NH4)2SO4 solutions are connected ethanol inlet and aqueous inlet, respectively. Adjust the plunger position to remove air
bubbles from the syringes (Figure 5B).
NOTE: Ensure the syringes are still securely positioned onto the syringe retainer of the pumps.
6. Heat up the syringes to above 51 °C using the heating tape using a 10 s heating session. Allow the thermostat to update the temperature of
the syringes. Repeat this step in the following steps to maintain the temperature during the infusion.
CAUTION: Turn off the heating tape after 10 s to prevent temperature overshoot and allow the thermostat to update the actual temperature.
The heating tape should also be handled with care as its temperature rises very quickly. Heating continuously may damage the equipment
and syringes, due to the time delay of the thermostat for updating the measured temperature.
7. Once the temperature is above 51 °C, run the syringe pumps by pressing Run All in the pump control software (Figure 3).
8. Ensure the fluid flow is free of air bubbles and any leakage. Dispose the initial volume (around 0.5 mL) of liquid from the outlet as waste.
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NOTE: This initial waste volume is not definite and depends on the internal volume of the setup, which is the volume for fluid to travel from
the syringes through the tubing and SHM to the outlet.
Collect the rest of the liquid as liposome samples into a microcentrifuge tube or bijou vial.
Pause/stop the infusion when the liquid in either of the syringes are almost empty.
NOTE: The pumps should be stopped manually, since the pumps may not accurately detect the position when the syringes are empty.
Place the collected liposome solutions in a 60 °C water bath to anneal for 1.5 h.
NOTE: This step is essential in enabling drug loading into the liposomes.
Transfer the solutions to dialysis tubes. Dialyze the solutions against 1 L of 240 mM (NH4)2SO4 at 37 °C for at least 4 h to obtain purified
liposomes.
NOTE: The protocol can be paused here. Liposomes at this step are at 5 mM of phospholipid. Purified liposomes can be stored at 4 °C.
To clean the SHM for repeated use, flush the SHM sequentially with deionized water, ethanol and dry with nitrogen gas.

3. Remote loading of DOX into LTSLs by transmembrane pH gradient
1. Exchange external buffer of LTSLs to HEPES-buffered saline (HBS) by using size exclusion chromatography (SEC) to establish a
transmembrane pH gradient.
1. Add a total of 25 mL of HBS to the top of a SEC column to prepare the column. Allow all eluent to elute through the column and
dispose the eluate.
2. Add 1 mL of dialyzed liposomes, prepared from step 2.12, to the column and dispose the elute.
3. Add 1.5 mL of HBS to the column and dispose the elute.
4. Add 3 mL of HBS to the column and collect the 3 mL of elute.
NOTE: The protocol can be paused here. Liposomes are collected at this step and are at 1.67 mM of phospholipid. Buffer exchanged
liposomes can be stored at 4 °C.
2. Incubate LTSLs with doxorubicin (DOX) and purify LTSLs.
1. Add DOX solution in 1:20 DOX-to-phospholipid molar ratio into 1 mL of buffer-exchanged liposomes solution (1.67 mmol) contained in
a bijou vial. This can be achieved by adding 48.4 µL of 1 mg/mL DOX solution (83.4 µmol).
2. Place the bijou vial in a 37 °C water bath for 1.5 h to allow DOX loading into the liposomes.
3. Mix 10 µL of the liposomes with 170 µL of HBS and 20 µL of 1% (v/v) Triton X-100 solution in a black 96-well plate. Repeat for three
wells. These wells correspond to the "before purification" DOX content.
4. In case of preparing LTSL10-ICG, mix 40 µL of the liposomes with 160 µL of DMSO in a clear 96-well plate. Repeat for three wells.
These wells correspond to the "before purification" ICG content.
5. Purify the liposome solution as described in step 3.1.
NOTE: To reuse the column for future purification, clean the column from free DOX by first adding 1 mL of diluted 0.5 M NaOH solution
before performing step 3.1.1. Free DOX in red will turn violet-blue and elute through the column quickly.
6. Mix 30 µL of the purified liposomes solution with 150 µL of HBS and 20 µL of 1% (v/v) Triton X-100 solution in a black 96-well plate.
Repeat for three wells. These wells correspond to the "after purification" DOX content.
7. In case of LTSL10-ICG, mix 40 µL of the purified liposomes solution with 160 µL of DMSO in a clear 96-well plate. Repeat for three
wells. These wells correspond to the "after purification" ICG content.
8. Measure the DOX fluorescence intensity of the wells before (step 3.2.3) and after (step 3.2.5) purification, using a microplate reader
(λex = 485 nm, λem = 590 nm).
9. Calculate the encapsulation efficiency of DOX (DOX EE) by taking the ratio of the fluorescence intensities before and after purification.

10. Measure the ICG absorbance of the wells before and after purification, using a microplate reader (600 to 1000 nm).
11. Calculate the encapsulation efficiency of ICG (ICG EE) by taking the ratio of the absorbance at 792 nm before and after purification,
taking into account the dilution factor (3 times) during the purification.

4. Dynamic Light Scattering (DLS)
1. Add 50 µL of liposomes solution (step 2.12) to 450 µL of deionized water.
2. Place the cuvette inside the DLS instrument and perform the measurement according to the manufacturer's instructions.
3. Record the mean Z-average diameter and dispersity of three measurements for each sample.

5. Differential scanning calorimetry (DSC)
1. Concentrate 1 mL of the liposomes samples (step 2.12) with a centrifugal filter unit to 0.5 mL (final lipid concentration of 10 mM). Using a
fixed-angle rotor, spin at 7500 x g for approximately 15 min.
2. Transfer 20 µL of (NH4)2SO4 solution and liposomes samples to two respective DSC pans. Seal the pans with DSC hermetic lids using the
DSC sample press kit.
3. Measure the sample from 30 °C to 60 °C at a heating rate of 1 °C/min using a differential scanning calorimeter.
4. Analyze the data with appropriate software. Take the phase transition temperature (Tm) as the onset of the phase transition (melting peak),
which is measured by the x-intercept of the tangent of the point of maximum slope.
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6. Doxorubicin release
1. Preheat HBS at designated temperature (37 or 42 °C) using a water bath. Prepare an ice water bath for quenching the samples.
2. Add 100 µL of purified DOX-loaded liposomes (step 3.2.5) into 1.9 mL of HBS in a microcentrifuge tube. Place the tube into the water bath of
the designated temperature.
3. Withdraw immediately 200 µL of samples from the tube and quickly place it in the ice water bath to quench any subsequent drug release.
This sample corresponds to the initial (t = 0) time point.
4. Withdraw 200 µL of samples at subsequent time points (t = 5, 10, 15, 30, 60 min) and quickly place it in the ice water bath to quench any drug
release.
5. Mix 50 µL of sample of each time point with 150 µL of HBS in a black 96-well plate. Measure the DOX fluorescence intensity using a plate
reader.
6. Add 20 µL of 1% (v/v) Triton X-100 into random selected wells prepared in step 6.5. Measure the DOX fluorescence intensity of these wells
using a plate reader. These values correspond to the fully released (t = ∞; 100% release) time point.
7. Calculate and plot the percentage of DOX released by interpolating the fluorescence intensity of each time points (I(t)), compared to the initial
(I(0)), and fully released (I(∞)), value.

7. Laser Heating and Triggered Release
1. Set water bath temperature to 37 °C and allow the temperature to stabilize.
2. Add 200 µL of DOX loaded LTSL10-ICG ([ICG] = 10 µg/mL) to a clear 96-well plate, then place it in the water bath, keep the bottom
immersed in water.
3. Set the current of the laser system to 2.27 A. Place the collimator of the laser system at 5 cm vertically above the surface of the 96-well plate,
2
which corresponds to an energy flux of 0.5 W/cm [Figure 6].
CAUTION: The laser system should be operated in compliance with relevant laser safety measures.
4. Switch on the laser and monitor the temperature every minute using a fiber optic temperature probe.
5. At 5 and 10 min, withdraw 10 µL of laser-irradiated liposomes from the clear 96-well plate at and mix with 190 µL of HBS for three wells in a
black 96-well plate.
6. Mix 10 µL of the liposomes with 170 µL of HBS and 20 µL of 1% (v/v) Triton X-100 solution for three wells in a black 96-well plate. These
wells correspond to the "100% released" DOX content. Measure the DOX fluorescent intensity and calculate the DOX release as described in
step 6.7.

Representative Results
The preparation of LTSLs by microfluidics requires the lipid composition of DPPC/MSPC/DSPE-PEG2000 (80/10/10, molar ratio; LTSL10). Figure
7A (left) shows the appearance of as-prepared LTSL10 from step 2.9, as a clear and non-viscous liquid. LTSL10 formulation is developed
from the conventional formulation, LTSL4 (DPPC/MSPC/DSPE-PEG2000, 86/10/4, molar ratio) since LTSL4 forms a gel-like viscous sample, as
indicated by the large amount of air bubbles trapped in the sample (Figure 7A; right).
DLS measurement of LTSL10 (Figure 7B, red) showed that the Z-Average diameter and dispersity of LTSL10 were 95.28 ± 7.32 nm and 0.100
± 0.022, respectively, indicating the success of the experiment. Figure 7B (gray) also shows a suboptimal sample, which was prepared at 20 °C,
where larger and more dispersed liposomes were obtained.
Figure 7C shows that the DOX EE of LTSL10. DOX EE should usually be around 80%. LTSLs prepared by the conventional method of lipid film
18
hydration with extrusion (LF) are included for comparison, prepared as described elsewhere . DOX EE of LTSL4 (LF) and LTSL10 (LF) showed
decent DOX loading of around 70% and 50%, respectively. Annealing of as-prepared LTSL10 (step 2.11) is essential to enable DOX loading. In
the absence of the annealing step, low DOX EE (< 20%) was persistent, regardless of incubation temperature (20 °C to 42 °C) and duration (1 to
24 h). This indicated the failure of LTSL10 to maintain a transmembrane pH gradient, where DOX was instead loaded passively or by adsorption.
By annealing the as-prepared LTSL10, DOX EE increased significantly to a mean of 85%, indicating the success of the remote loading of DOX
and the presence of the transmembrane pH gradient.
Figure 7D shows the DOX release profile of LTSL10. At 37 °C, the release of encapsulated DOX over 60 min was about 10%. In contrast, at
42 °C, all of the encapsulated DOX was released within 5 minutes, demonstrating the temperature-sensitivity of LTSL10. Similar results were
observed with LTSL10 (LF) as a control.
Figure 8 shows the phase transition temperature (Tm) of LTSL10 characterized using differential scanning calorimetry (DSC). Dotted lines as
tangent of the point of maximum slope, are added as a visual aid of the onset phase transition temperature (x-intercept of the tangent line).
LTSL10 has a relatively broad phase transition with onset at 41.6 °C and peak at 42.6 °C. Similar results were observed with LTSL10 (LF),
suggesting a minor difference between the preparation techniques. As a comparison, LTSL4 (LF) has a lower and sharper phase transition, in
1
agreement with the literature .
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Figure 9 shows the characterization of LTSL10-ICG. Effect of initial ICG concentration on size (Figure 9A) and loading efficiencies of DOX and
ICG (Figure 9B) are categorized into three concentration ranges. At low ICG concentration (ICG-to-lipid molar ratio of 0.003; initial concentration
of 60 µM ICG and 20 mM lipid), Z-average, dispersity and DOX EE were similar to LTSL10 without ICG loading; ICG EE was around 75%. The
efficient co-loading of DOX and ICG into LTSL10 can be achieved at this ICG concentration. At intermediate ICG concentrations, while the
size and dispersity of the samples were satisfactory, both DOX and ICG EE were reduced. In particular, the decrease in DOX EE indicated the
disruption of the liposomal membrane and thus, the pH-gradient. At high ICG concentrations, samples were again gelled; DOX and ICG EE were
both significantly decreased.
LTSL10-ICG was irradiated with near-infrared laser (section 7) to induce photothermal heating and triggered the release of DOX (Figure 10).
Upon laser irradiation, the sample first heated up to 49.7 °C with a gradual reduction of temperature. Subsequent laser irradiation increased the
temperature to 36.7 °C. Quantification of the released DOX indicated that a complete burst release of encapsulated DOX was achieved after
the first heating cycle. This was as expected since the temperature reached above 42 °C, in agreement with the DOX release profile shown in
Figure 7D. In contrast, LTSL10 without ICG cannot provide photothermal heating, and thus did not release DOX upon laser irradiation.

Figure 1: Photograph of the syringe pumps setup. The "To Network" port of the master pump (Pump 01) is attached to the "To Computer" of
the secondary pump (Pump 02; yellow); the "To Computer" port of the master pump is attached to the RS-232 port of the computer (blue). Please
click here to view a larger version of this figure.

Figure 2: Photograph of the SHM setup. (A) Assembled view of the SHM setup. (B) Exploded view of the SHM setup. Inlets and outlets of the
SHM are connected to tubing using a nut and ferrule. The tubing of both inlets is extended by a longer tubing with nut and ferrule on each end,
terminated by a female Luer adapter using a union assembly. Please click here to view a larger version of this figure.
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Figure 3: Interface of the pump control software. The two syringe pumps should be detected automatically upon initiating the software;
otherwise, click Pumps on the top left corner and Search for pumps. Parameters to be configured are highlighted in red boxes. Please click
here to view a larger version of this figure.

Figure 4: Photograph of the syringe pumps and installation of a syringe. (A) Syringe retainer bracket and syringe retainer thumbscrew (2,
one on each side) of the syringe pump (yellow box). Pusher block, adjustment thumbscrew, and drive-nut button (white button on the left) of the
syringe pump (green box). (B) Position of an installed syringe on the syringe pump. Please click here to view a larger version of this figure.
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Figure 5: Photograph of the assembly of syringes, heating element and SHM. (A) Assembly of syringes, heating tape, and thermostat. (B)
Assembly of syringes, heating tape, thermostat, and SHM. Please click here to view a larger version of this figure.

Figure 6: Photograph of the laser setup. (A) Photograph of the fiber coupled laser system during operation. (B) Position of the collimator 5 cm
above the 96-well plate. Please click here to view a larger version of this figure.

Figure 7: Characterization of LTSL10. (A) Photograph of (left) LTSL10 and (right) LTSL4, before dialysis. LTSL10 appeared as clear and nonviscous liquid, while LTSL4 was gel-like and viscous. (B) Z-average diameter and dispersity of 10 mM of LTSL10 prepared at 20 and 51 °C. Solid
bars and open circles (○) indicate Z-average diameter and dispersity, respectively. (C) DOX EE of LTSL4 (LF; white), LTSL10 (LF; white), and
LTSL10 before (gray) and after annealing (red). (D) DOX release of LTSL10 (circle) and LTSL10 (LF; cross) at 37 °C (black) and 42 °C (red).
Data represent mean ± SD of at least three independent experiments. ***p < 0.001; two-tailed unpaired t-tests. Please click here to view a larger
version of this figure.
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Figure 8: Thermal properties of LTSL10. Thermographs of LTSL4 (LF), LTSL10 (LF), and LTSL10 characterized by DSC. Dotted lines are
added as a visual aid of the onset phase transition temperature. Data represent the mean of at least three independent experiments. Please click
here to view a larger version of this figure.

Figure 9: Characterization of LTSL10-ICG. (A) Z-average diameter (red) and dispersity (blue) of ICG-loaded LTSL10. (B) DOX EE (red) and
ICG EE (green) of ICG-loaded LTSL10. Data represent the mean ± SD of at least three independent experiments. Please click here to view a
larger version of this figure.

Figure 10: Laser-induced photothermal heating triggered the release of DOX -loaded LTSL10 and LTSL10-ICG. (A) The temperature of
irradiated samples and (B) DOX release of DOX-loaded LTSL10 (blue) and LTSL10-ICG (red) during the laser-induced photothermal heating.
Data represent the mean ± SD of at least three independent experiments. Please click here to view a larger version of this figure.
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Table 1: Lipid mixtures, buffers, and stock solutions.
20 mM LTSL10 lipid mixture
(DPPC/MSPC/DSPE-PEG2000; 80/10/10, molar ratio)

For 1 mL of 20 mM LTSL10 lipid mixture:
Dissolve 11.75 mg of DPPC with 210 µL of MSPC ethanol stock (5 mg/
mL), 558 µL DSPE-PEG2000 ethanol stock (10 mg/mL), and 232 µL of
ethanol.
Alternatively, equivalent amount of MSPC (1.05 mg) and DSPEPEG2000 (5.58 mg) can be added as powder.

20 mM LTSL10-ICG lipid mixture
(DPPC/MSPC/DSPE-PEG2000; 80/10/10, molar ratio;
ICG-to-lipid molar ratio = 0.003)

For 1 mL of 20 mM ICG-loaded LTSL10 lipid mixture:
Dissolve 11.75 mg of DPPC with 210 µL of MSPC ethanol stock (5 mg/
mL), 558 µL DSPE-PEG2000 ethanol stock (10 mg/mL), and 46.5 µL of
ICG ethanol stock (1 mg/mL) and 185.5 µL of ethanol.
Alternatively, equivalent amount of MSPC (1.05 mg) and DSPEPEG2000 (5.58 mg) can be added as powder.
Contains 60 µM of ICG and 20 mM of lipid.

240 mM Ammonium sulfate solution (NH4)2SO4, pH 5.4

Dissolve 31.71 g of (NH4)2SO4 per L of deionized water.
The pH of the solution is natively 5.4, additional pH adjustment is not
required.

Doxorubicin solution (DOX), 1 mg/mL

Dissolve 1 mg of DOX per mL of deionized water.

DSPE-PEG2000 ethanol stock, 10 mg/mL

Dissolve 10 mg of DSPE-PEG2000 per mL of ethanol.

HEPES-buffered saline (HBS), pH 7.4

Dissolve 8.0 g of NaCl and 4.766 g of HEPES per L of deionized water.
Adjust pH to 7.4 with 2.5 M NaOH solution.

ICG ethanol stock, 1 mg/mL

Dissolve 1 mg of ICG per mL of ethanol.

MSPC ethanol stock, 5 mg/mL

Dissolve 5 mg of DPPC per mL of ethanol.

Discussion
The presented protocol describes the preparation of low temperature-sensitive liposomes (LTSLs) using a staggered herringbone micromixer
(SHM). The LTSL10 formulation enables temperature-triggered burst release of doxorubicin within 5 minutes at a clinically attainable
hyperthermic temperature of 42 °C. Indocyanine green (ICG) can also be co-loaded for photothermal heating triggered the release of DOX.
The method relies on: (i) self-assembly of phospholipids into liposomes under a homogenized solvent environment provided by the rapid,
11
chaotic mixing of ethanol and ammonium sulfate solution in the SHM ; (ii) annealing of the liposomes to preserve the integrity of the lipid bilayer
17
essential for DOX loading; and (iii) remote loading of DOX into LTSLs by an ammonium sulfate pH-gradient . Since the equipment utilized in this
protocol is commercially available off-the-shelf and the parameters are optimized, this approach is manageable for users without prior knowledge
or microfluidics experience.
One of the most critical steps within the protocol is to ensure the whole assembly is properly secured and fluid can be properly infused (step 2.5).
Since the reproducibility of the self-assembly of liposomes relies on a homogenized solvent environment, any instability, such as dislodgement of
syringes or introduction of air bubbles, will disturb the stability of the fluid flow and result in suboptimal liposome size and dispersity. This is also
the rationale behind step 2.8, where the volume, consisting of the fluid initially occupying the channel and before a stable flow is reached, should
be disposed of.
A second critical step for a successful experiment is the annealing step, to enable high DOX EE (step 2.11). In cholesterol-free liposomes,
micelle-forming membrane components (i.e. MSPC and DSPE-PEG2000) will accumulate at grain boundaries with a high degree of defects to
2
accommodate a high membrane curvature . These arrangements thermodynamically favor the formation and stabilize membrane pores, opened
liposomes, or bilayer discs. The low DOX EE of LTSL10 without annealing suggested that porous structures existed even below Tm, resulting in
the absence of the pH gradient required for DOX loading (Figure 7C). The premature formation of pores below Tm was not observed for LTSLs
prepared by lipid film (LTSL4 (LF) and LTSL10 (LF)), where annealing is not required. Furthermore, cholesterol-containing formulations prepared
8
by microfluidics also do not require annealing . It is, therefore, speculated that the premature formation of pores is a combined effect of the
presence of ethanol during the preparation and the lack of cholesterol in the lipid bilayer. Structural defects within the bilayer membrane have
been reported to be eliminated by annealing the liposomes above Tm, allowing lipid molecules to redistribute homogeneously and defects to be
19
corrected . In addition, the annealing process is an irreversible process where annealed liposomes returning to a temperature below Tm do not
19
recreate leaky vesicles , in agreement with the annealed LTSL10.
The nature of microfluidic preparation of liposome is a nanoprecipitation process, which requires two miscible solvents with distinctive solubility
for the lipids: typically, ethanol (as a lipid solvent) and aqueous solution (as a lipid non-solvent). Thus, the presence of ethanol is unavoidable.
13
20
Therefore, formulations that are sensitive or prone to alcohol-induced interdigitation , such as cholesterol-free liposomes , may require
modification of the formulation or re-optimization of the protocol. As demonstrated with the preparation of LTSL4, the highly viscous gel was
15
obtained, (Figure 7A), which was likely due to the formation of an interdigitated gel phase . On the other hand, LTSL10, with its higher polymer
21
concentration that prevents interdigitation , was prepared successfully. Consequently, an ethanol removal procedure also must be performed;
here, it was removed simply by dialysis. While on-chip continuous purification techniques such as tangential flow filtration (capable of both
22,23
ethanol removal and buffer exchange) have been developed
, their implementation (as one-chip or modular) are beyond the aim of this
protocol. Nonetheless, in the future, we expect these modular or standardized designs to be optimized and increased in availability, streamlining
the microfluidic production process.
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Another limitation of the protocol is the sample loss due to the travelling distance of the liquids, namely the initial waste volume (step 2.8) as
well as the last fraction of solutions that would be injected but wouldn't reach the outlet. These sample losses are almost unavoidable and may
contribute to a significant portion of the preparation volume at bench-scale production, especially when a small volume or precious samples are
to be prepared. When necessary, the lipid recovery could be quantified by high performance liquid chromatography-evaporative light scattering
24
detector method that enables rapid quantification of lipid concentrations . However, once the process is optimized and scaled up, such as by
using a larger syringe or fluid reservoir, the throughput could be further scaled up and sample losses would be less significant.
The main difference between this method and the existing preparation method is that liposomes are self-assembled in a controllable solvent
environment in a high-throughput, continuous manner. The lipid film method is a batch manufacturing process and requires size homogenization.
While very feasible at a bench-scale, it remains challenging to scale up for clinical production. Within existing microfluidic techniques, for
11
instance, microfluidic hydrodynamic focusing, SHM offers a shorter mixing timescale and a greater throughput (in the range of mL/min)
with lower dilution factor; notwithstanding the preparation of LTSLs has not been reported using other microfluidic devices so far. The major
advantage of our approach is the high-throughput, scalable production of thermosensitive liposomes.
Thus far, our microfluidic protocol offers continuous production of LTSL10 with drug loading capability. Payloads other than DOX and ICG are
also viable. However, ethanol removal by dialysis, drug remote loading, and purification by SEC column remain as batch processes and are
the bottlenecks of the overall formulation process. Future development could focus on utilizing microfluidic approaches (such as tangential flow
filtration) to enhance the throughput of these downstream processes and increase the scalability of the protocol.
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Abstract
Indocyanine green (ICG) is an FDA-approved near-infrared fluorescent dye that has been used in
optical imaging and photothermal therapy. Its rapid in vivo clearance and photo-degradation have
limited its application. ICG pharmacokinetics and biodistribution have been improved via liposomal
encapsulation, while its photothermal stability has been enhanced by ICG J-aggregate (IJA)
formation. In the present work, we report a simple approach to engineer a nano-sized, highly stable
IJA liposomal formulation. Our results showed that lipid film hydration and extrusion method led to
efficient IJA formation in rigid DSPC liposomes, as supported by molecular dynamics modeling. The
engineered DSPC-IJA formulation was nano-sized, and with spectroscopic and photothermal
properties comparable to free IJA. Promisingly, DSPC-IJA exhibited high fluorescence, which
enabled its in vivo tracking, showing prolonged blood circulation and significantly higher tumor
fluorescence signals, compared to free ICG and IJA. Furthermore, DSPC-IJA demonstrated high
photo-stability in vivo after multiple cycles of 808 nm laser irradiation. Finally, doxorubicin was
loaded into liposomal IJA to utilize the co-delivery capabilities of liposomes. In conclusion, with both
liposomes and ICG being clinically approved, our novel liposomal IJA could offer a clinically relevant
theranostic platform enabling multimodal imaging and combinatory chemo- and photothermal
cancer therapy.
Key words: J-aggregates, indocyanine green, liposomes, theranostics, photothermal therapy

Introduction
Indocyanine green (ICG) is a near-infrared (NIR)
fluorescent dye (marketed as IC-Green®), and has
been clinically applied for angiography examination,
sentinel lymph node mapping, and intraoperative
imaging [1]. ICG has been also used as a
photoacoustic agent [2], photothermal agent [3], and
photosensitizer [4]. ICG is rapidly bound to plasma
proteins in vivo and cleared from the circulatory
system [5], and exhibits inherent low photo-, thermaland aqueous-stability [6–8], limiting its development
as a therapeutic agent. To overcome these limitations,

ICG has been encapsulated in nanocarriers such as
inorganic nanoparticles [9], polymeric nanoparticles
[10] and liposomes [2,3,11]. Liposomes are
particularly attractive for their clinically wellestablished pharmacokinetics, pharmacodynamics,
and biocompatibility [12–14]. More importantly,
liposomal encapsulation has improved ICG stability,
fluorescence quantum yield, photothermal conversion
efficiency [3,11].
ICG photo-degradation, through the oxidative
cleavage of the polymethine chain, remained
http://www.ntno.org
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unavoidable unless chemical modifications are made
[15]. Unfortunately, ICG rapid photo-degradation
upon irradiation hampers its development as an
efficient photothermal agent [3,16]. J-aggregates
formation is an alternative approach to improve ICG
overall stability [17,18]. In 1936, E. E. Jelley (hence the
letter J in J-aggregate) discovered the existence of
nematic (almost parallel) aggregates of the dye
pseudoisocyanine chloride, exhibiting distinctive
spectroscopic properties [19]. J-aggregates are
characterized by absorption spectra with a very
narrow width (10 – 20 nm), dramatic redshift (~ 100
nm), and strongly increased molar attenuation
coefficient, in comparison with their monomers. Their
fluorescence emission spectra are also redshifted and
sharpened, with a dramatic reduction in radiative
lifetime, termed “superradiance” [17,18]. As a result,
J-aggregates
of
several
organic
dyes
are
spectroscopically active in the NIR region, allowing
bioimaging with minimal auto-fluorescence from
biological tissues, reduced light scattering, and higher
tissue penetration [18]. ICG J-aggregate (IJA), first
reported more than 50 years ago, demonstrated
exceptional photo-, thermal-, and aqueous-stability
compared to monomeric ICG [6,20]. Encouragingly,
Liu et al. recently reported IJA as a theranostic agent
enabling both fluorescence/optoacoustic imaging and
photothermal therapy in vivo [21].
Despite the long history of both liposomes [22]
and IJA [20], a liposomal formulation of IJA has not
been reported yet. Combining the advantages of
liposomes and IJA could result in a promising
theranostic
agent
effectively
uniting
NIR
fluorescence/optoacoustic imaging and photothermal
property of ICG with liposomes’ biocompatibility,
superior pharmacokinetics and biodistribution. In the
present work, we report the development of a
liposomal IJA formulation, which was prepared in
situ using lipid film hydration and extrusion. Factors
influencing IJA formation in liposomes, namely ICG
concentration, incubation temperature, membrane
rigidity, and hydration medium were investigated.
We also characterized the liposomal IJA size,
dispersity, stability, and morphology. Liposometemplated IJA formation using different lipid bilayers
was also studied using molecular dynamics modeling.
Finally, the fluorescence imaging and photothermal
heating capabilities of liposomal IJA were evaluated
in vivo.

Experimental Section
Materials
1,2-dioleoyl-sn-glycero-3-phosphatidylcholine
(DOPC), 1,2-dipalmitoyl-sn-glycero-3-phosphatidyl-
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choline (DPPC), 1,2-distearoyl-sn-glycero-3-phosphatidylcholine (DSPC), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)2000] (DSPE-PEG2000), were generous gifts from
Lipoid GmbH (Ludwigshafen, Germany). Dimethyl
sulfoxide (DMSO) was purchased from Alfa Aesar
(Lancashire, UK). Ammonium sulfate ((NH4)2SO4),
cholesterol (Chol), dextrose, 4-(2-hydroxyethyl)-1piperazineethanesulfonic acid (HEPES), indocyanine
green (ICG), phosphate buffered saline (PBS) tablets,
sodium chloride (NaCl), were purchased from
Sigma-Aldrich Ltd. (Dorset, UK). Doxorubicin hydrochloride (DOX) was purchased from Apollo Scientific
(Cheshire, UK). Deionized water (DW; Ultrapure
water, 18.2 MΩ) was used throughout the experiment.
All chemicals were used without further purification.

Preparation of ICG J-Aggregate (IJA)
ICG J-aggregate (IJA) was prepared by heat
treatment of ICG aqueous solution [21,23]. ICG
solution in DW (645 µM; 0.5 mg mL-1) was heated at 65
°C for 32 h. The solution was dialyzed against DW for
24 h using Pur-A-Lyzer™ Dialysis Kit (12 kDa
molecular weight cut-off; Sigma-Aldrich, Dorset, UK)
and then stored at –20 °C.

Preparation of liposomal ICG and IJA
Liposomes composed of DOPC/Chol/DSPEPEG2000 (95/50/5 molar ratio), DPPC/Chol/DSPEPEG2000 (95/50/5 molar ratio), and DSPC/Chol/
DSPE-PEG2000 (95/50/5 molar ratio) were prepared by
lipid film hydration followed by extrusion. Organic
solvents were removed by rotary evaporation (BUCHI
Labortechnik AG, Flawil, Switzerland) at 60 °C, then
dried lipid film was hydrated with a hydrating
medium at 60 °C for 30 min, to achieve a final lipid
and ICG concentration of 7.5 mM (5 mM phospholipid
and 2.5 mM cholesterol) and 180 µM, respectively. For
some initial experiments, ICG concentration ranged
between 30 - 180 µM. The different hydrating media
used in this work were HEPES-buffered saline (HBS;
20 mM HEPES, 137 mM NaCl, pH 7.4), DW, (NH4)2SO4
(240 mM, pH 5.4) and dextrose solution (DEX; 5%
w/v). Hydrated liposome suspension was extruded
through polycarbonate membranes (0.8 µm, 7 times;
0.2 µm, 11 times; 0.1 µm, 15 times) at 60 °C using the
Avanti® mini-extruder (Avanti Polar Lipids Inc., AL,
USA). Extruded liposomes were left to anneal at 65 °C
for 30 min, then purified by size-exclusion chromatography with PD-10 desalting columns prepacked
with Sephadex™ G-25 resins (GE Healthcare Life
Sciences, Buckinghamshire, UK) using HBS buffer.

Size characterization of liposomal ICG and IJA
Z-average diameter and dispersity were
determined using Zetasizer Nano ZS90 (Malvern
http://www.ntno.org
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Panalytical, Worcestershire, UK) equipped with a 4.0
mW He-Ne laser operating at 633 nm with
photodiode detector at a detection angle at 90°.
Liposomal samples were diluted 10-fold in DW and
transferred to low-volume polystyrene cuvettes.
Z-average and dispersity of each sample were
obtained as the mean of three measurements.

Determination of ICG and IJA optical
properties and encapsulation efficiencies (ICG
EE)
ICG and IJA optical properties and ICG
encapsulation efficiencies (ICG EE) of liposomes were
determined by measuring their absorbance using
FLUOstar Omega Microplate Reader (BMG Labtech,
Buckinghamshire, UK) with a resolution of 1 nm.
IJA-to-ICG absorbance ratio (IJA/ICG) was taken as
the ratio of absorbance at 892 nm to 792 nm (i.e.
A892/A792 ratio). A calibration curve of monomeric
ICG (0.3125 - 10 µM) was established in HBS/DMSO
(1/4, v/v) at an absorbance wavelength of 792 nm,
corresponding to monomeric ICG. Quantification of
loaded ICG was performed by solubilizing the
purified liposomes in HBS/DMSO (1/4, v/v) and
interpolated using the calibration curve. ICG EE was
determined by taking the ratio between the
concentration of encapsulated ICG and initial ICG
concentration.
𝐼𝐼𝐼𝐼𝐼𝐼 𝐸𝐸𝐸𝐸(%) =

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑜𝑜𝑜𝑜 𝐸𝐸𝑛𝑛𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝐼𝐼𝐼𝐼𝐼𝐼
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑜𝑜𝑜𝑜 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝐼𝐼𝐼𝐼𝐼𝐼

× 100% (1)

Cryogenic transmission electron microscopy
(Cryo-TEM)

5 µL of the sample was deposited on Quantifoil R
2/1 200 mesh holey carbon-coated copper grids. The
excess solution was removed by blotting for 3 s in 80%
relative humidity using an automatic plunge freezer
(EM GP2, Leica Microsystem), followed by immediate
vitrification using liquid ethane (-175 °C). Vitrified
samples were cryo-transferred to the microscope and
imaged using a JEOL JEM-3200 FSC TEM while
maintaining specimen temperature at -187 °C.

Molecular dynamics (simulation of the ICG
and lipid bilayer)
Fully atomistic molecular dynamic simulations
were performed on hydrated DOPC/Chol/DSPEPEG2000 (DOPC), DPPC/Chol/DSPE-PEG2000 (DPPC),
and DSPC/Chol/DSPE-PEG2000 (DSPC) bilayers,
constructed with the aid of the CHARMM-GUI [24]
and the Packmol program [25], with molar ratios close
to the experimental conditions (i.e., 100/50/5, molar
ratio). Each lipid bilayer comprised 240 phospholipids, 120 cholesterol, 12 DSPE-PEG2000, 15 ICG
molecules hydrated by a number of water molecules
close to 100000, which corresponded to an ICG

concentration of about 7 mM. In the initial
configurations, ICG molecules were placed in random
orientations and positions, on the ambilateral of the
lipid bilayer, with a maximum distance of
approximately 60 Å from the bilayer’s surface. A
control system comprised 15 ICG molecules, and
water (ICG-water) was also examined. The systems
were simulated at 60 °C.
All simulations were performed using the
NAMD 2.13 package [26] in the isothermal-isobaric
ensemble (p = 100 kPa), with energetic parameters
based on the general AMBER force field (GAFF)
[27,28]. Production runs of 50 ns were generated and
analyzed.

DOX loading into liposomal IJA using the
pH-gradient remote loading method
DOX was loaded into liposomes using a
pH-gradient remote loading method. Liposomes were
first prepared in (NH4)2SO4 as the aqueous medium as
described previously. Following purification by
size-exclusion chromatography, the liposomes were
incubated with DOX at drug-to-phospholipid
(excluding cholesterol) molar ratio of 1:20 at 60 °C for
1 h. After incubation, liposomes were purified by
removing unencapsulated DOX using size-exclusion
chromatography, as described above. To quantify the
encapsulation efficiency (%EE) of DOX, liposomes
before and after purification were diluted to the same
lipid concentration and then solubilized by Triton
X-100 to release encapsulated DOX. A final
concentration of 0.1 v/v % Triton X-100 was used,
corresponds to a phospholipid-to-detergent molar
ratio of 1:20, sufficient to ensure complete
solubilization of liposomes [29]. DOX fluorescence
intensity was measured using a microplate reader
with excitation and emission wavelength of 485 nm
and of 590 nm, respectively. The concentration of
DOX in the wells were within the linear region. DOX
%EE was then calculated by comparing the
fluorescence intensity of the samples before and after
purification:
𝐼𝐼(𝑡𝑡) 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

𝐷𝐷𝐷𝐷𝐷𝐷 %𝐸𝐸𝐸𝐸 = 𝐼𝐼(𝑡𝑡) 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 × 100%

(2)

Fluorescence imaging

Samples containing ICG (0.2 mL, 2.58 µM; 2 µg
mL-1) were dispersed in HBS or HBS/DMSO (1/4,
v/v). Samples were imaged by the Bruker InVivo
Xtreme Imaging System (Bruker Scientific LLC, MA,
USA) with an exposure time of 0.2 s, using excitation
and emission wavelengths of 760 nm and 830 nm,
respectively.

http://www.ntno.org
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Near-Infrared (NIR) laser-induced
photothermal heating
NIR laser-induced photothermal heating was
performed using FC-808 fiber-coupled laser system
(CNI Optoelectronics Tech, Changchun, China)
operating at a laser wavelength of 808 nm and power
of 0.5 W cm-2. Assessing the IJA photothermal
stability using 900 nm laser could not be studied, since
accessing 900 nm laser was not possible. Samples
containing ICG (0.5 mL, 12.9 µM; 10 µg mL-1) were
placed in a transparent polystyrene cuvette in a
customized holder to maintaining the temperature of
the samples at 36 ºC, using a peristaltic pump
(Verderflex, Castleford, UK) and water bath (Grant
Instruments Ltd., Royston, UK). Samples were
irradiated for 300 s then cooled down for 300 s; three
cycles were performed. The temperature was
monitored with a fiber optic temperature probe
(Model PRB-G40, Osensa, Canada).

In vivo fluorescence imaging
5-week-old female BALB/c mice were
purchased from Envigo (Bicester, UK) and animal
procedures were performed in compliance with the
UK Home Office Code of Practice for the Housing and
Care of Animals used in Scientific Procedures. Mice
were inoculated with 2.5 × 105 CT 26 (murine colon) or
4T1 (murine breast cancer) cells in 20 µL PBS by
subcutaneous injection in the right lower leg using 26
G hypodermic needles. C4-2B (human prostate
cancer) model was established in 8-10-week old male
NSG mice (bred-in-house) by subcutaneous
inoculation of the flank with 5 × 106 C4-2B cells in 25
µL scrum-free medium mixed with Corning®
Matrigel® Matrix High Concentration (1:1, v/v).
Mice with suitable tumor size were used for in
vivo fluorescent imaging. All tumor-bearing mice
were placed on Teklad Global 2019X food Envigo
(Bicester, UK) 5-day prior imaging, and shaved using
a hair removal cream. Mice were injected via tail vein
equivalent dose of 0.3 mg kg-1 (30 µg mL-1, 200 µL per
mouse; 6 µg ICG equivalence) of ICG, IJA or
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DSPC-IJA in HBS. Mice were anesthetized with
isoflurane, and body temperature were monitored
using a heating pad and a rectal thermocouple. Mice
were imaged 1, 24 and 48 h post-injection using the
Bruker InVivo Xtreme imaging system with an
exposure time of 0.2 s, using excitation and emission
wavelengths of 760 nm and 830 nm, respectively. At
the end of the study, mice were sacrificed, and the
organs and tumors were excised and imaged as
described above.

In vivo photothermal heating
48 h post-injection, as described above, mice
were anesthetized with isoflurane, and body
temperature was monitored using a heating pad and a
rectal thermocouple. CT26 tumors were irradiated
with 808 nm laser at a power of 0.5 W cm-2 for 5 min.
Tumors temperature was monitored with FLIR C3
thermal camera (FLIR Systems UK, Kent, UK).

Statistical analysis
Student’s unpaired two-tailed t-test and one-way
analysis of variance (ANOVA) followed by Fisher’s
least significant difference (LSD) test were used to
assess statistical significance between group means
[30,31]. All analyses were performed, with the
significance level α of 0.05, using GraphPad Prism 7.0
(GraphPad Software Inc., CA, US).

Results
IJA strongly absorbs at 892 nm with superior
optical stability in high salt-containing media
The surrounding environment highly influences
ICG optical properties and its aggregation states (Hand J-aggregates) [7,8]. In the present study, ICG
J-aggregate (IJA) was prepared by 24 h heat treatment
of 645 µM (0.5 mg mL-1) of ICG solution in deionized
water (DW) [23], and its formation was monitored
spectroscopically (Figure S1, Supporting Information). To assess the effect of the surrounding
environment on ICG and IJA optical properties, 5 µM
ICG or IJA were dispersed in various media (Figure

Figure 1. Absorption spectra of ICG and IJA dispersed in different aqueous media. 5 µM of (A) ICG and (B) IJA dispersed in DMSO (red), HBS (green),
(NH4)2SO4 (blue), DEX (violet) and DW (black). Inset of 100 µM ICG (left) and IJA (right) dispersed in HBS. Data represents mean of at least three independent
experiments.
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1). As expected, ICG was highly soluble in DMSO,
demonstrated by a dominant peak of monomeric ICG
(792 nm) and a shoulder peak at 715nm
(H-aggregate). ICG dispersed in DW exhibited a
monomeric peak at 780 nm and a weaker H-aggregate
peak at 715 nm. ICG in dextrose solution (DEX)
exhibited similar absorbance to that in DW, with a
slight reduction in overall absorbance. On the other
hand, ICG in HEPES buffered saline (HBS) showed
much weaker absorbance with two comparable
monomeric and H-aggregate peaks, which has been
inferred to the aggregation-promoting effect of NaCl
[7,8]. Moreover, ICG in (NH4)2SO4 did not show
well-defined peaks, rather a broad peak from 700 nm
to 850 nm, which might be attributed to the higher
ionic strength of (NH4)2SO4 compared to HBS.
Collectively, these results are in agreement with
previous work, reporting ICG aggregation in
salt-containing media [7].
The difference between ICG and IJA was
visually distinguishable, with IJA being dark green
(Figure 1B, inset) compared to the light green ICG
(Figure 1A, inset). IJA exhibited a strong redshift of
100 nm and absorbed strongly at 892 nm, and
completely dissociated in DMSO to monomeric ICG
(Figure 1B, red line), as reported by others [21]. In
contrast to ICG, IJA dispersed in different aqueous
media displayed similar characteristic absorbance
peaks at 892 nm, demonstrating stronger aqueous
stability and no observable salt-induced spectroscopic
changes. Some monomeric ICG was observed in DW,
which may be attributed to the dissociation of IJA in
DW at a low concentration [6].

is the optimum temperature for initial liposomal-IJA
formation (Figure S2b, Supporting Information).
Nonetheless, following the annealing of liposomes at
65 °C for 30 min, greater proportions of J-aggregates
were observed (Figure S2c, Supporting Information).
Following optimizing the hydration temperature
of liposomes to induce IJA formation, DPSC-IJA-HBS
was prepared with a range of initial ICG
concentrations of 30, 60, 120, and 180 µM (Figure S3,
Supporting Information). DSPC-IJA-HBS liposome
size, dispersity, ICG EE and IJA/ICG are listed in
Table 1. All prepared DSPC-IJA-HBS exhibited a
homogenous distribution of small size, ranges
between 140 - 170 nm. Larger liposomes were
obtained when loading with 180 µM ICG (together
with a relatively lower ICG EE), suggested that the
concentration loaded is approaching saturation.
However, the difference in size due to initial ICG
concentration was statistically insignificant (F4,10 =
2.968, p > 0.05). The characteristic IJA absorbance
peak, at 892 nm, was evident in all DSPC-IJA-HBS,
prepared at 60 °C with an initial of 30 to 180 µM of
ICG. With increasing initial ICG concentration,
despite the decreasing ICG EE, the IJA/ICG increased
from 1.379 to 3.292, suggesting that the majority of the
ICG loaded into liposomes existed as J-aggregate.

DSPC

HBS

Initial
[ICG]
(µM)
0

Liposomal IJA formation is
temperature-dependent but ICG is
concentration-independent

DSPC

HBS

30

DSPC

HBS

60

DSPC

HBS

120

DSPC

HBS

180

DOPC

HBS

180

DPPC

HBS

180

DSPC

DW

180

DSPC

(NH4)2SO4 180

DSPC

DEX

IJA formation is known to be dependent on
temperature, time, and ICG concentration [20,23]. In
order to explore the possibility of ICG J-aggregation in
liposomes, high phase transition temperature
DSPC/Chol/DSPE-PEG2000 (DSPC) lipid bilayer was
first used. DSPC-IJA liposomes in HBS (DSPCIJA-HBS) were prepared and extruded at 55, 60, and
65 °C to investigate the effect of preparation
temperature on IJA formation (Figure S2, Supporting
Information). It is worth noting that after lipid film
hydration and before membrane extrusion, IJA was
barely observed in all DSPC liposomal formulations
(Figure S2a, Supporting Information). Interestingly,
upon extrusion, IJA was efficiently formed with the
corresponding reduction in the H-aggregate and
monomeric ICG peaks. The highest IJA formation was
observed in the sample prepared at 60 °C, while its
extent was lower at 55 and 65 °C, indicating that 60 °C

Table 1. Characterization of liposomal formulations prepared in
this study.
Formulation Aqueous
Medium

180

Z-Avg.
(nm)

Dispersity IJA/ICG ICG EE
(%)

147.1 ±
3.8
148.0 ±
1.3
148.7 ±
2.3
145.4 ±
4.6
169.9 ±
12.2
150.6 ±
5.4
155.4 ±
9.2
144.2 ±
11.4
186.1 ±
12.5
177.6 ±
12.2

0.049 ±
0.032
0.042 ±
0.028
0.032 ±
0.016
0.054 ±
0.009
0.060 ±
0.028
0.076 ±
0.031
0.071 ±
0.034
0.050 ±
0.027
0.077 ±
0.041
0.106 ±
0.026

-

-

1.379 ±
0.101
2.268 ±
0.339
2.547 ±
1.113
3.292 ±
1.220
0.016 ±
0.009
2.054 ±
1.002
4.665 ±
1.036
2.925 ±
0.778
4.636 ±
0.282

55.78 ±
7.20
56.24 ±
11.07
39.35 ±
5.30
25.78 ±
11.89
91.79 ±
9.71
23.83 ±
5.26
30.04 ±
5.74
36.15 ±
9.29
42.80 ±
3.21

Z-Average diameter, dispersity, IJA-to-ICG absorbance ratio and ICG
encapsulation efficiency (EE) of liposomes. Data represents the mean ± SD of at
least three independent measurements.

Liposomal IJA formation is directly
proportional to the rigidity of the lipid bilayer
To investigate the influence of lipid bilayer on
IJA formation, ICG was loaded into lipid bilayer of
different membrane rigidity; namely, DOPC (Tm = -17
http://www.ntno.org
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°C), DPPC (Tm = 41 °C) and DSPC (Tm = 55 °C), using
HBS as the aqueous medium, 180 µM ICG, and 60 °C
for hydration and extrusion. The cholesterol (50
mol%) and DSPE-PEG2000 content (5 mol%) was kept
the same in all formulations, which are abbreviated as
DOPC, DPPC, and DSPC. Liposome size, dispersity,
IJA/ICG, absorption spectra and ICG EE of the
prepared liposomes are summarized in Figure 2.
One-way ANOVA was conducted to compare the
effect of liposome membrane rigidity on each of the
parameter of the formulations. The difference
between the size (F2,10 = 2.113, p > 0.05) and dispersity
(F2,10 = 0.470, p > 0.05) of liposomes were statistically
insignificant, with size between 150 – 170 nm with low
dispersity (< 0.1) (Figure 2A). However, the effect of
bilayer fluidity (DOPC > DPPC > DSPC) was
statistically significant on ICG EE (F2,10 = 128.8, p <
0.001) (Figure 2B). DOPC-ICG-HBS which exists in the
liquid-crystalline phase at room temperature, had an
average ICG EE of above 90%, while DPPC-IJA-HBS
and DSPC-IJA-HBS, which exist at the liquid-ordered
phase at room temperature had an ICG EE of around
25%. Intriguingly, the effect of bilayer fluidity was
also statistically significant on IJA/ICG (F2,10 = 10.59, p
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= 0.003). DPPC-IJA-HBS and DSPC-IJA-HBS had
IJA/ICG of 2.054 (t10 = 2.752, p = 0.020) and 3.292 (t10 =
4.602, p < 0.001) compared to the complete absence of
IJA in DOPC-HBS formulation (Figure 2C,D). These
results indicated that membrane rigidity played an
important role in IJA formation regardless of the ICG
EE. Based on the highest IJA/ICG value, DSPC
formulation was selected for further studies.

Stable liposomal IJA formulations are
successfully prepared in different hydration
media
Our results confirmed that the solvent
environment strongly affects the spectroscopic
properties and aggregate states of monomeric ICG,
but with minimum effects on IJA (Figure 1). In order
to investigate the effect of the hydration medium on
our liposomal IJA formation, DSPC-IJA liposomes
were prepared in a range of media; namely, HBS,
(NH4)2SO4, DEX, and DW. Liposome size, dispersity,
IJA/ICG, absorption spectra and ICG EE are
presented in Figure 3 and Table 1. One-way ANOVA
was conducted to compare the effect of a hydration
medium on each of the parameter of the formulations.

Figure 2. Characterization of liposomal IJA of different lipid bilayer rigidity. (A) Z-average diameter and dispersity; (B) ICG EE; (C) absorption spectra;
and (D) IJA-to-ICG absorbance ratio of DOPC-ICG-HBS (red), DPPC-IJA-HBS (orange) and DSPC-IJA-HBS liposomes (green) loaded with 180 µM of ICG.
Absorption spectra are normalized equivalent to 5 µM of ICG. Data represent mean ± SD of at least three independent experiments. *, p < 0.05; ***, p < 0.001;
Fisher’s LSD test.
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Figure 3. Characterization of liposomal IJA prepared in different aqueous media. (A) Z-average diameter and dispersity; (B) ICG EE; (C) absorption
spectra; and (D) IJA-to-ICG absorbance ratio of DSPC-IJA-HBS (green), DSPC-IJA-(NH4)2SO4 liposomes (blue), DSPC-IJA-DEX (violet) and DSPC-IJA-DW (gray)
liposomes loaded with 180 µM of ICG. Absorption spectra are normalized equivalent to 5 µM of ICG. Data represent mean ± SD of at least three independent
experiments. *, p < 0.05; **, p < 0.01; ***, p < 0.001; Fisher’s LSD test.

DSPC-IJA-DW formulation was statistically
smaller in size (144.2 nm) compared to the liposomal
IJA formulations prepared in HBS, (NH4)2SO4 and
DEX with 170 – 180 nm (Figure 3A). Nevertheless,
dispersity of all prepared liposomes was below 0.1,
demonstrating high uniformity regardless of
hydration media. The hydration medium had a
statistically significant effect on ICG EE (F3,16 = 7.125,
p = 0.003); with the lowest (21.71%) and highest
(42.80%) EE in HBS and DEX media, respectively
(Figure 3B). Similarly, IJA/ICG was also significantly
affected by the hydration medium (F3,16 = 4.634, p =
0.016). DSPC-IJA-DW exhibited the highest IJA/ICG
of 4.665, followed by DSPC-IJA-DEX with 4.636,
which
were
significantly
different
from

DSPC-IJA-HBS and DSPC-IJA-(NH4)2SO4 with the
ratios of 3.171 and 2.925, respectively (Figure 3C,D).
Despite the statistical significances in IJA formation in
different media, these results highlight the versatility
of our approach to match the hydration medium with
the liposomal IJA application, particularly where
drug remote loading is required, as will be presented
in the next section.

IJA formation neither affects liposomes
morphology/stability nor bilayer integrity
The morphology of empty liposomes (DOPCHBS and DSPC-HBS), liposomal ICG (DOPC-IJAHBS) and IJA (DSPC-IJA-HBS, DSPC-IJA-(NH4)2SO4
and DSPC-IJA-DW) were characterized by cryogenic
http://www.ntno.org
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transmission electron microscopy (cryo-TEM).
Interestingly, examining the micrographs (Figure 4),
all liposomal ICG or IJA retained similar morphology
of the empty DOPC or DSPC liposomes. No evident
structures could be identified as ICG or IJA,
suggesting that IJA formed with the liposomes was
very small in size to be imaged by cryo-TEM,
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compared to free IJA, which could reach hundreds of
nanometers in size [21,32]. Overall, all IJA liposomes
were spherical, and the sizes were in agreement with
the DLS data, where DSPC-IJA-(NH4)2SO4 were the
largest. Further studies are required to elucidate the
shape and the size of liposomes-templated IJA.

Figure 4. Structural elucidation of liposomal IJA. Cryo-TEM micrographs of prepared empty liposomes, liposomal ICG and IJA: (A) DSPC-HBS; (B)
DSPC-IJA-HBS; (C) DSPC-IJA-(NH4)2SO4; (D) DSPC-IJA-DW; (E) DOPC-HBS; and (F) DOPC-ICG-HBS. Scale bar: 100 nm.
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The integrity of DSPC-IJA liposome was also
assessed by remote loading of doxorubicin using the
ammonium sulfate pH-gradient method. The method
requires an intact liposome membrane to withhold a
pH-gradient, which enables remote loading of
doxorubicin (DOX) into the liposome core with high
encapsulation efficiency. In DSPC-(NH4)2SO4 coloaded with both IJA and DOX (DSPC-IJA-(NH4)2SO4DOX), encapsulation efficiencies for ICG and DOX
were 40.37% (SD = 6.88%) and 56.63% (SD = 9.24%)
respectively, demonstrating the integrity of the
membrane. Absorption spectra showing the
characteristic absorption peaks of IJA (892 nm) and
DOX (480 nm) are shown in Figure S4 (Supporting
Information).
Finally, a stability study was carried out to
investigate the relative spectroscopic change of ICG
and IJA (10 µM of ICG equivalent, dispersed in HBS),
liposomal ICG (DOPC-ICG-HBS) and liposomal IJA
(DPPC-IJA-HBS and DSPC-IJA-HBS). All samples
were stored in dark at 4 °C. The stability of the
samples was assessed by measuring the absorption
spectra over up to 35 days. The relative change in
peak absorbance is shown in Figure S5 (Supporting
Information). Over 21 days, ICG and IJA were
degraded by about 50% and 20% respectively, while
liposomal ICG and IJA retained above 90% of their
initial absorbance across 35 days, indicating the
long-term stability of all our liposomal IJA compared
to free IJA.

Molecular dynamics modeling confirms IJA
formation using DSPC lipid bilayer models
Molecular modeling was carried out to evaluate
ICG aggregation and IJA formation using lipid
bilayers of different fluidity. The initial and
equilibrated configurations of ICG in the lipid bilayer
models are shown in Figure S6 (Supporting
Information). Initially, to examine the degree of
alignment of ICG molecule within the clusters formed
in the lipid bilayer models, we calculated the
orientational order parameter, O(r) defined as
1
𝑂𝑂(𝑟𝑟) = 〈3 cos2 𝜃𝜃 − 1〉
2
where r is the distance between the centers of mass of
two ICG molecules and θ is the angle between the
directions of their longest principal axis. The angle
brackets denote ensemble and time average. O(r)
assumes values of 1 for parallel orientation between
the examined molecules (θ = 0° or 180°); 0 for random
orientation ( 〈cos2 𝜃𝜃〉 = ⅓ ); and -0.5 for a
perpendicular orientation (θ = 90°). To check for the
presence of orientational ordering of ICG molecules
within a cluster, only those at short separations,
namely up to the distance of the closest neighboring
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ICG molecules, should be focused on. This distance
was determined by the radial distribution function
arising from the center of mass of the ICG molecules
[33]. As shown in Figure S7 (Supporting Information),
the distances of ICG molecules from their closest
neighbors, which most probably belongs to the same
cluster, were approximately up to 10 Å.
Between the distances of interest (i.e. below 10
Å), the O(r) values of ICG in water, DOPC, and DPPC
systems range between -0.5 to 0.5 with a qualitatively
similar manner (Figure 5A). In contrast, ICG
molecules in the DSPC system always assumed values
above 0.5, suggesting a stronger tendency for
molecular alignment of ICG for separations below 10
Å. Figure 5B illustrated the distribution of the angles
formed by two ICG molecules with separations up to
10 Å. In water, DOPC and DPPC systems, ICG
molecules are likely to adopt any orientation between
0° to 180° relative to each other; while in the DSPC
system, ICG molecules clearly have greater preference
to adopt an almost parallel (θ < 60°) or anti-parallel (θ
> 120°) orientation, which agrees with the alignment
of J-aggregate, as reported by others [34].
To further elaborate on the characteristics of the
formed ICG aggregates, we performed a cluster
formation analysis as shown in Figure S8 (Supporting
Information) [35]. The minimum number of molecules
considered to form a cluster was taken to be 2; the
maximum separation between two ICG molecules for
the detection of the cluster was taken to be 17 Å (in
order to include both, first and second neighbors) for
all systems; this was inferred from Figure S7
(Supporting Information). The average percentages of
ICG molecules participating in clusters were 61%,
47%, 61%, and 61% for water, DOPC, DPPC, and
DSPC systems, respectively. In all systems, the
majority of the ICG clusters consisted of only 2
molecules (dimer or H-aggregate); only in the DSPC
model a five-member cluster has been observed
(Figures S8 and S9, Supporting Information),
implying a higher tendency for large cluster
formation in this system. In conclusion, based on the
molecular dynamics modeling results (cluster size,
ICG separation distance, and alignment), IJA
formation using DSPC lipid bilayer was favored,
which agreed with our experimental findings.

Liposomal IJA but not free IJA restores its NIR
fluorescence upon dissociation into
monomeric ICG
Fluorescence images of free ICG, free IJA,
liposomal ICG (DOPC-ICG-HBS formulation) and
liposomal IJA (DSPC-IJA-HBS) were taken using
excitation and emission wavelengths of 760 nm and
830 nm, respectively. All samples were dispersed in
http://www.ntno.org
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HBS, or in DMSO to dissociate them into monomeric
ICG. For samples in HBS, fluorescence signals were
detectable only in ICG-containing samples (ICG-HBS
and DOPC-ICG-HBS), in contrast to IJA-containing
samples (IJA-HBS and DSPC-IJA-HBS) which
exhibited minimal fluorescence (Figure 6A, top
panel). These results were in agreement with their
absorption spectra, i.e. IJA absorbs weakly at 760 nm
(Figure 6B). The difference between fluorescence
intensities of ICG-HBS and DOPC-ICG-HBS was
statistically insignificant (t4 = 1.135, p > 0.05). For
samples dispersed in DMSO, fluorescence intensities
were enhanced, especially for ICG-containing
samples, due to the increased quantum yield of ICG in
DMSO [36]. Surprisingly for the IJA-containing
samples, despite the increased absorbance at 760 nm
with the dissociation of IJA into monomeric ICG
(Figure 6B), fluorescence was not restored entirely
and remained significantly different (free IJA: t4 =
15.13, p < 0.001; DSPC-IJA-HBS: t4 = 13.23, p < 0.001)
from free ICG which has not undergone J-aggregation
(Figure 6C); this warrants further investigations.

Liposomal IJA as a photothermal heating
agent
To assess IJA superior photothermal properties,
ICG and IJA photothermal stability was examined by
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three cycles of 808 nm NIR laser irradiation and
cooling (Figure 6D,E). During the first cycle,
liposomal ICG (DOPC-ICG-HBS) showed a
temperature rise of 11.66 °C ± 0.29 °C, which was
significantly higher than free ICG with a maximum
increase of 6.97 °C ± 0.88 °C (t3 = 6.994, p = 0.006).
Interestingly, both free ICG and liposomal ICG
reached a peak temperature at 2 minutes of the first
irradiation cycle, followed by a gradual temperature
reduction, which could be attributed to ICG
photo-degradation. Subsequent heating cycles were
progressively weaker, raising the temperature to
around 38 °C, similar to the background heating from
HBS (data not shown), suggesting that liposome
encapsulation provided ICG with minimum protection against photo-degradation upon irradiation.
In contrast, the peak temperature of free and
liposomal IJA (DSPC-IJA-HBS) increased sustainably
during the first cycle reaching a maximum of 50.75 °C
(∆T = 16.64 °C ± 1.01 °C) and 49.89 °C (∆T = 15.22 °C ±
1.45 °C), respectively. Similar increase was observed
after the second cycle of heating, however, a slight
drop in temperature elevation was observed during
the third cycle of laser irradiation (∆TIJA-HBS = 12.66 °C
± 1.18 °C; ∆TDSPC-IJA-HBS = 7.79 ± 1.50 °C), which was
still greater than the maximum photothermal heating

Figure 5. Orientational order parameter and distribution of angles of the ICG molecules. (A) Orientational order parameter of the ICG molecules as
a function of the distance between their centers of mass. (B) Ensemble and time average of distributions of the angles between the longest axes of ICG molecules in
water (green), DOPC (black), DPPC (red) and DSPC (blue) system.
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provided by free ICG (at t = 2 min). This confirmed
the enhanced photothermal conversion efficiency and
thermal stability of IJA, both as a free or liposomal
formulation. While the difference between free and
liposomal IJA during the first cycle was insignificant
(t4 = 1.61, p > 0.05), the differences during the second
(t4 = 4.219, p = 0.006) and the third cycle (t4 = 5.123, p =
0.002) was significant. This suggested that while the
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photothermal heating of free and liposomal IJA was
comparable in the first irradiation, liposomal IJA
seemed to have a different stability (in solution)
against photo-degradation, probably due to the size
and structure of the IJA formed in the liposomes,
compared to larger and heterogeneous IJA formed in
solution, which requires further investigations.

Figure 6. Fluorescence imaging and photothermal heating of liposomal IJA and liposomal ICG. (A) Fluorescent images of 2.58 µM of ICG-HBS, IJA-HBS,
DOPC-ICG-HBS and DSPC-IJA-HBS dispersed in HBS (top row) and DMSO (bottom row). Samples were imaged with an exposure time of 0.2 s, using excitation and
emission wavelengths of 760 nm and 830 nm, respectively. (B) Absorption spectra of ICG-HBS, IJA-HBS, DOPC-ICG-HBS and DSPC-IJA-HBS dispersed in HBS (solid
line) and DMSO (dash line). (C) Fluorescence intensity of ICG-HBS, IJA-HBS, DOPC-ICG-HBS and DSPC-IJA-HBS dispersed in HBS (solid bars) and DMSO (dotted
bars). (D) Temperature and (E) change in temperature of each heating cycle of ICG-HBS (blue), IJA-HBS (violet), DOPC-ICG-HBS (red) and DSPC-IJA-HBS (green)
containing 12.9 µM of ICG. Samples were irradiated with 808 nm laser at 0.5 W cm-2. Each sample was irradiated for 5 min and cooled for 5 min; three cycles were
performed. Data represent mean ± SD of at least three independent experiments. **, p < 0.01; ***, p < 0.001; two-tailed unpaired t-tests.
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Figure 7. In vivo fluorescence imaging and tumor accumulation of liposomal IJA. (A) In vivo fluorescence images of CT26 tumor-bearing BALB/c mice
injected with ICG-HBS (top row), IJA-HBS (middle row) and DSPC-IJA-HBS (bottom row) acquired at 1, 3, 24 and 48 h post injection (left to right column). (B) Ex
vivo fluorescence images of major organs and the tumor excised at 48 h post-injection. Abbreviations of organs: H, heart; Lu, lung; Li: liver; I, intestine; K, kidney; S,
spleen; and T, tumor. (C) Sum of fluorescent intensity of tumor region of the fluorescence images from (a); n = 3. (D) Sum of fluorescence intensity of major organs
and the tumor of the fluorescence images from (B); n = 3. All samples are dispersed in HBS. Data represent mean ± SD of independent experiments. *, p < 0.05; **,
p < 0.01; ***, p < 0.001; two-tailed unpaired t-tests, comparing to IJA-HBS of the same time point.

NIR fluorescent liposomal IJA accumulates in
solid tumors following intravenous
administration
To investigate the in vivo biodistribution of
DSPC-IJA-HBS, CT26 tumor-bearing BALB/c mice
were intravenously injected with ICG, IJA or
DSPC-IJA in HBS (0.3 mg kg-1) and fluorescence
imaging was acquired 1, 3, 24 and 48 h post-injection.
It is worth mentioning that same fluorescence scale
was used to compare the biodistribution of the three
groups over time. Due to the low fluorescence of IJA,
the scale threshold was decreased to visualize the IJA
signals over time, resulting in extremely high signals

in the ICG group. Figure 7A provided qualitative
analysis, while Figure 7C & D represented reliable
quantitative measurements.
Free ICG exhibited high fluorescence across the
whole body 1 h post-injection, followed by quick liver
metabolism and biliary excretion (Figure 7A,B) [37]. A
similar trend was observed in CT26 tumors, where
strong fluorescence was observed initially (1 h
post-injection) followed by a dramatic reduction over
time, with complete elimination at 48 h post-injection.
This could be explained by ICG presence in tumor
vasculature with minimum tumor extravasation and
retention [21]. On the other hand, free IJA exhibited
http://www.ntno.org
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relatively low but steady fluorescence signals up to 48
h post-injection. Significant accumulation was
observed in the liver, intestine and tumor tissues.
Although the fluorescence in the tumors was not
significantly different from that of free ICG at 24 h
post-injection (t4 = 1.156, p > 0.05), in agreement with
the report by Liu et al. [21], IJA fluorescence was
maintained up till 48 h post-injection, which was
significantly higher than free ICG (t4 = 5.447, p =
0.006) (Figure 7C). In contrast, DSPC-IJA-HBS
exhibited an intermediate fluorescence level at 1 h
post-injection, with a steady increase in the abdominal
region (liver and intestine) and the tumor tissue up to
24 h post-injection. At 48 h time-point, the
fluorescence intensity was reduced, with the highest
intensity at the tumor site, indicating high tumor
retention of the extravasated DSPC-IJA-HBS. Overall,
liposomal IJA exhibited greater fluorescence
compared to free IJA at all times (Figure 7A), and
promisingly,
exhibited
significantly
higher
fluorescence intensity at the tumor up to 48 h
post-injection (t4 = 3.191, p = 0.033) (Figure 7C). Upon
organs imaging, IJA and DSPC-IJA-HBS consistently
exhibited higher fluorescence intensity in all organs,
except the intestine, compared to free ICG, which
agrees with its fast metabolism and body elimination.
ICG signals in the intestine were highly variable in the
ICG group, probably due to the different
gastrointestinal transient time between mice. The
higher spleen and intestinal accumulation of
DSPC-IJA-HBS require further investigations but
could be attributed to its higher stability and slower
metabolism and elimination from the body, compared
to free ICG and IJA (Figure 7D). Promisingly,
DSPC-IJA-HBS tumor targeting and imaging were
reproduced in 4T1 tumor-bearing BALB/c and C4-2B
tumor-bearing NSG mice, following intravenous
injection (Figure S10, Supporting Information).

Liposomal IJA exhibits excellent photothermal
stability in vivo following multiple laser
irradiation
After confirming the efficient liposomal IJA
tumor accumulation, 808 nm laser was used for in vivo
photothermal studies. The laser-induced temperature
increase in tumors is shown in Figure 8. Photothermal
heating in mice injected with HBS, and free ICG
similarly reached a maximum temperature of 41 °C.
This correlated nicely with the low ICG tumor
accumulation 48 h post-injection (Figure 7C); thus, the
second and third cycles of laser irradiation were not
performed. On the other hand, both free IJA and
DSPC-IJA-HBS provided superior photothermal
heating, with the maximum temperature increase of
12 °C, reaching up to an average of 46 °C in all three
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cycles (Figure 8B). In contrast to the in vitro
photothermal heating results (Figure 6D), where
DSPC-IJA-HBS showed decreased photothermal/
heating ability during the second and third cycle, in
vivo results showed that DSPC-IJA-HBS maintained
similar heating stability to free IJA (Figure 8A). As
anticipated, photothermal heating of both free IJA
(cycle 1: t4 = 2.388, p > 0.05; cycle 2: t3 = 2.586, p > 0.05;
cycle 3: t3 = 4.714, p = 0.018) and DSPC-IJA-HBS (cycle
1: t4 = 3.588, p = 0.023; cycle 2: t4 = 3.785, p = 0.019;
cycle 3: t4 = 3.279, p = 0.031) were significantly greater
than that provided by free ICG (Figure 8B). These
promising in vivo results highlight the high potential
of our liposomal IJA in cancer photothermal therapy
using multiple laser irradiation treatment sessions.

Discussion
J-aggregate high structural stability, in
combination with other unique photophysical and
spectroscopic properties, led to their application in
optoelectronics, chemical, and biological sensing and
medical imaging [18]. Thus far, indocyanine
J-aggregate (IJA) has been prepared using high ICG
concentrations (herein 645 µM and reportedly 1.3 – 1.6
mM), in combination with long duration and high
temperature (32 h at 65 °C to 1 week at room
temperature) [20,23]. In the present work, a range of
stable, nano-sized liposomal IJA formulations was
prepared in different aqueous media, using
significantly low initial concentrations of ICG (30 - 180
µM), and within very short period of time (1 - 2 h),
which offers a versatile approach for IJA preparation
for biomedical applications. Furthermore, liposomal
IJA could offer a promising approach for NIR
fluorescence-guided drug delivery, optoacoustic
imaging, photothermal therapy, and combinatory
cancer therapy (photothermal and chemotherapy).
Our unprecedented findings provided a
systematic approach to evaluate the parameters (lipid
bilayer rigidity, temperature and time) needed for
successful nano-liposomal IJA formation. Results
showed that IJA formation was significantly affected
by the rigidity (or phase behavior) of the lipid bilayer,
where the highest IJA level was observed in the rigid
DSPC formulation with complete absence in fluidic
DOPC liposomes. Similar effects were observed for
J-aggregates of pseudoisocyanine (PIC; cyanine dye)
[38], and bacteriopheophorbide-lipid (Bchl-lipid;
porphyrin dye) [39], where little or no J-aggregates
were formed in nanoparticles consisting of
unsaturated phospholipids. Mo et al. explained this
effect as a surface-mediated templating of monomeric
dyes, which could facilitate their intermolecular
interaction [38]. Thus, only rigid lipid bilayers (low
lateral mobility) can enable the formation of the most
http://www.ntno.org
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stable form as J-aggregates. The “template effect” of
the ordered bilayer could explain IJA formation
exclusively in rigid liposomes even at low ICG
concentration. This further agrees with the lower
aggregation number of J-aggregates required (of some
cyanine dyes) in the presence of lipid bilayers [40].
Interestingly, liposomes-templated IJA formation was
confirmed, for the first time, using atomistic
molecular dynamics. Molecular dynamics simulations
suggested that only DSPC lipid bilayer system favors
the formation of ICG clusters with almost parallel
alignment (Figure 5B); this is essential for formation of
J-aggregate, where the stacking angle θ should be less
than 54.7° (or otherwise, H-aggregate for 54.7° < θ <
90°) [34].
Up-to-date, several publications have reported
ICG loading into non-cholesterol containing, DPPCor DSPC-based liposomes, without any pieces of
evidence of IJA formation [3,11,41]. These results are
in agreement with our low temperature-sensitive
liposomes (DPPC/MSPC/DSPE-PEG2000) where no
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IJA aggregates were formed using 180 µM ICG and
60°C (data not shown). This could be due to the
membrane disruption caused by PEG chain insertion
into bilayers lacking cholesterol, in the presence of
ICG [41]; resulting in drug leakage, and disruption of
the ordered phospholipid phase essential for
J-aggregation. In contrast, our results showed that
cholesterol-containing, rigid liposomes promote IJA
formation and efficient doxorubicin loading.
Currently, there is only one study by Beziere et al.
reporting ICG loading into HSPC/Chol/DSPEPEG2000, but with no IJA formation [2]. In Beziere et al.
study, 208 µM ICG in DEX was used to hydrate the
lipid film, yielding ICG-loaded liposomes with a final
concentration of 75 µM. The absence of IJA formation,
despite the higher ICG concertation used, could be
attributed to the passive loading of ICG in the
aqueous core, rather than the lipid bilayer.
Furthermore, the study did not report the liposome
preparation temperature, that could be lower than 60 65 °C, which is required for IJA formation.

Figure 8. In vivo photothermal heating of liposomal IJA. (A) Temperature and (B) change in temperature of each cycle of mice injected with HBS (black),
ICG-HBS (blue), IJA-HBS (violet) and DSPC-IJA-HBS (green). (C) CT26 tumors were irradiated 48 h post- injection with 808 nm laser at 0.5 W cm-2. Each tumor was
irradiated for 5 min and cooled for 5 min. This cycle was repeated three time for each tumor. Heated and cooled tumors are indicated by white and black arrows,
respectively. Data represent mean ± SD of independent experiments. *, p < 0.05; two tailed unpaired t-tests, comparing to ICG-HBS of cycle 1.
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There are several reports on J-aggregation of
short-chained cyanine dye within lipid bilayers, but
these formulations were spectroscopically active only
in the visible light regions [40,42]. Miranda et al.
recently reported the first liposomal formulation of
J-aggregate, based on a dicarboxylphenyl modified
IR-820 dye (DCP-Cy), intended for NIR spleen
imaging [43]. J-aggregation of DCP-Cy relied on
salt-induced J-aggregation, and a basic environment
(pH 10 - 11), resulting in an absorbance peak at 934
nm. These harsh conditions reduce the possibilities of
other drug loading into the liposomal formulation.
Furthermore, during the formation of the DCP-Cy
liposomes (by ethanol injection), unidentified yellowish metallic aggregates were developed, instead of the
green DCP-Cy color. Interestingly, despite the large
liposomes obtained (~450 nm), subsequent size
homogenization of the liposomes was excluded to
avoid excessive loss (~70%) of the dye, which
indicated potential stability issues with the encapsulated material within liposomes. Unsurprisingly,
these large DCP-Cy liposomes showed preferential
spleen accumulation, most probably due to their large
size, which shortened their blood circulation and
reduced any potential targeting to organs outside the
reticuloendothelial system (RES). In contrast, our
liposomal IJA formulations were successfully
prepared in a range of hydration media of different
ionic strength and pH (DW; HBS, pH 7.4, (NH4)2SO4,
pH 5.4), and more promisingly, withstood the
extrusion step, and retained their characteristic deep
green color. Liposomal IJA were homogeneous,
nano-sized (< 200 nm), and capable of tumor passive
targeting through enhanced permeability and
retention (EPR) effect [44]. Moreover, doxorubicin
was efficiently loaded in a liposomal formulation
close to the clinically-approved Doxil®/Caelyx®
formulation, offering a new class of theranostics.
IJA has been extensively studied for its
spectroscopic and physicochemical properties [6,23].
However, only one study has been published
evaluating the in vivo behavior of free IJA [21]. Liu et
al. reported promising IJA tumor accumulation and
photothermal heating stability upon intravenous
administration of a nano-sized IJA. The IJA
administered dose was almost 30-fold higher than the
dose used in this study (200 µg versus 6 - 9 µg per
mouse), most probably, to ensure sufficient
fluorescence signal at the selected wavelengths. The
unexpected superior in vivo fluorescence of our
liposomal IJA, compared to free IJA, enabled its
tracking in vivo at this relatively low ICG dose.
Together with extended blood circulation, which
could reduce the IJA dose administered for efficient
tumor targeting we believe, our liposomal IJA could
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advance the IJA applications. Since instrumentation
and protocols for ICG imaging are already
well-established clinically [1], liposomal IJA could be
seamlessly translated into the clinic/bedside.
Furthermore, exploring the redshift in IJA absorbance
and emission could enhance existing imaging
modalities [18]. Finally, the high thermal stability of
liposomal IJA highlights the high potentials of our
liposomal IJA as a promising theranostic, offering
multi-modal (fluorescence/optoacoustic) imaging,
efficient photothermal therapy, and combinatory
treatment (chemo- and photothermal therapy).

Conclusions
A range of liposomal IJA formulations was
successfully prepared using the conventional lipid
film hydration and extrusion. The liposomal
formulation required significantly shorter preparation
time and lower ICG concentrations compared to free
IJA formation, which is attributed to the “template
effect” of lipid bilayer [38]. The effect of membrane
rigidity, composition, hydration temperature and
media on forming liposomal IJA were investigated
and discussed. Highly ordered lipid bilayers (e.g.
DPPC and DSPC) with a short period of heat
treatment (60 - 65 °C) were necessary for liposomal
IJA preparation. The engineered liposomal IJA
demonstrated prolonged blood circulation, enhanced
tumor
fluorescence
signals,
with
superior
photothermal heating capability. Future work is
warranted to assess their applications as an
optoacoustic imaging and chemo-photothermal
therapy agents.

Acknowledgement
We thank Prostate Cancer UK (CDF-12-002
Fellowship), and the Engineering and Physical
Sciences Research Council (EPSRC) (EP/M008657/1),
Queen’s University Belfast for funding. This
article/publication is based upon work from COST
Action CA 17140 "Cancer Nanomedicine from the
Bench to the Bedside" supported by COST (European
Cooperation in Science and Technology).

Supplementary Material
Supplementary figures and tables.
http://www.ntno.org/v04p0091s1.pdf

Competing Interests
The authors have declared that no competing
interest exists.

References
1.

Alander J.T., Kaartinen I., Laakso A., et al. A Review of Indocyanine Green
Fluorescent Imaging in Surgery. Int J Biomed Imaging. 2012; 2012: 1–26.

http://www.ntno.org

Nanotheranostics 2020, Vol. 4
2.

3.
4.

5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.

25.
26.
27.
28.
29.
30.
31.
32.

Beziere N., Lozano N., Nunes A., et al. Dynamic imaging of PEGylated
indocyanine green (ICG) liposomes within the tumor microenvironment using
multi-spectral optoacoustic tomography (MSOT). Biomaterials. 2015; 37: 415–
24.
Yoon H.J., Lee H.S., Lim J.Y., Park J.H. Liposomal Indocyanine Green for
Enhanced Photothermal Therapy. ACS Appl Mater Interfaces. 2017; 9: 5683–
91.
Shirata
C.,
Kaneko
J.,
Inagaki
Y.,
et
al.
Near-infrared
photothermal/photodynamic therapy with indocyanine green induces
apoptosis of hepatocellular carcinoma cells through oxidative stress. Sci Rep.
2017; 7: 1–8.
Hollins B., Noe B., Henderson J.M. Fluorometric determination of indocyanine
green in plasma. Clin Chem. 1987; 33: 765–8.
Holzer W., Mauerer M., Penzkofer A., et al. Photostability and thermal
stability of indocyanine green. J Photochem Photobiol B Biol. 1998; 47: 155–64.
Landsman M.L., Kwant G., Mook G.A., Zijlstra W.G. Light-absorbing
properties, stability, and spectral stabilization of indocyanine green. J Appl
Physiol. 1976; 40: 575–83.
Baker K.J. Binding of Sulfobromophthalein (BSP) Sodium and Indocyanine
Green (ICG) by Plasma 1 Lipoproteins. Exp Biol Med. 1966; 122: 957–63.
Altınoǧlu E.I., Russin T.J., Kaiser J.M., et al. Near-Infrared Emitting
Fluorophore-Doped Calcium Phosphate Nanoparticles for In Vivo Imaging of
Human Breast Cancer. ACS Nano. 2008; 2: 2075–84.
Saxena V., Sadoqi M., Shao J. Enhanced photo-stability, thermal-stability and
aqueous-stability of indocyanine green in polymeric nanoparticulate systems.
J Photochem Photobiol B Biol. 2004; 74: 29–38.
Kraft J.C., Ho R.J.Y. Interactions of indocyanine green and lipid in enhancing
near-infrared fluorescence properties: The basis for near-infrared imaging in
vivo. Biochemistry. 2014; 53: 1275–83.
Bulbake U., Doppalapudi S., Kommineni N., Khan W. Liposomal
Formulations in Clinical Use: An Updated Review. Pharmaceutics. 2017; 9: 12.
Yeh M.-K., Hsin-I Chang, Ming-Yen Cheng. Clinical development of liposome
based drugs: formulation, characterization, and therapeutic efficacy. Int J
Nanomedicine. 2011; 7: 49.
Cheung C., Al-Jamal W.T. Liposomes-Based Nanoparticles for Cancer
Therapy and Bioimaging. In: GonçalvesG, TobiasG, Eds. Cham: Springer
International Publishing; 2018: 51–87. (Nanomedicine and Nanotoxicology).
Gorka A.P., Nani R.R., Schnermann M.J. Cyanine polyene reactivity: scope
and biomedical applications. Org Biomol Chem. 2015; 13: 7584–98.
Mattos Jr. R.M., Nehemy M.B., Magalhães É.P., Pedrosa M. Angiographic
Effects of Indocyanine Green Photobleaching by the Diode Laser. Ophthalmic
Surgery, Lasers & Imaging. 2006; 37: 415–9.
Würthner F., Kaiser T.E., Saha-Möller C.R. J-aggregates: From serendipitous
discovery to supramolecular engineering of functional dye materials. Angew
Chemie - Int Ed. 2011; 50: 3376–410.
Bricks J.L., Slominskii Y.L., Panas I.D., Demchenko A.P. Fluorescent
J-aggregates of cyanine dyes: basic research and applications review. Methods
Appl Fluoresc. 2017; 6: 012001.
Jelley E.E. Spectral Absorption and Fluorescence of Dyes in the Molecular
State. Nature. 1936; 138: 1009–10.
Sutterer W.F., Hardin S.E., Benson R.W., Jerome Krovetz L., Schiebler G.L.
Optical behavior of indocyanine green dye in blood and in aqueous solution.
Am Heart J. 1966; 72: 345–50.
Liu R., Tang J., Xu Y., Zhou Y., Dai Z. Nano-sized Indocyanine Green
J-aggregate as a One-component Theranostic Agent. Nanotheranostics. 2017;
1: 430–9.
Bangham A.D., Horne R.W. Negative staining of phospholipids and their
structural modification by surface-active agents as observed in the electron
microscope. J Mol Biol. 1964; 8: IN2–10.
Rotermund F., Weigand R., Penzkofer A. J-aggregation and disaggregation of
indocyanine green in water. Chem Phys. 1997; 220: 385–92.
Lee J., Cheng X., Swails J.M., et al. CHARMM-GUI Input Generator for
NAMD, GROMACS, AMBER, OpenMM, and CHARMM/OpenMM
Simulations Using the CHARMM36 Additive Force Field. J Chem Theory
Comput. 2016; 12: 405–13.
Martínez L., Andrade R., Birgin E.G., Martínez J.M. PACKMOL: A package for
building initial configurations for molecular dynamics simulations. J Comput
Chem. 2009; 30: 2157–64.
Phillips J.C., Braun R., Wang W., et al. Scalable molecular dynamics with
NAMD. J Comput Chem. 2005; 26: 1781–802.
Dickson C.J., Rosso L., Betz R.M., Walker R.C., Gould I.R. GAFFlipid: a
General Amber Force Field for the accurate molecular dynamics simulation of
phospholipid. Soft Matter. 2012; 8: 9617.
Wang J., Wolf R.M., Caldwell J.W., Kollman P.A., Case D.A. Development and
testing of a general amber force field. J Comput Chem. 2004; 25: 1157–74.
López O., DeLa Maza A., Coderch L., López-Iglesias C., Wehrli E., Parra J.L.
Direct formation of mixed micelles in the solubilization of phospholipid
liposomes by Triton X-100. FEBS Lett. 1998; 426: 314–8.
Rothman K.J. No adjustments are needed for multiple comparisons.
Epidemiology. 1990; 1: 43–6.
Saville D.J. Multiple Comparison Procedures: The Practical Solution. Am Stat.
1990; 44: 174.
Zweck J., Penzkofer A. Microstructure of indocyanine green J-aggregates in
aqueous solution. Chem Phys. 2001; 269: 399–409.

106
33. Karatasos K. Self-Association and Complexation of the Anti-Cancer Drug
Doxorubicin with PEGylated Hyperbranched Polyesters in an Aqueous
Environment. J Phys Chem B. 2013; 117: 2564–75.
34. Kasha M., Rawls H.R., Ashraf El-Bayoumi M. The exciton model in molecular
spectroscopy. Pure Appl Chem. 1965; 11: 371–92.
35. Kritikos G., Pant R., Sengupta S., Karatasos K., Venkatnathan A., Lyulin A.V.
Nanostructure and Dynamics of Humidified Nafion/Graphene-Oxide
Composites via Molecular Dynamics Simulations. J Phys Chem C. 2018; 122:
22864–75.
36. Benson R.C., Kues H.A. Fluorescence properties of indocyanine green as
related to angiography. Phys Med Biol. 1978; 23: 017.
37. Desmettre T., Devoisselle J.M., Mordon S. Fluorescence properties and
metabolic features of indocyanine green (ICG) as related to angiography. Surv
Ophthalmol. 2000; 45: 15–27.
38. Mo G.C.H., Yip C.M. Supported Lipid Bilayer Templated J-Aggregate Growth:
Role of Stabilizing Cation−π Interactions and Headgroup Packing. Langmuir.
2009; 25: 10719–29.
39. Shakiba M., Ng K.K., Huynh E., et al. Stable J-aggregation enabled dual
photoacoustic and fluorescence nanoparticles for intraoperative cancer
imaging. Nanoscale. 2016; 8: 12618–25.
40. Garcı́a-Jiménez F., Khramov M.., Sánchez-Obregón R., Collera O. Formation of
J-aggregates of cyanine dyes in bilayer lipid vesicles. Chem Phys Lett. 2000;
331: 42–6.
41. Lajunen T., Nurmi R., Wilbie D., et al. The effect of light sensitizer localization
on the stability of indocyanine green liposomes. J Control Release. 2018; 284:
213–23.
42. Kato N., Prime J., Katagiri K., Caruso F. Preparation of J-Aggregate Liposome
Dispersions and Their Chromic Transformation. Langmuir. 2004; 20: 5718–23.
43. Miranda D., Huang H., Kang H., et al. Highly-Soluble Cyanine J-aggregates
Entrapped by Liposomes for In Vivo Optical Imaging around 930 nm.
Theranostics. 2019; 9: 381–90.
44. Ishida O., Maruyama K., Sasaki K., Iwatsuru M. Size-dependent extravasation
and interstitial localization of polyethyleneglycol liposomes in solid
tumor-bearing mice. Int J Pharm. 1999; 190: 49–56.

http://www.ntno.org

Supporting Information

Liposome-Templated Indocyanine Green J- Aggregates for In Vivo Near Infrared Imaging
and Stable Photothermal Heating

Calvin C. L. Cheung1, Guanglong Ma1, Kostas Karatasos2, Jani Seitsonen3, Janne
Ruokolainen3, Cédrik-Roland Koffi1, Hatem A.F.M Hassan1, and Wafa’ T. Al-Jamal1*

1

School of Pharmacy – Queen’s University Belfast, Belfast, BT9 7BL, United Kingdom

2

Department of Chemical Engineering, University of Thessaloniki, P.O. BOX 420, 54124

Thessaloniki, Greece
3

Department of Applied Physics, Aalto University School of Science, P.O.Box 15100, FI-

00076 Aalto, Finland

* Author for correspondence:
Dr. Wafa’ T. Al-Jamal
School of Pharmacy, Queen’s University Belfast, Belfast, BT9 7BL, United Kingdom.
E-mail: w.al-jamal@qub.ac.uk

1

0h

2 .0

1h
1 .5

4h
6h

1 .0

7h
21h

0 .5

24h

b
A b s o r b a n c e ( a .u .)

A b s o r b a n c e ( a .u .)

a

2 .0

792 nm
892 nm

1 .5

1 .0

0 .5

26h
0 .0

0 .0
400

600

800

1000

32h

0

10

20

30

40

T im e (h )

W a v e le n g th (n m )

Figure S1. Spectroscopic temporal evolution of IJA formation by heat treatment. (a)
Absorption spectra of the temporal evolution of the of ICG into J-aggregates. (b) Temporal
evolution of the absorbance at 792 nm (light green) and 892 nm (dark green) of ICG solution.
645 µM of ICG solution in DW was heated at 65 °C for 32 h.

2

0 .8

5 5 °C
6 0 °C
6 5 °C

0 .6

0 .4

0 .2

0 .0
600

A f te r P u r ific a tio n

A fte r E x tr u s io n

b
A b s o r b a n c e ( a .u .)

A b s o r b a n c e ( a .u .)

1 .0

1 .0

0 .8

c
5 5 °C

A b s o r b a n c e ( a .u .)

B e fo r e E x tr u s io n

a

6 0 °C
6 5 °C

0 .6

0 .4

0 .2

800

900

W a v e le n g th (n m )

1000

600

0 .8

5 5 °C
6 0 °C
6 5 °C

0 .6

0 .4

0 .2

0 .0

0 .0
700

1 .0

700

800

900

W a v e le n g th (n m )

1000

600

700

800

900

1000

W a v e le n g th (n m )

Figure S2. Absorption spectra of DSPC-IJA-HBS liposomes at various stages of
preparation. DSPC-IJA-HBS (a) before extrusion, (b) after extrusion and (c) after annealing
and purification. The samples were prepared at 55 (red), 60 (green) and 65 °C (blue), loaded
with initial ICG concentration of 180 µM. Absorption spectra are normalized equivalent to 5
µM of ICG.
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Figure S3. Absorption spectra of liposomal DSPC-IJA-HBS loaded with different ICG
concentrations. DSPC-IJA-HBS prepared at 60 °C, loaded with initial ICG concentration of
30 (red), 60 (orange), 120 (green) and 180 µM (blue). Data represents the mean of at least
three independent measurements.
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Figure S5. Long-term stability profile of free and liposomal ICG and IJA. Relative peak
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Figure S6. Snapshots of the initial configurations (left) and the equilibrated (right) lipid
bilayer models. Space filling molecular models of (a-b) DOPC, (c-d) DPPC and (e-f) DSPC
lipid bilayer; ICG in red; DSPE-PEG2000 in blue; cholesterol in gray; phospholipid in
cyan/red/white; and water molecules in red/white. Water molecules are omitted in the
equilibrated configuration (b; d; f) for clarity.

7

Figure S7. Radial distribution function for the ICG molecules in the examined systems.
Radial distribution function of the center of mass of the ICG molecules in water (green),
DOPC (black), DPPC (red) and DSPC (blue) systems. Values are normalized to the same
number density.
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Figure S8. Cluster formation analysis on ICG in the four examined models. Frameaveraged number of ICG cluster against the cluster size in water, DOPC, DPPC, and DSPC
systems. Cluster consisted of two (orange), three (green), four (violet), five (yellow) ICG
molecules. Where bars are missing, the corresponding values lay within the error margin.
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Figure S9. Depiction of ICG aggregate (IJA) formation in the DSPC bilayer model.
Snapshots of (a) a two-member cluster with parallel/aligned relative orientations; and (b) a
five-member cluster, which the pairs (1,2), (2,3) (3,4) and the triplet (2,3,4) assume almost
parallel relative orientations. DSPE-PEG2000 are shown in blue, while all other molecular
components are omitted for clarity.
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Abstract: The majority of the clinically approved iron oxide nanoparticles (IO NPs) used as contrast
agents for magnetic resonance imaging (MRI) have been withdrawn from the market either due to
safety concerns or lack of profits. To address this challenge, liposomes have been used to prepare
IO-based T2 contrast agents. We studied the influence of different phospholipids on the relaxivity
(r2 ) values of magneto-liposomes (MLs) containing magnetic NPs in the bilayer, where a strong
correlation between the bilayer fluidity and r2 is clearly shown. Embedding 5-nm IO NPs in the lipid
bilayer leads to a significant improvement in their relaxivity, where r2 values range from 153 ± 5 s−1
mM−1 for DPPC/cholesterol/DSPE-PEG (96/50/4) up to 673 ± 12 s−1 mM−1 for DOPC/DSPE-PEG (96/4),
compared to “free” IO NPs with an r2 value of 16 s−1 mM−1 , measured at 9.4 T MRI scanner. In vitro
MRI measurements, together with the ICP-MS analysis, revealed MLs as highly selective contrast
agents that were preferentially taken up by cancerous T24 cells, which led to an improvement in the
contrast and an easier distinction between the healthy and the cancerous cells. A careful selection
of the lipid bilayer to prepare MLs could offer efficient MRI contrast agents, even at very low IO
NP concentrations.
Keywords: liposomes; magnetic resonance imaging; iron oxide; contrast agent

1. Introduction
Magnetic resonance imaging (MRI) has good anatomic resolution and excellent soft-tissue contrast
imaging capabilities. MRI contrast agents are used to enhance the image contrast between diseased
and healthy tissues, thus improving MRI sensitivity and accuracy [1]. Gadolinium (Gd) chelates [2]
and iron oxide nanoparticles (IO NPs) [3] are the most common clinical T1 and T2 contrast agents,
respectively. Since the mid-1990s several iron-based MRI contrast agents have been developed. A few
have been marketed worldwide under the commercial names listed in Table 1, where a list of all
IO-based contrast agents with a description of the NP’s size, coating, and relaxivity values, together
with the intended use and status on the market are shown. So far, only five IO NPs have been clinically
approved for MRI imaging [4,5]. Unfortunately, commercial production of the majority of these
contrast agents ceased due to commercial reasons (lack of sales), and one (Combidex® ) was terminated
Nanomaterials 2020, 10, 889; doi:10.3390/nano10050889

www.mdpi.com/journal/nanomaterials

Nanomaterials 2020, 10, 889

2 of 18

in phase III of the clinical trials because it failed to show a significant improvement in contrast on
the MR image [5]. Currently, only Resovist® (carboxydextran-coated Fe3 O4 NPs, available only in
limited countries) and Feraheme® (carbohydrate-coated Fe3 O4 NPs, withdrawn from the EU market)
are available [6]. The data in Table 1 clearly show that all the marketed IO-based contrast agents have
relatively low relaxivities. Among them, the highest r2 value is shown by Resovist (189 mM−1 s−1 ),
which is still on the market. Therefore, there is a need and a market space for novel IO NP-based
imaging agents with a high safety margin and superior MRI properties. Liposomes are the most
clinically approved nano-sized delivery systems [7], which proves their biocompatibility. Furthermore,
their structure allows the encapsulation of additional active components in their aqueous core, offering
a great platform for the preparation of multifunctional nanoparticles for theranostics and image-guided
drug delivery, including MRI imaging.
Table 1. List of iron oxide (IO)-based contrast agents that have been clinically approved or entered
clinical trials for magnetic resonance (MR) imaging (adapted from [6,8–10]). Relaxivities were measured
at 1.5 T.
Commercial Name

NP Size, Coating and Relaxivities
(mM−1 s−1 )

Intended Use, Status on the Marked

Endorem in EU/Feridex®
IV in USA

150 nm, dextran-coated IO NPs
r1 = 10.1 and r2 = 120

Primarily designed for liver imaging, approved,
and withdrawn from the market due to a lack of
users.

Resovist®

60 nm, carbodextran-coated IO NPs
r1 = 9.7 and r2 = 189

Primarily designed for liver imaging, approved,
currently available only in Japan.

Gastromark® in
EU/Lumirem in USA

>300 nm, siloxane-coated IO NPs
Relaxivity n.a.

Approved as an oral contrast agent, withdrawn from
the market due to a lack of users.

Rienso in EU/Faraheme®
in USA

30 nm, carboxyhydrate-coated IO NPs,
r1 = 15 and r2 = 89

Approved for iron-deficiency treatment, withdrawn
from EU market, available in US to treat
iron-deficiency anaemia in adults with chronic
kidney disease, off-label use as MRI contrast agent.

Sinerem® in
EU/Combidex® in USA

30 nm, dextran-coated IO NPs
r1 = 9.9 and r2 = 65

Intended for diagnostic use in the characterisation of
lymph nodes visualised by MRI, Phase III completed,
application was withdrawn in 2007 before approval,
failed to demonstrate a statistically significant benefit
for sensitivity and specificity.

VSOP C184

Citrate coated 4-8 nm IO NPs,
r1 = 14 and r2 = 33.4

Clinical trials for MR angiography, not approved.

Abdoscan®

3.5 µm
Relaxivity n.a.

Oral gastrointestinal imaging, approved in EU but
taken off the market in 2000.

Siena Plus®

59 nm IO NPs
Relaxivity n.a.

Injected subcutaneously to detect lymph nodes with
Sentimag® device, approved in EU. In USA, it is
limited to investigational use only.

Only a few reports have been published so far describing magneto-liposomes (MLs) as promising
MRI contrast agents [11–15]. Interestingly, the majority of these studies reported that the encapsulation
of hydrophilic IO NPs in the liposomes’ aqueous core (so-called H-MLs) reduced particle aggregation
under physiological conditions, enhanced tissue accumulation, and improved their imaging capabilities.
In contrast, only one study has been published with hydrophobic, IO NPs embedded in the lipid bilayer
of liposomes (so-called B-MLs), which demonstrated superior MRI imaging capabilities, compared to
free hydrophilic IO NPs [16]. This has opened the door for a new class of promising MLs as T2 contrast
agents. However, more studies are warranted to assess the effect of the lipid bilayer composition on
the MRI properties of B-MLs. Longitudinal (r1 ) or transversal relaxivity (r2 ) of any contrast agent
is defined as the ratio of water relaxation rate constant normalized to its concentration. Contrast
agents of high relaxivities can provide an equivalent contrast effect at relatively low doses, which
reduce the systemic toxicity of these contrast agents. [1] Several factors influence the relaxation of
water molecules in the vicinity of the magnetic centres, such as the NP’s magnetization and surface
coatings [1,17]. The latter can affect the relaxation of water molecules in various forms, such as diffusion,
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retention, hydration, and hydrogen bonding [1,18]. The fluidity of the coating (i.e., lipid bilayer) has a
significant influence on the relaxivity values since the accessibility of water protons to the magnetic
centres is modified. The fluidity of the lipid bilayer depends on several factors, such as phospholipid
hydrocarbon length and saturation, and cholesterol content, which has been shown to influence the
MRI signals of Gd-chelates containing liposomes (T1 contrast agents) [19]. However, no such study
has been carried on superparamagnetic NPs (T2 contrast agents). Although the use of an appropriate
coating can boost the NP’s MRI contrast agent efficiency, this topic has been largely understudied.
To the best of our knowledge, this article represents the first systematic study on the influence of
different phospholipids on the r2 values of B-MLs. It was demonstrated that a lipid bilayer surface
with high hydration number, which favors the diffusion of water molecules within the NPs second
sphere, is crucial to obtain high r2 values. Therefore, embedding small IO NPs in the lipid bilayer leads
to unprecedented improvement of r2 values compared to “free” IO NPs. Moreover, the correlation
between the bilayer fluidity and relaxivity r2 is clearly shown. Finally, the in vitro MRI measurements
together with the inductively coupled plasma mass spectrometry (ICP-MS) analysis revealed MLs as
highly selective contrast agents that were preferentially taken up by cancerous T24 cells, which led to
an improvement in the contrast and an easier distinction between the healthy and the cancerous cells
at very low IO NPs concentrations, which is not the case for “free” IO NPs.
2. Materials and Methods
2.1. Chemicals
Oleic acid (OA, >99.9%), octyl ether (99%), iron (0)-pentacarbonyl (Fe(CO)5 , > 99.99%),
hydrocaffeic acid (HCA, 98%), tetrahydrofuran (THF, anhydrous, >99.9%), dimethyl sulfoxide
(DMSO, > 99.5%), and cholesterol (>99%) were purchased from Sigma Aldrich (Dorset, UK). Nitric
acid (65% HNO3 ), hydrochloric acid (30% HCl), and hydrogen peroxide (30% H2 O2 ) were obtained
from Merck Millipore (Milford, MA, USA). Standard solution of Fe (1000 µg Fe/mL in 2–3% HNO3 )
was obtained from Merck (Darmstadt, Germany). 1,2-dioleoyl-sn-glycero-3-phosphatidylcholine
(DOPC), 1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine (DPPC), 1,2-distearoyl-sn-glycero-3phophatidylcholine (DSPC), and N-[carbonyl-methoxy(polyethylene glycol)-2000]-1,2-distearoyl-snglycero-3-phosphoethanolamine, sodium salt (DSPE-PEG2000 ) were a kind gift from Lipoid GmbH
(Ludwigshafen, Germany).
2.2. Synthesis of IO NPs
IO NPs were synthesized using thermal decomposition [20]. Oleic acid (6.08 mmol) was dissolved
in 20 mL of octyl ether under a nitrogen atmosphere. The mixture was magnetically stirred and
heated until the temperature reached 100 ◦ C. After this, Fe(CO)5 (6.08 mmol) was injected into the
mixture, and the resulting mixture was slowly heated and refluxed at 290 ◦ C for 2 h. During reflux,
the yellow-orange colour of the solutions changed to colourless then to black due to the thermal
decomposition of Fe(CO)5 and iron oxide nanoparticle nucleation. After 2 h, the solution was cool
aerated for 14 h at 80 ◦ C, and then refluxed for 2 h (aerated iron oxide). The aerated solution was
purified by adding ethanol followed by centrifugation (6000 rpm × 30 min). This process was repeated
three times. Formed NPs were dispersed in CHCl3 and stored at 4 ◦ C.
2.3. Preparation of HCA-Coated IO NPs
Hydrophilic NPs were obtained via ligand exchange reaction, where OA ligand was replaced
with hydrocaffeic acid (HCA). Briefly, hydrophobic IO NPs (20 mg) were dispersed in 1 mL of
tetrahydrofuran (THF) [21], and a solution of the ligand was prepared by dissolving 50 mg of HCA in
5 mL of THF. Hydrophobic NPs were added dropwise to the ligand solution, and the mixture was
then stirred at 50 ◦ C for 3 h to complete the reaction. Upon cooling the reaction mixture to room
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temperature, 0.5 mL of 0.5 M NaOH was added to precipitate the NPs, which were collected using
centrifugation and redispersed in water and stored at 4 ◦ C.
2.4. Preparation of NDPM-Coated IO NPs
Nitrodopamine palmitate (NDPM) ligand was synthesized as described in the literature [22].
NDPM-coated IO NPs were prepared by exchanging the oleic acid coating on the surface of IO NPs
with NDPM ligand. Briefly, OA-IO NPs were completely dried (15 mg), then dissolved in THF (5 mL).
In a separate vial, NDPM ligand (30 mg) was dissolved in a solution of DMSO/THF (1:2) (1.5 mL).
OA-IO NP solution was transferred to a 15 mL Falcon tube, and the NDPM ligand solution was added
dropwise. The obtained mixture was bath sonicated for 30 min and then transferred to a water bath at
50 ◦ C for 24 h under constant magnetic stirring. The obtained NDPM-IO NPs were purified from the
free ligand using centrifugation. The NP dispersion was transferred to the 15 mL Falcon tube and
centrifuged for 1 h at 9000 rpm. After centrifugation, a black precipitate was formed at the bottom
of the Falcon tube. The supernatant was collected, and the precipitate was washed with fresh THF
(4 mL), followed by 1 h centrifugation, as described above. The washing and centrifugation steps were
repeated three times. The purified NDPM-IO NPs were dissolved in chloroform (CHCl3 ) to obtain a
final concentration of 5 mg/mL and stored at 4 ◦ C.
2.5. Preparation of MLs
MLs were prepared using a thin-film hydration method followed by extrusion. Briefly, 0.3 mg of
NDPM-IO NPs (1 mg/mL) and 10 µmol of phospholipid were dissolved in CHCl3 . For cholesterolcontaining formulations, 5 µmol of cholesterol was also included. The organic mixture was transferred
to a round bottom flask (25 mL), then removed at 40 ◦ C using a rotary evaporator (Rotavapor R-100
equipped with heating bath, Interface I-100 and vacuum pump V-100, Bunchi, Switzerland). Once the
lipid film was formed, the pressure in the flask was reduced to 33 mbar for 2 h. The dried lipid film
was then hydrated with 2 mL of 240 mM ammonium sulfate buffer ((NH4 )2 SO4 ) pH 5.4) at 60 ◦ C for
1 h to achieve a final phospholipid concentration of 5 mM. To ensure efficient hydration, lipid-film
containing flasks were briefly warmed in a circulating water bath to the desired temperature, followed
by the addition of the pre-warmed buffer solution. Liposome size was reduced using the mini-extruder
(Avanti Polar lipid, Alabama, USA). Samples were extruded at 60 ◦ C through 800 nm (5 cycles) and
200 nm (15 cycles) membrane filters (PC membranes, Avanti Polar lipid, Alabama, USA). Due to
the hydrophobicity, non-embedded NPs remain on the membrane filter and are therefore removed
during the extrusion process. Liposomes and magneto-liposomes were left to anneal for 2 h at room
temperature, then flushed with nitrogen and stored at 4 ◦ C for further experiments.
2.6. Hydrodynamic Diameter and Zeta Potential Measurements
The hydrodynamic diameter, polydispersity index (PDI), and zeta potential (ζ-potential) of empty
and MLs were determined using Zetasizer Nano ZS90 (Malvern, UK) at 25 ◦ C. Disposable polystyrene
cells and folded capillary cells (Malvern, UK) were used for dynamic light scattering (DLS), and zeta
potential measurements, respectively. Suspensions were diluted in 0.2 µm filtered deionized water at
ratios of 1:10 (v/v) for both DLS and zeta-potential measurements.
2.7. Fourier-Transform Infrared Spectroscopy (FTIR) Measurements
FTIR measurements were performed in order to evaluate the success of the ligand binding to the
NPs’ surfaces. This was done using a Spectrum 400 spectrometer (Perkin Elmer, Waltham, MA, USA).
The spectra were recorded on dried samples in the wavenumber range 4000–650 cm−1 .
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2.8. Magnetic Measurements
For the magnetic characterization, IO NPs were prepared in the form of a dry powder (10 mg).
Magnetic measurements were performed with a vibrating-sample magnetometer (VSM MicroSense
model FCM 10) at room temperature.
2.9. Inductively Coupled Plasma Mass Spectrometry (ICP-MS)
Total concentrations of Fe in the analysed samples were determined using an Agilent 7700 ICP-MS
instrument (Agilent Technologies, Tokyo, Japan). A standard solution of Fe was diluted with water
for the preparation of fresh calibration standard solutions. For the determination of Fe in aqueous
suspensions of IO NPs and MLs, 0.1 mL of the initial sample was mixed with 1 mL of nitric acid
(65% HNO3 , suprapure) and heated in an oil bath at 80 ◦ C for 1 h. After the digestion, all samples
were diluted with MilliQ water to a final volume of 10 mL, and appropriately diluted prior to ICP-MS
measurements. Digestion was performed in triplicates. Fe content in each sample was determined
using an Fe standard curve. For the determination of the Fe concentrations in the cell samples, 2 mL
of sample was digested with 0.75 mL of HCl, 0.5 mL of HNO3 , and 1.25 mL of hydrogen peroxide
(30% H2 O2 ) and heated at 90 ◦ C overnight with the use of a heating oven (Binder GmbH, Tuttlingen,
Germany). After the digestion, the sample volume was completed with MilliQ water to a final volume
of 10 mL and appropriately diluted prior to the ICP-MS measurements. All the dilutions of the samples
were made with ultrapure water (18.2 MΩ cm) obtained from a Direct-Q 5 Ultrapure water system
(Merck Millipore, Milford, MA, USA).
2.10. Transmission Electron Microscopy (TEM)
Samples for the TEM analysis were prepared by adding 5 µL of MilliQ water-diluted ML
suspension on a carbon-coated 400 mesh copper grid (Ted Pella, Inc., Redding, CA, USA) and air-dried.
Sample grids were examined with a JEOL JEM-1400 Plus transmission electron microscope, operating
at an accelerating voltage of 120 kV.
2.11. Nuclear Magnetic Resonance (NMR)
1H

NMR spectra were recorded using a Bruker Avance III 400 MHz spectrometer. 1–2 mg of each
sample was dissolved in 0.5 mL of deuterated solvent. Dopamine hydrochloride, nitrodopamine, and the
NDPM ligand were dissolved in deuterated DMSO (99.9 atom % D, Sigma Aldrich). NHS-palmitate ester
was dissolved in 0.5 mL of deuterated chloroform (99.8 atom % D, Sigma Aldrich).
2.12. NMR Relaxivity Measurements
An aqueous suspension of HCA-IO NPs and MLs was prepared in a concentration range
(0.25–5 µg/mL = 0.0045–0.0895 mM) with respect to the Fe content. Relaxation time measurements
of HCA-IO NP and ML suspensions were carried out using an NMR/MRI system consisting of a
9.4-T superconducting magnet (Jastec, Kobe, Hyogo, Japan), and a Redstone NMR spectrometer
(TecMag, Houston TX, USA). The T1 relaxation times were measured using an inversion-recovery
sequence with 14 different inversion times, ranging from 50 µs to 10 s, while the T2 relaxation times
were measured using the Carr Purcell Meiboom Gill (CPMG) sequence with multiple spin-echoes.
The T1 and T2 relaxation times were calculated from the best fits between the measurements and
the corresponding model for either T2 relaxation (exponential dependency of the echo-signal on the
echo number) or T1 relaxation (dependency of the inversion recovery signal on the inversion time).
The calculations were performed using the Origin program (OriginLab Corporation, Northampton
MA, USA). The dependencies of the longitudinal (1/T1 ) and transverse (1/T2 ) relaxation rates on the
Fe concentration in the sample were used to extract the relaxivities R1 and R2 . These are defined as
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proportionality constants between the contrast-agent-induced increase of the corresponding relaxation
rate and the MR contrast-agent concentration.

R1 =



1
T1 C

−
C





1
T1 0


,

R2 =



1
T2 C

−





1
T2 0

C

Here, C denotes the contrast-agent concentration, while the subscripts C and 0 denote the relaxation
rates at the contrast-agent concentration C and zero, respectively.
Cell suspensions were centrifuged in 5-mm NMR tubes (Carl Roth, length 100 mm, outer diameter
4.95 mm, inner diameter 4.15 mm) at 1300 rpm for 5 min. The supernatant was completely removed,
and an as-prepared pellet of cells was used in the relaxivity measurements. The same conditions
for the T1 and T2 relaxation times were used as in the case of the suspensions. The tubes with cell
suspensions were arranged in a rosette-like stack and then MRI scanned in the transverse orientation to
the tubes with single- and multi-spin-echo sequences to obtain a T1 -weighted and a series of differently
T2 -weighted images, respectively. Geometrical and resolution parameters were identical in both
imaging experiments: field of view 20 mm, imaging matrix 256 by 256, no slice selection was used,
while contrast parameters were TE/TR = 2.7/500 ms (echo time /repetition time) for the T1 -weighted
image and TE/TR = 13/2000 ms (inter-echo time/repetition time), number of echoes 8 for the series of
T2 -weighted images.
2.13. In Vitro Experiments
The experiments with urothelial cells were approved by the Veterinary Administration of the
Slovenian Ministry of Agriculture and Forestry in compliance with the Animal Health Protection
Act and the Instructions for Granting Permits for Animal Experimentation for Scientific Purposes.
Primary cultures of normal porcine urothelial cells (NPU) cells were established from two porcine
urinary bladders (biological replicates), which were obtained from a local abattoir. Human bladder
muscle-invasive urothelial neoplasm (T24) cells were obtained from ATCC (LGC Standards, Germany).
Primary cultures of normal porcine urothelial cells (NPU), passages IV to XII, and a cell line of human
cancer urothelial cells, derived from muscle-invasive neoplasm (T24), were established as described
previously [23–25]. Briefly, the NPU cells and T24 cells were seeded into plastic Petri dishes/6-well
plastic plates (seeding density 1 × 105 cells/cm2 and 5 × 104 cells/cm2 for NPU and T24 cells, respectively;
TPP, Trasadingen, Switzerland). The NPU cells were maintained in the culture for 4 weeks and the T24
cells for a week to establish normal and cancer urothelial models, respectively. Cells were cultured
in a CO2 -incubator at 37 ◦ C under a humidified atmosphere of 5% CO2 (v/v) until they reached
>85% confluency. At that point, cultures were divided into i) control groups and ii) experimental
groups. Fe content in the NP suspensions was determined via ICP-MS analysis and both samples,
i.e., HCA-IO NPs and MLs (DOPC/Chol/DSPE-PEG2000 ), were prepared either by dilution of HCA-IO
NPs or a concentration of MLs containing 4 µg Fe/mL. The total lipid content in the case of the MLs
was 1.8 mg/mL (12 mM). After the 24 h incubation, all the cells were gently washed in a fresh culture
medium and were further processed for cell-viability assays and MRI analysis. After the incubation
with NPs, cell-viability assays were performed using hemocytometer and trypan blue staining of dead
cells and hemocytometer counting. The number of viable cells was obtained by subtracting the number
of dead cells from all the counted cells. The percentage of viable cells (% Viability) in a given sample
was determined as the ratio between the number of viable cells (NS ) and the number of all the cells in
the sample (N0 ): % Viability = (Ns /N0 ) × 100%.
3. Results
3.1. Preparation and Characterization of Nitrodopamine Palmitate (NDPM)-Coated Magnetic Nanoparticles
Iron oxide nanoparticles (IO NPs) were synthesized using a thermal decomposition method [20].
The synthesized oleic acid (OA)-coated IO NPs were 4.5 ± 1 nm in diameter, as confirmed by the

is shown in Figure 1b and indicates no structural changes and a good dispersion of NPs. Fouriertransform infrared (FTIR) spectroscopy was used to confirm the successful ligand-exchange reaction.
FTIR spectra of the soluble NDPM ligand and NDPM-coated IO NPs are shown in Figure 1d. The
FTIR spectrum obtained for the OA-coated IO NPs confirmed the presence of the adsorbed OA on
the surface of the IO NPs, with a good match of the assigned bands (listed in Table S1) with that
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Figure 1. Characterization of nitrodopamine palmitate (NDPM)-coated IO NPs (iron oxide
Transmission Electron Microscopy (TEM) images of (a) Oleic acid (OA)-coated IO NPs and
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The OA coating on IO NPs was further replaced with NDPM, to enhance their stability and
interaction with the liposome lipid bilayer (Scheme S1). A TEM image of the NDPM-coated IO NPs is
shown in Figure 1b and indicates no structural changes and a good dispersion of NPs. Fourier-transform
infrared (FTIR) spectroscopy was used to confirm the successful ligand-exchange reaction. FTIR spectra
of the soluble NDPM ligand and NDPM-coated IO NPs are shown in Figure 1d. The FTIR spectrum
obtained for the OA-coated IO NPs confirmed the presence of the adsorbed OA on the surface of
the IO NPs, with a good match of the assigned bands (listed in Table S1) with that reported in the
literature for similar nanoparticles [27]. Characteristic bands for the soluble NDPM ligand are listed
in Table S2. A comparison of all three FTIR spectra revealed the successful exchange of the OA with
the NDPM ligand on the surface of the IO NPs. The characteristic band at 1705 cm−1 for the C=O
stretch of the hydrogen-bonded OA was not present in the FTIR spectrum for NDPM-coated IO NPs,
which indicates complete ligand exchange. The following bands were present in both FTIR spectra
for the pure NDPM ligand and the NDPM-coated IO NPs, which therefore indicates the presence of

In our study, three different phospholipids, namely DPPC (C16:0), DSPC (C18:0), and DOPC
(C18:1) were used (Figure S2). These lipids were carefully selected due to the differences in their chain
length and saturation, which affect the liposomal fluidity and water accessibility (Scheme 1) [16]. The
longer lipid chain of saturated lipids (DPPC and DSPC) exhibits a high phase transition temperature
(T
m) (41 and
55 10,
°C,889
respectively). While the presence of a double bond in the C18 carbon chain/tail
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(DOPC (C18:1)) strongly decreases the Tm (Tm = −17 °C) (Figure S2). Cholesterol was also included in
the formulations to enhance the stability and to study its influence on the bilayer fluidity (Scheme 1).
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All ML formulations have a mean hydrodynamic radius in the range 135–155 nm with a low
polydispersity index (PDI) of around 0.1. The size for the cholesterol-containing formulations was
slightly larger than for the non-cholesterol-containing formulations. The zeta potential results of all
liposomal formulations were close to zero, as expected with PEGylated phospholipids. It is important
to emphasise that good colloidal stability was observed with all our MLs (Supplementary Materials,
Figure S3), since the exposure of hydrophobic NPs to the aqueous medium could result in NP
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3.2. MRI Relaxivity Measurements of MLs
3.2. MRI Relaxivity Measurements of MLs
The effectiveness of our MLs as MRI contrast agents was investigated by measuring the dependence
The effectiveness of our MLs as MRI contrast agents was investigated by measuring the
of the longitudinal (T1 ) and transverse (T2 ) relaxation times using a range of Fe concentrations.
dependence of the longitudinal
(T1) and transverse (T2) relaxation times using a range of Fe
IO NPs from the same batch were used for the preparation of MLs and hydrophilic HCA-coated
concentrations. IO NPs from the same batch were used for the preparation of MLs and hydrophilic
IO NPs, to reduce batch-to-batch variations. Samples were prepared with different Fe content
HCA-coated IO NPs, to reduce batch-to-batch variations. Samples were prepared with different Fe
(0.25–5 µg/mL = 0.0045–0.0895 mM), and the T1 and T2 relaxation times are presented in Figures S4
content (0.25–5 µ g/mL = 0.0045–0.0895 mM), and
the T1 and T2 relaxation times are presented in
and S5 in Supplementary Materials, respectively. HCA-coated IO NPs, containing no phospholipids
Figure S4 and Figure S5 in Supplementary Materials, respectively. HCA-coated IO NPs, containing
on the surface, were used as a control. A very important observation was the excellent stability of all
no phospholipids on the surface, were used as a control. A very important observation was the
the liposomal formulations after the exposure to the magnetic field. On the contrary, despite the good
excellent stability of all the liposomal formulations after the exposure to the magnetic field. On the
colloidal stability of HCA-coated IO NPs, we could observe evidence of NP agglomeration after the
contrary, despite the good colloidal stability of HCA-coated IO NPs, we could observe evidence of
relaxivity measurements (data not shown). This further indicates the suitability of liposomal coating
NP agglomeration after the relaxivity measurements (data not shown). This further indicates the
for MRI.
suitability of liposomal coating for MRI.
Magnetic NPs are considered as T contrast agents; therefore, all our samples had a small effect
Magnetic NPs are considered as T22contrast agents; therefore, all our samples had a small effect
on T relaxation time (Supplementary Materials, Figure S4). The HCA-IO NP and DPPC/Chol r1
on T11 relaxation time (Supplementary−1Materials,
Figure S4). The HCA-IO NP and DPPC/Chol r1
values were 0.4 ± 0.1 and 0.6 ± 0.1mM
s−1 , respectively. For all other MLs, the r1 values were close
−1
−1
values were 0.4 ± 0.1 and 0.6 ± 0.1mM s , respectively. For all other MLs, the r1 values
were close to
to zero; therefore, it was concluded that r for all the samples was below 0.5 mM−1 s−1 , and any
zero; therefore, it was concluded that r1 for 1all the samples was below 0.5 mM−1 s−1, and any further
interpretation of these data would be incorrect. On the other hand, MLs have a stronger effect on the
shortening of the T2 relaxation time than free NPs (HCA-coated), which indicates MLs have superior
MRI imaging capabilities (Supplementary Materials, Figure S5). The transversal relaxation rate
increased (1/T2—1/T2(0)) as a function of Fe concentration, where T2(0) represents the T2 relaxation
times of water (Supplementary Materials, Figure S6). Calculated longitudinal (r1) and transverse (r2)
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further interpretation of these data would be incorrect. On the other hand, MLs have a stronger effect
on the shortening of the T2 relaxation time than free NPs (HCA-coated), which indicates MLs have
superior MRI imaging capabilities (Supplementary Materials, Figure S5). The transversal relaxation
rate increased (1/T2 —1/T2 (0)) as a function of Fe concentration, where T2 (0) represents the T2 relaxation
times of water (Supplementary Materials, Figure S6). Calculated longitudinal (r1 ) and transverse (r2 )
relaxivities of different MLs and HCA-IO NPs are summarized in Table 3.
Table 3. MLs as a promising MRI T2 contrast agent. Calculated longitudinal (r1 ) and transverse (r2 )
relaxivities of different MLs and HCA-IO NPs.
Sample

r1 (mM−1 s−1 )

r2 (mM−1 s−1 )

DOPC/DSPE-PEG2000 (96/4)
DPPC/DSPE-PEG2000 (96/4)
DSPC/DSPE-PEG2000 (96/4)
DOPC/Chol/DSPE-PEG2000 (96/50/4)
DPPC/Chol/DSPE-PEG2000 (96/50/4)
DSPC/Chol/DSPE-PEG2000 (96/50/4)
HCA-IO NPs

<0.5
<0.5
<0.5
<0.5
0.6 ± 0.1
<0.5
0.4 ± 0.1

673 ± 12
283 ± 9
156 ± 4
575 ± 5
153 ± 5
389 ± 9
16 ± 3

Interestingly, all r2 values of our MLs were very high (>150 mM−1 s−1 ), so dividing such values
with an r1 lower than 1 mM−1 s−1 would give a significantly higher r2 /r1 ratio than the proposed limit of
10 [31]. In conclusion, our MLs exhibited higher r2 values than the hydrophilic HCA-IO NPs (Table 3).
Among the non-cholesterol formulations, DOPC MLs showed the highest r2 relaxivity value of 673
± 12 mM−1 s−1 , followed by DPPC and DSPC MLs (283 ± 5 and 156 ± 42 mM−1 s−11 , respectively).
The obtained results are in good agreement with the literature [16], where the r2 relaxivity value of
DOPC liposomes containing OA-coated IO NPs (r2 = 630 mM−1 s−1 ) was almost 2-fold the value
obtained with DMPC liposomes. Upon cholesterol incorporation, the r2 values of DOPC/Chol and
DPPC/Chol MLs decreased compared to the values of their non-cholesterol formulations (Table 3),
as was previously reported by Carvalho et al. [11]. On the contrary, and expectedly, two batches of
samples and three independent measurements showed that DSPC/Chol MLs had a higher r2 value
(389 ± 9 mM−1 s−1 ) than the non-cholesterol containing counterpart (154 ± 4 mM−1 s−1 ), which requires
further investigation.
3.3. In Vitro MRI Experiments
Following an assessment of their MRI effectiveness, DOPC/Chol MLs were selected for in vitro
testing, since they demonstrated a high r2 value in the presence of cholesterol. HCA-coated IO NPs
were used as a control. Both samples were incubated with normal porcine urothelial cells (NPU) and
cancer urothelial cells (T24). Interestingly, our cell viability results demonstrated high biocompatibility
(>90%) of both samples in normal NPU and the cancer T24 cells, following 24 h incubation (Figure S7).
Next, in order to quantitatively assess the NPs’ uptake, ICP-MS analysis was used to measure Fe levels
in each sample, following subtracting the endogenous Fe background (0.44–0.47 µg/mL) (Table 4).
Comparable Fe content was observed in NPU and T24 cells incubated with HCA-IO NPs (0.42 and
0.44 µg/mL, respectively). This high cellular uptake (~11%) could be attributed to the small size
of these HCA-IO NPs and the extended hours of incubation. On the other hand, for ML samples,
higher Fe content was detected in T24 cancer cells compared to non-cancerous NPU cells (0.38 and
0.20 µg/mL, respectively), resulting in almost a two-fold increase in their cellular uptake (9.5 vs 5.0%).
This observation agrees with the high nanoparticles uptake of cancer cells [32]. These interesting
results highlight that MLs have higher selectivity to cancer cells, compared to small HCA-IO NPs,
which could enhance MRI imaging in vivo.
Next, in order to correlate the level of cellular uptake of the NPs and MLs with their MRI signals,
the T2 relaxation times were measured for all cell pellets and are shown in Figure 3a. MRI is a very
sensitive technique and can detect very small changes in the water proton environment. This is evident

Nanomaterials 2020, 10, 889

11 of 18

from the comparison of the NPU cells (294 ms) and T24 controls (346 ms), where the T24 control
appears slightly brighter on the T2 image than the NPU control (Figure 3b). This is attributed to the
fact that cancer cells contain more water than the normal cells [33], and therefore, a longer relaxation
time for the T24 control was observed than for the NPU control. Classified as T2 contrast agents,
superparamagnetic IO NPs have a strong influence on the relaxation of the water protons. Despite
the fact that the concentration of IO NPs in the T24+IO NPs sample is “only” 2 µg/mL higher than in
NPU+IO NPs, this difference is sufficient to observe a significant T2 decrease (T2 for T24+IO NPs and
NPU+IO NPs is 228 and 277 ms, respectively) compared to the control values (Figure 3a). Furthermore,
the following comparison demonstrates the importance of the relaxivity value of the added contrast
agent. Despite the higher cellular uptake of HCA-IO NPs than MLs (11 and 9.5%, respectively) by
cancerous T24 cells, a drastic reduction of 92% was observed in the T2 relaxation time (29 ms) in the
MLs cells pellet compared to a moderate reduction of 34% in the T2 value (228 ms) of the HCA-IO
Nanomaterials 2020, 10, x FOR PEER REVIEW
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proving that MLs have a high potential as promising MRI contrast agents for in vivo applications.
Table 4. After 24 h incubation of normal (NPU) and cancerous T24 cells, Fe content in the cells was
determined
using
analysis.
For the
calculation
of cellularT24
uptake,
endogenous
(control
Table
4. After
24 hICP-MS
incubation
of normal
(NPU)
and cancerous
cells, the
Fe content
in theFecells
was
groups) was subtracted (marked as Corrected Fe).
determined using ICP-MS analysis. For the calculation of cellular uptake, the endogenous Fe (control
groups) was subtracted (marked as Corrected
Fe).
Total
Corrected
Cellular
Sample
Fe (µg/mL)
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4. Discussion
IO NPs have been intensively investigated as potentially superior contrast agents for MRI when
compared with the most widely used Gd-based complexes, due to the high magnetic susceptibility
and lower toxicity. Numerous reports can be found about the optimal size, shape, crystallinity and
composition for IO NPs to yield a high r2 value [34]. Since the proton relaxation occurs mainly at the
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4. Discussion
IO NPs have been intensively investigated as potentially superior contrast agents for MRI when
compared with the most widely used Gd-based complexes, due to the high magnetic susceptibility
and lower toxicity. Numerous reports can be found about the optimal size, shape, crystallinity and
composition for IO NPs to yield a high r2 value [34]. Since the proton relaxation occurs mainly
at the surface or in close proximity of the NPs, the coating of the NPs plays a crucial role in the
relaxation process [1]. However, this topic has been largely understudied. Thus, in the scope
of this article, we attempt to correlate the NP coating properties such as fluidity and hydration
number to the NPs’ performance as MRI contrast agents. The liposomal structure offers a design of a
biocompatible, multifunctional system, where targeting/imaging/treatment can be done simultaneously
by incorporating different components either in the liposomal core or in the bilayer. The biggest
advantage of using such MLs where magnetic NPs as contrast agents are located in the bilayer is
that the entire volume of the core remains available for other active components, such as drugs.
Magneto-liposomes containing IO NPs in the bilayer have been investigated for magnetic hyperthermia
applications [35–37]. However, there is only one study reporting MLs with IO NPs in the liposomal
bilayer for MRI purposes [16], where OA-coated IO NPs were used for the preparation of DMPC and
DOPC-based liposomes and r1 and r2 relaxivity values were determined without any in vitro or in vivo
studies. More importantly, the same study reported the highest r2 value for a DOPC-PS formulation
containing OA-coated IO NPs in the bilayer (PS = phosphatidylserine, r2 = 995 s−1 mM−1 , while DOPC
alone has r2 = 630 s−1 mM−1 ) [16]. Nevertheless, no explanation was given for such behaviour. PS lipid
might have contributed to a negatively charged surface, thus more hydrated surface [38]; however,
zeta potential measurements were not performed to confirm this claim. This highlights the necessity of
conducting a systematic investigation of different liposomal formulations to prepare efficient MLs as
contrast agents for MR imaging, which is the main focus of the present study, prior to conducting any
in vivo studies.
In the present work, we systemically investigated the effect of lipid composition (i.e., melting
point and cholesterol content) on MRI capabilities. To ensure the successful incorporation of the
NPs in the liposomal bilayer, small NDPM-coated NPs were used [39]. In agreement with other
reports [40], our results showed that incorporating NDPM-IO NPs into the lipid bilayer of the
liposomes had minimal effects on liposome physicochemical properties (Table 2). Nevertheless,
the incorporation of the IO NPs was highly dependent on the membrane fluidity, which is influenced
by its melting point or the cholesterol content (Table 2). Surprisingly, increasing the membrane fluidity
in non-cholesterol-containing lipid bilayers decreased the NP content (DSPC > DPPC > DOPC),
which could be explained by the lower ability of the fluid bilayer to accommodate and withhold
nano-sized hydrophobic NPs stably. On the other hand, we have shown that increasing the rigidity of
the bilayer by incorporating cholesterol dramatically reduced the concentration of NPs, particularly
in high-melting point lipid bilayers (Table 2). Previously, we observed comparable results, using the
same liposomal formulations loaded with hydrophobic docetaxel drug [41]. Furthermore, a similar
trend was obtained following encapsulating hydrophobic quinine into DMPC, DPPC, and DSPC
lipid bilayers with an increasing cholesterol content [42]. It was shown that a high concentration of
cholesterol causes limited space for drug accommodation due to the steric hindrance provided by the
steroid reducing the EE, which could explain the lower concentration of the hydrophobic IO NPs in
our cholesterol-containing MLs.
Ultra-small IO NPs usually have very low r2 values as a consequence of lower magnetization
(Figure 1c) than the one obtained for NPs of a larger size. For example, the highest reported r2 values
for small NPs (4–5 nm) are in the range from 24 to 44 s−1 mM−1 [43,44]. However, an appropriate coating
can boost the contrast capability of magnetic NPs [1]. In our study, incorporation of such small NPs in
the liposomal formulations led to an improvement in these r2 values ranging from 153 ± 5 s−1 mM−1
for DPPC/cholesterol/DSPE-PEG (96/50/4) up to 673 ± 12 s−1 mM−1 for DOPC/DSPE-PEG (96/4).
Interestingly, all our ML formulations significantly decreased T2 values at very low Fe concentration
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and thus exhibited high r2 values. A similar effect was shown for MLs containing hydrophilic IO NPs
in the core. Bealle et al. [15] investigated MLs composed of DPPC/DSPC (90/10 mol%) lipids and loaded
with citrate-coated IO NPs. When those hydrophilic NPs (For 7- and 9-nm sized IO NPs, r2 values were
114 and 204 mM−1 s−1 , respectively) were encapsulated in the liposomal core, the r2 value increased to
138 and 267 mM−1 s−1 , respectively. Furthermore, our systematic investigations showed that T2 relaxation
times were affected by the lipid bilayer fluidity (i.e., melting point). More precisely, higher fluidity of
the bilayer (DOPC > DPPC > DSPC) led to higher relaxivity (DOPC > DPPC > DSPC). A summary of
these observations is listed in Table 5. In agreement with our results, Martínez-González et al. [16]
showed a similar trend whereby a saturated DOPC formulation had a significantly higher r2 value
(630 s−1 mM−1 ) than the unsaturated DMPC MLs (340 s−1 mM−1 ), both containing OA-coated IO NPs
in the bilayer. Unfortunately, no solid explanation for such behaviour was given.
Table 5. Summary of results showing the influence of the phospholipid composition of MLs on the
bilayer fluidity and the r2 relaxivity values.

Fluidity
r2

Non-Cholesterol MLs Formulations

Cholesterol-Containing MLs Formulations

DOPC > DPPC > DSPC
DOPC > DPPC > DSPC

DOPC/Chol > DSPC/Chol > DPPC/Chol
DOPC/Chol > DSPC/Chol > DPPC/Chol

A systematic study based on Gd-based T1 contrast agents reported that low accessibility of contrast
agents to water protons (i.e., less fluid coating) resulted in lower relaxivity [19]. No such correlation
was shown before for T2 contrast agents; however, we believe that the theory developed for T1 contrast
agents [19] can also be applied to explain the bilayer fluidity-relaxivity correlation for MLs, which will
be briefly described below. A three-sphere model describes the interaction between the water protons
and the magnetic centre, and therefore, the r1 and r2 relaxivities are divided into three contributions: [1]
a) the inner sphere relaxivity (rIS ), where the hydrogen nuclei from water (or other molecules) can
directly bind to the magnetic metal centre, b) in the second sphere relaxivity (rSS ) the magnetic metal
centre interacts with the long-lived hydrogen nuclei (e.g., diffusing water molecules and exchangeable
protons) that are not directly bound to the metal centre and c) the outer sphere relaxivity (rOS ) that comes
from the surrounding bulk water and is constant for a specific environment (e.g., T1 and T2 times for
pure water are around 4000 and 2000 ms, respectively, depending on the measurement conditions).
For T2 contrast agents, the contrast mainly comes from the inhomogeneity of the generated magnetic
field created by the magnetic centres, whose influence is extended to the second sphere, making the
rSS the most important contributor to the r2 value [1]. This indicates that the superparamagnetic NPs
as T2 contrast agents have a longer-range influence on water protons and not only on the molecules
directly bound to their surface. From this perspective, the more the water molecules diffuse into the
secondary sphere of NPs, the greater the possibility of relaxing these molecules. Thus, the use of
coatings that may exclude water from the vicinity of the NPs, hindering water diffusion or extremely
prolonging the water residency, can cause a reduction in r2 . In addition, the presence of the ligands with
circulating electrons (π-system, for example, double bound in unsaturated phospholipids) will enhance
r2 values [1]. More precisely, during the MRI scan, magnetic NPs create a fluctuating magnetic field,
and the electrons in the surrounding atoms undergo circulations. This generates small local magnetic
fields of the opposite direction, which contribute to enhanced field inhomogeneity and, consequently,
higher measured relaxivity r2 . Therefore, not only higher fluidity but also the presence of a π bond in
the DOPC is responsible for higher r2 values compared to DPPC- and DSPC-based formulations.
Furthermore, a critical factor for r2 is the diffusion dynamics of water molecules in the magnetic
field gradients. This contribution is measured by the number of water molecules diffused into the
secondary sphere of the contrast agent and their residency time within the region. Liposomes increase
MR contrast agent hydration number and decrease the water diffusion rate caused by a phospholipid
bilayer [45]. Moreover, the phosphocholine head group present in our MLs has a high hydration
number, where 25–30 water molecules are needed to completely hydrate the phosphocholine head
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group, in contrast to the ethanolamine head group hydration number (10–12 water molecules) [46]. This
indicates that more water molecules are present in the vicinity of the magnetic centres, which amplifies
the MR signals. In addition, PEG molecules are responsible for a fixed aqueous layer thickness (FALT)
near the liposomes, thus assisting water diffusion through the bilayer and maintaining a high hydration
number [47]. Therefore, besides the stealth effect, we believe that PEGylated phospholipids, such as
DSPE-PEG2000 , play an important role in enhancing the liposomal hydration state. Furthermore, not
only hydration numbers but also water exchange rates differ over three orders of magnitude when
comparing different functional groups (phosphonate ~ phenolate > α-substituted acetate > acetate >
hydroxamate ~ sulfonamide > amide ~ pyridyl ~ imidazole) [48], with the phosphonate group having
the highest water exchange rate. These parameters could explain the MR superiority of our MLs,
regardless of their lipid composition, compared to free HCA-IO NPs.
Cholesterol reduces the fluidity of the membrane and thus the r2 relaxivity value. Therefore,
DOPC/Chol and DPPC/Chol formulations have lower r2 values (575 and 153 mM−1 s−1 , respectively) than
their non-cholesterol counterparts (673 and 283 mM−1 s−1 , respectively). Martínez-González et al. [16]
showed a similar effect where DOPC/Chol and DMPC/Chol liposomes containing OA-coated IO
NPs exhibited lower r2 values (281 and 230 s−1 mM−1 , respectively) than the non-cholesterol DOPC
and DMPC formulations (630 and 340 s−1 mM−1 , respectively). Unexpectedly, our MLs composed
of DSPC/Chol/DSPE-PEG (63/33/4) showed a higher r2 relaxivity compared to DSPC/DSPE-PEG
(96/4) MLs. Skouras et al. [49] investigated similar formulations, i.e., DSPC/DSPE-PEG (80/20) and
DSPC/Chol/DSPE-PEG (76/20/4), and the relaxivity was lower for the cholesterol-containing sample
(46 s−1 mM−1 ) than for the non-cholesterol counterpart (154 s−1 mM−1 ). The important differences
are the lower cholesterol content, and their MLs contained hydrophilic NPs in the core, while our
hydrophobic NPs are located in the bilayer, thus the water accessibility might be different. Below
Tm , the presence of cholesterol prevents ordered packing of lipids, thus increasing their membrane
fluidity [29,30]. This could mean that the lipid bilayer of DSPC/Chol MLs is more fluid or contains
more defects at room temperature than the DSPC MLs, and consequently, a higher r2 is observed.
However, further investigations are still warranted to understand the behaviour of these highly stable
and clinically-relevant liposomes.
Interestingly, for all the reports investigating H-MLs [11–15,49–51] (IO NPs in the core) or
B-MLs [16,37] (IO NPs in the bilayer) for MRI applications, no in vitro MRI studies could be found.
A detailed list of the above-mentioned references with a summary of their experimental conditions
(size of IO NPs and their location in the liposomes, liposomal formulation, concentration range used
for the determination of r2 , maximum r2 , and in vivo conditions where applicable) can be found in the
Table S3 in Supplementary Materials. Promisingly, our in vitro MRI results revealed, for the first time,
a clear distinction between normal and tumor cells as a consequence of different internalization of
MLs and small HCA-IO NPs. It has been shown that the internalization rate strongly depends on the
NPs’ size, shape, and surface properties, as well as the type of the cell line [52]. In the present study,
normal cells (NPU) internalized 10.5% and 5% of initial HCA-IO NPs and MLs, respectively, while
cancerous T24 cells internalized more, i.e., 11% and 9.5%, respectively. It is believed that normal cells
are less likely to internalize NPs larger than 10 nm, while large NPs (>100 nm) can be easily taken up
by cancerous cells, as demonstrated in our previous study [32]. Therefore, due to the very small size of
the HCA-IO NPs (approx. 4.5 nm), the internalization rate for NPU and T24 cells was similar (10.5%
and 11%, Table 4), while larger MLs were internalized in the NPU cells to a lesser extent (5%) than in
cancerous T24 cells (9.5%). T2 measurements of the cell pellets (Figure 3) demonstrated that not only
the concentration but the relaxivity of the contrast agent and the type of cell (caner vs normal) were
also crucial factors for the MRI contrast enhancement. For instance, although the higher Fe content
HCA-IO NPs caused a smaller reduction in T2 relaxation times in the cell pellet (T24+IO NPs was
shortened only by 34%), in the case of the T24+MLs the T2 relaxation time decreased by 92% (29 ms)
regarding the control sample. This can be attributed to the higher r2 relaxivity of the MLs. Furthermore,
similar cellular uptake levels of IO NPs in NPU and cancerous T24 cells makes a clear differentiation
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between the healthy and the cancerous cells rather difficult. On the contrary, due to the low cellular
uptake the MLs showed no decrease in T2 relaxation time compared to the NPU control, but even a
slight increase in T2 value, which can be seen as a brighter T2 image than the NPU control. In the case
of the MLs, two competitive processes have to be considered. The first is the influence of the IO NPs
that decrease the T2 signal, and the second one is the influence of the water content increase coming
from the liposomal aqueous core, causing the increase in the T2 signal. At low MLs cellular uptake
(low Fe content), the water content increase will be a dominant contribution to the total T2 signal.
Therefore, the T2 value slightly increased (NPU+MLs sample), which could be seen as a brighter T2
image (Figure 3b). On the other hand, a high uptake of MLs and consequently a high concentration of
Fe in the sample (T24+MLs) shifts these two competitive processes in favor of an IO-based T2 decrease,
although the water content increased and caused a strong dark contrast on the T2 image. This is an
interesting phenomenon, which has not been studied in detail yet and requires a separate systematic
study that involves the incorporation of different concentrations of empty and magnetic liposomes in
the different types of cells.
Our results clearly demonstrate the importance of tailoring the surface properties of magnetic NPs
to enhance their MR imaging capabilities for in vitro and in vivo applications. Taking into account the
negligible effect of MLs on the T2 of the normal cells and a massive signal decrease in the cancerous cells,
not only did MLs prove to be highly efficient, but the selectivity between the normal (non-cancerous)
and cancerous cells was clearly demonstrated.
5. Conclusions
To the best of our knowledge, this article represents the first systematic study of the influence of
different phospholipids on the r2 values of MLs containing magnetic NPs in the bilayer. Our results
showed that r2 values were highly influenced by the lipid bilayer composition, which was contributed
to the differences in the fluidity and the diffusion dynamics of the water molecules in the secondary
sphere of IO NPs. Overall, all the prepared liposomal formulations exhibited higher r2 values than the
hydrophilic HCA-IO NPs. Due to the high bilayer fluidity of DOPC-based formulations, their MRI
performance was superior to other liposomal formulations. Our in vitro experiments showed that
our DOPC/Chol MLs were proven to be non-toxic for normal (NPU) and cancerous (T24) cells after
incubation for 24 h. Moreover, the in vitro MRI measurements revealed that MLs could serve as an
excellent contrast agent, enabling an easier distinction between the healthy and the cancerous tissues,
proving that the studied magneto-liposomes have a high potential to be used as an MRI contrast agent
even at very low concentration. Furthermore, MLs could encapsulate a wide range of therapeutics
and diagnostics in their aqueous core, offering a great platform for the preparation of multifunctional
nanoparticles for theranostics and image-guided drug delivery.
Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/10/5/889/s1,
Synthesis details and NMR characterization of NDPM ligand. Figure S1: NMR spectra for reagents and the
final product (NDPM ligand), Scheme S1: Schematic representation of the ligand exchange reaction, Table S1:
FTIR assignment of OA-coated IO NPs, Table S2: FTIR assignment of pure NDPM ligand, Figure S2: Structure,
chemical name and phase transition temperature of used lipids in this study, Figure S3: Photo of MLs suspensions
with different lipids composition, Figure S4: T1 relaxation times of MLs and HCA-coated IO NPs, Figure S5: T2
relaxation times of MLs and HCA-coated IO NPs, Figure S6: Graph showing inverse transverse 1/T2 —1/T2 (0)
relaxation rate increase for MLs and HCA-coated IO NPs, Figure S7: Cell viabilities after incubation of normal and
cancerous T24 cells with HCA-IO NPs or MLs for 24, Table S3: A review table containing all published studies
using MLs for MRI applications with the summary of their experimental data.
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Abstract
20

Lysolipid-containing thermosensitive liposomes (LTSL) have gained attention for triggered
release of chemotherapeutics. Superparamagnetic iron oxide nanoparticles (SPION) offer
multimodal imaging and hyperthermia therapy opportunities as a promising theranostic agent.
Combining LTSL with SPION may further enhance their performance and functionality of
LTSL. However, a major challenge in clinical translation of nanomedicine is the poor
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scalability and complexity of their preparation process. Exploiting the nature of self-assembly,
nanoprecipitation is a simple and scalable technique for preparing liposomes. Herein, we
developed a novel SPION-incorporated lysolipid-containing thermosensitive liposome
(mLTSL10) formulation using nanoprecipitation. The formulation and processing parameters
were carefully designed to ensure high reproducibility and stability of mLTSL10. The effect of
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solvent, aqueous-to-organic volume ratio, SPION concentration on the mLTSL10 size and
dispersity was investigated. mLTSL10 were successfully prepared with a small size (~100 nm),
phase transition temperature at around 42 °C, and high doxorubicin encapsulation efficiency.
Indifferent from blank LTSL, we demonstrated that mLTSL10 combining the functionality of
both LTSL and SPION can be successfully prepared using a scalable nanoprecipitation

35

approach.

2

1

Introduction

Lysolipid-containing thermosensitive liposomes (LTSL) have been developed as a promising
solution to enhance tumor drug bioavailability, in contrast to conventional liposomal
40

formulations that rely on passive release [1]. LTSL comprises base phospholipid 1,2dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), lysolipid 1-stearoyl-2-hydroxy-sn-glycero3-phosphocholine (MSPC), and PEG-lipid 1,2-distearoyl-sn-glycero-3-phosphoethanolamineN-[methoxy(polyethylene glycol)-2000] (DSPE-PEG2000). Lysolipids participate in the
stabilization of membrane pores during phase transition, allowing burst release of entrapped
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hydrophilic drug; while PEG-lipids provide interfacial stabilizing (stealth) effect to prolong
blood circulation and also facilitate drug release [2]. The most clinically advanced LTSL is
ThermoDox® , a LTSL formulation optimized for the burst release of doxorubicin upon
applying mild hyperthermia (40 – 42 °C). To date, it is the first and only thermosensitive
liposomal formulation to reach clinical trials, evaluating the treatment of solid tumors in
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combination with radiofrequency ablation and mild hyperthermia [3].
Additional modalities have been included in the LTSL platform to monitor and improve the
performance of drug release. Metallic nanoparticles, such as superparamagnetic iron oxide
nanoparticles (SPION) [4], gold nanoparticles [4,5] and copper sulfide nanoparticles [6], offer
attractive optical and magnetic properties. They have been incorporated into LTSL as
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liposome-nanoparticle hybrids, for potential non-invasive bioimaging modality and trigger
release

controlled

through

external

stimuli

[4].

SPION-loaded

liposomes,

or

magnetoliposomes, are particularly attractive for their promising multifunctionality.
Magnetoliposomes enable magnetic targeted drug delivery [7,8], and act as an efficient MRI
contrast agent with enhancing T2 contrast, for image-guided drug delivery applications [9].
60

Once they reached the targeted site, the embedded SPION can generate heat when exposed to
external stimuli, such as near-infrared laser irradiation or alternative magnetic field, thus
heating up lipid bilayer and trigger drug release [10,11]. Consequently, drug release can be
controlled spatially and temporally. Moreover, magnetic hyperthermia treatment can trigger
cell death by promoting apoptosis and necrosis or even via thermal ablation [12,13].
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Furthermore, the incorporation of SPION have been reported to stabilize the lipid bilayer and
reduces unfavorable premature drug leakage from liposomes [14].
Despite the promising potentials of magnetoliposomes, their clinical translation has been slow;
a significant hurdle in nanomedicines translation besides safety, is the complexity in scaling up
3

laborious manufacturing processes. To date, most of the magnetoliposome formulations
70

utilized conventional batch methods, namely reverse phase evaporation or lipid film hydration,
combined with sonication or extrusion. These are cumbersome bench-scale techniques, which
are challenging to scale up and come along with other issues including low production yield,
poor batch-to-batch reproducibility and cost ineffectiveness [15]. To date, reports on the
scalable preparation of magnetoliposomes have been lacking. In this regard, nanoprecipitation
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is a scalable approach that enables the formation of liposomes in one-step via self-assembly,
without the need to homogenize vesicles size [16,17]. Briefly, a water-miscible organic
solution of lipids (and SPION) is mixed with an aqueous solution, where lipid molecules selfassemble into liposomes spontaneously as they become less soluble in the aqueous non-solvent
phase. Liposome sizes are controlled simply by adjusting the formulation and processing

80

parameters, abolishing the need of downsizing and homogenization [18]. Owing to the nature
of self-assembly, prepared liposomes have narrow size distribution and high reproducibility
[19]. Moreover, nanoprecipitation of liposomes can be made continuous with the help of
microfluidics. Microfluidics, the manipulation of fluid in microscale channels, have drawn
much attention in recent years for the production of liposomes in a well-controlled,

85

reproducible and high-throughput manner [20].
We have shown previously the optimized preparation of LTSL and the entrapment of a
hydrophobic drug using the microfluidics nanoprecipitation approach [21]. Herein, this work
demonstrates for the first time the preparation of SPION-loaded LTSL (mLTSL) using
nanoprecipitation. We have demonstrated the successful preparation and characterization of
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homogeneous, nano-sized (100 and 200 nm) SPION-loaded LTSL, with hydrophilic drug
loading capability.

4

2

Materials and methods
Materials
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1,2-dipalmitoyl-sn-glycero-3-phosphocholine

(DPPC)

phosphoethanolamine-N-[methoxy(polyethylene

and

glycol)-2000]

1,2-distearoyl-sn-glycero-3(DSPE-PEG2000)

were

generous gifts from Lipoid GmbH (Ludwigshafen, Germany). 1-stearoyl-2-hydroxy-snglycero-3-phosphocholine (MSPC) was purchased from Avanti Polar Lipids (AL, US).
Doxorubicin hydrochloride (DOX) was purchased from Apollo Scientific (Cheshire, UK).
100

Ammonium sulfate ((NH4)2SO4), ethanol, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES), sodium chloride (NaCl), tetrahydrofuran, Triton™ X-100 were purchased from
Sigma-Aldrich (Dorset, UK). Nitric acid for trace analysis was purchased from VWR
(Leicestershire, UK).
Preparation of N-palmitoyl-6-nitrodopamine-coated iron oxide nanoparticles
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Hydrophobic N-palmitoyl-6-nitrodopamine (PNDA)-coated superparamagnetic iron oxide
nanoparticles (SPION) was synthesized and characterized as we reported previously [22].
Briefly, oleic acid (OA)-coated SPION was first synthesize by thermal decomposition of iron
pentacarbonyl in octyl ether in the presence of oleic acid as described in the literature [23].
PNDA ligand was synthesized as described in the literature [24]. OA-coated SPION was ligand
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exchanged to PNDA to obtain PNDA-coated SPION, where a solution of 20 mg mL-1 PNDA
in THF/DMSO (2/1, v/v) was added dropwise to a solution of 3 mg mL-1 OA-coated SPION
in THF. The mixture was stirred at 50 °C for 24 h, then washed by THF and centrifuged for 1
h at 10000 g three times. The resultant PNDA-coated SPION (hereinafter called SPION) were
dispersed in THF and stored at 4 °C. The mean diameter of SPION was 4.5 nm, characterized
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by transmission electron microscopy analysis; PNDA-coating was characterized and confirmed
by Fourier-transform infrared spectroscopy; magnetic properties of SPION was measured by
vibrating-sample magnetometry and superparamagnetism was confirmed [22].
Preparation of SPION-loaded LTSL (mLTSL10)
A mixture of SPION and 10 mM LTSL10 (DPPC/MSPC/DSPE-PEG2000, 80/10/10 molar ratio)
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was prepared by dissolving 8 µmol DPPC (5.87 mg), 1 µmol MSPC (0.52 mg), 1 µmol DSPEPEG2000 (2.79 mg) and 0 - 400 µg SPION, per mL of THF/ethanol (1/1, v/v; unless otherwise
stated). Typically, 0.5 mL of the lipid mixture and (NH4)2SO4 solution (240 mM (NH4)2SO4,
pH 5.4) were preheated to 60 °C in a water bath. The volume of (NH4)2SO4 used depends on
5

the designated aqueous-to-organic volume ratio. The lipid mixture was withdrawn and rapidly
125

injected into the (NH4)2SO4 solution, and mixed until viscous fingering was no longer visible.
The formed liposomes were annealed at 60 °C for 1.5 h. Annealed liposomes were purified and
buffer exchanged to HEPES-buffered saline (HBS; 20 mM HEPES, 137 mM NaCl, pH 7.4) by
size-exclusion chromatography (SEC) using Sephadex G-25 in PD-10 desalting column.
Particle size distribution analysis by dynamic light scattering (DLS)
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Z-average diameter and dispersity were determined using Zetasizer Nano ZS90 (Malvern
Panalytical, Worcestershire, UK) equipped with a 4.0 mW He-Ne laser operating at 633 nm
with photodiode detector at a detection angle at 90°. Liposomal samples were diluted 10-fold
in DW and transferred to low-volume polystyrene cuvettes. Z-average and dispersity of each
sample were obtained as the mean of three measurements. The term “dispersity” is used instead
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of “polydispersity index”, in accordance with recommendations of IUPAC [25].
Atomic absorption spectroscopy (AAS)
Total concentrations of iron content of samples were determined by atomic absorption
spectroscopy (AAS) using an Agilent 55 AA (Agilent, CA, US) equipped with Lumina hollow
cathode lamp (PerkinElmer, UK). Iron absorbance was measured at absorption wavelength of
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248.33 nm. The system was blanked by deionized water, calibrated standards were prepared
by diluting an iron standard solution (Sigma, UK) to 1, 2 and 5 ppm (µg mL-1). Recalibration
was performed between every ten samples. Samples were first completely dried off using a
block heater, then 1 mL of concentrated nitric acid was added and heated at 80 °C for 2 h for
acid digestion. Digested samples were diluted appropriately by deionized water and filtered

145

through a 0.45 µm syringe filter before AAS measurement.
Differential scanning calorimetry (DSC)
Thermograms were recorded on TA Q200 DSC (TA Instruments, DE, US), in the temperature
range of 35 – 50 °C with a heating rate of 1 °C min-1. Purified mLTSL10 samples were
concentrated by centrifugation to lipid concentration of 10 mM lipid. 20 µL of samples and

150

HBS reference were transferred to two respective DSC pans and sealed with DSC hermetic lids
(TA Instruments, DE, US).
Transmission electron microscopy (TEM)

6

TEM micrographs were imaged using a JEOL JEM-1400 Plus transmission electron
microscope, operating at an accelerating voltage of 120 kV. Purified mLTSL10 samples were
155

diluted 100 times by deionized water; 2.5 µL of sample was added on a carbon-coated 400
mesh copper grid (Ted Pella, Inc., Redding, CA, US) and allowed to air-dry for TEM imaging.
DOX loading SPION-loaded LTSL using the pH-gradient remote loading method
DOX was loaded into liposomes using a pH-gradient remote loading method. Following buffer
exchange of the external buffer to HBS, the liposomes were incubated with DOX at DOX-to-
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phospholipid molar ratio of 1:20 at 37 °C for 1.5 h. After incubation, liposomes were purified
from unencapsulated DOX by SEC as described above. To quantify DOX encapsulation
efficiency (DOX EE), liposomes before and after purification were diluted to the same lipid
concentration and then solubilized by Triton X-100 to release encapsulated DOX. A final
concentration of 0.1 v/v % Triton X-100 was used, which corresponds to a phospholipid-to-
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detergent molar ratio of 1:20, sufficient to ensure complete solubilization of liposomes [26].
DOX fluorescence intensity was measured using microplate reader with excitation and
emission wavelength of 485 nm and 590 nm, respectively. The concentration of DOX in the
wells were within the linear region. DOX EE was then calculated by comparing the
fluorescence intensity (I(t)) of the samples before and after purification:
𝐷𝑂𝑋 𝐸𝐸 =
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𝐼(𝑡) 𝑎𝑓𝑡𝑒𝑟 𝑝𝑢𝑟𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛
𝐼(𝑡) 𝑏𝑒𝑓𝑜𝑟𝑒 𝑝𝑢𝑟𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛

Statistical analysis
Student’s unpaired two-tailed t-test and one-way analysis of variance (ANOVA) followed by
Fisher’s least significant difference (LSD) test were used to assess statistical significance
between group means [27,28]. All analyses were performed, with the significance level α of
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0.05, using GraphPad Prism 7.0 (GraphPad Software Inc., CA, US).

7

3

Results
SPION precipitates in the presence of high-salt containing media and PEG-lipid

To form SPION-loaded LTSL (mLTSL10) by nanoprecipitation, a water-miscible organic
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phase is to be injected into the aqueous phase. Ethanol was used to dissolve the LTSL10 lipids
(DPPC/MSPC/DSPE-PEG2000, 80/10/10 molar ratio) [21]. Tetrahydrofuran (THF) is miscible
with both water and ethanol, and able to solubilize SPION, therefore an ideal solvent for
mLTSL10 preparation. To introduce SPION to the LTSL10 formulation, SPION could be
added to either the lipid-containing ethanol phase or the aqueous phase. To investigate the
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metastability and solubility of SPION when dispersed in these conditions, 200 µg mL-1 SPION
in THF was dispersed in ethanol, DW, (NH4)2SO4 solution and HBS, with a final THF volume
fraction of 1 v/v % (Supplementary Figure S1a). Although SPION was insoluble in ethanol
and aqueous solution alone, it was metastable when dispersed in THF/ethanol and THF/DW
with overnight stability. However, in the presence of salt ((NH4)2SO4 and HBS), SPION
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precipitated rapidly and completely settled overnight. While SPION can be dispersed in
THF/DW, the use of DW as an aqueous phase for nanoprecipitation is not desirable due to the
high dispersity of the resultant vesicles [18,29]. In fact, HBS and (NH4)2SO4 were the preferred
aqueous phase for their relevance with biological and drug loading applications. Therefore,
SPION was dispersed in the organic phase of THF/ethanol along with the lipids. Hereinafter,
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THF/ethanol was used as the organic phase and the volume fraction of THF in ethanol is
implied by “% THF”.
Subsequently, mLTSL10 mixture comprising 200 µg mL-1 SPION and 10 mM LTSL10 lipid
was dispersed in 1% THF (Supplementary Figure S1b). Unexpectedly, the SPION rapidly
precipitated in the presence of the lipids. To identify the cause, SPION was mixed with the
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three lipid components of LTSL10 (8 mM DPPC, 1 mM MSPC and 1 mM DSPE-PEG2000)
respectively. Clearly, SPION remained metastable with DPPC and MSPC but was precipitated
with DSPE-PEG2000. It was evident that the presence of DSPE-PEG2000 disrupted the
metastable SPION from the 1% THF solvent system. However, when SPION and DSPEPEG2000 were dispersed in THF alone, the mixture remained stable (Supplementary Figure
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S1c). Therefore, it was hypothesized that the ratio between ethanol (to solubilize phospholipid)
and THF (to solubilize SPION) could be optimized to achieve a stable dispersion of mLTSL10.
The stability of the mLTSL10 mixture in 0% to 100% THF was studied overnight (Figure 1).
At 0% (absolute ethanol) to 40% THF, a decreasing amount of SPION was precipitated. At
8

60% and 80% THF, all components were soluble with overnight stability. In 100% THF,
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however, the mixture appeared turbid with the presence of precipitates. Therefore, the optimal
volume fraction of THF should be greater than 40% and less than 100% THF.
THF affects LTSL10 size and dispersity but not membrane integrity
To determine the optimal THF volume fraction for mLTSL10 preparation, the effect of THF
on the size and dispersity of LTSL10 was first investigated. The organic phase (0 – 75% THF)
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containing 10 mM LTSL10 was injected into the aqueous phase ((NH4)2SO4 solution) at 60 °C
with an aqueous-to-organic volume ratio (VR) of 3 (Figure 2a, Supplementary Figure S2a).
One-way ANOVA was conducted to study the effect of %THF on the size and the dispersity
of LTSL10. There were statistically significant differences in both size (F4,17 = 162.2, p < 0.001)
and dispersity (F4,17 = 4.934, p = 0.008). LTSL10 size increased somewhat exponentially with
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THF, from about 80 – 100 nm in 0 – 40% THF, to about 230 nm in 50% – 60% THF, up to
above 1000 nm in 75% THF. In contrast, LTSL10 dispersity increased moderately from 0.1 in
0 – 60% THF to 0.2 in 75% THF. Despite the variation in LTSL10 size with different THF
volume fraction, LTSL10 remained uniform (dispersity < 0.2). To validate the membrane
integrity of the LTSL10 prepared in the presence of THF, samples were remotely loaded with
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DOX. Regardless of the %THF used for preparation, LTSL10 have DOX encapsulation
efficiency (DOX EE) above 80% (83.86 ± 3.56 %; n = 4), indicating the presence of a
transmembrane pH-gradient (necessary for DOX loading) thus the integrity of the membrane.
Uniform mLTSL10 successfully prepared with size dependent on injection volume
ratio
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After successful validation of LTSL10, SPION was included to optimize the preparation of
mLTSL10. The organic phase (20 - 75% THF) containing 10 mM LTSL10 and 300 µg mL-1
SPION (equivalent to SPION-to-lipid ratio of 30 µg µmol-1 [22]) was injected into the aqueous
phase ((NH4)2SO4) at 60 °C with an aqueous-to-organic volume ratio of 3 (Figure 2b,
Supplementary Figure S2b). Expectedly, in 20 – 40% THF, due to the low stability of the

235

mLTSL10 mixture, liposome size distributions were multimodal and highly dispersed (> 0.4);
moreover, SPION precipitates could be observed. Therefore, one-way ANOVA was conducted
to study the effect of %THF on the size and the dispersity of mLTSL10 prepared only in
between 50 – 75% THF. There were statistically significant differences in both size (F2,10 =
164.3, p < 0.001) and dispersity (F2,10 = 12.67, p = 0.002). Both the liposome size and dispersity
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rose significantly with increasing THF volume fraction, from 50% THF (Z-average = 194.4
9

nm; dispersity = 0.107) to 60% THF (Z-average = 325.2 nm, t10 = 3.947, p = 0.003; dispersity
= 0.182, t10 = 2.348, p = 0.041) and 75% THF (Z-average = 708.7 nm, t10 = 18.12, p < 0.001;
dispersity = 0.241, t10 = 4.879, p < 0.001). Intriguingly, dispersity reached a local minimum of
around 0.1 at 50% THF, where uniform mLTSL10 was obtained. Thus, 50% THF was deemed
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the optimal solvent condition to nanoprecipitate mLTSL10.
Once the formulation parameters were optimized, liposome size can be varied simply by
changing the aqueous-to-organic volume ratio (VR) [18]. When VR was increased from 3 to
3.5, mLTSL10 size decreased from 194.4 ± 28.2 nm (dispersity = 0.107 ± 0.041, n = 8) to 91.8
± 8.0 nm (dispersity = 0.091 ± 0.033, n = 5) (Supplementary Figure S3). The changes in size
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was statistically significant (t14 = 6.113, p < 0.001) but insignificant for dispersity (t14 = 1.023,
p > 0.05). Representative correlograms and cumulant fits of the intensity correlation function
were provided (Supplementary Figure S4). Further increase of VR to 4 – 6 resulted in smaller
(< 100 nm) but more dispersed (> 0.2) mLTSL10. This could be attributed to higher membrane
curvature of smaller liposomes, resulting in greater membrane distortion by SPION and
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heterogeneous populations [9,30]. In conclusion, uniformly distributed mLTSL10 can be
prepared using 50% THF, with two available sizes: 100 nm at VR of 3.5 and 200 nm at VR of
3. The zeta potential of the optimised mLTSL10 was -7.83 ± 0.806 (n = 6). Zeta potential of
other conditions (20 – 75% THF) ranges between -10 to -7 mV, without major differences.
SPION loading affects liposome dispersity without affecting membrane integrity
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In an attempt to maximize the SPION loading into mLTSL10, the organic phase (40 - 60%
THF) containing 10 mM LTSL10 and 0 - 500 µg mL-1 SPION (SPION-to-lipid ratio of 0 – 50,
µg µmol-1) was injected into the aqueous phase ((NH4)2SO4) at 60 °C with an aqueous-toorganic volume ratio (VR) of 3 and 3.5 (Figure 3). It was expected that as the loading of SPION
exceeds a certain threshold limit, SPION and LTSL10 can no longer self-assemble uniformly,
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larger and more dispersed samples would be formed.
Using the optimal solvent condition of 50% THF, for large LTSL10 (VR of 3), SPION-to-lipid
ratio can reach up to 50 µg/µmol with dispersity remaining < 0.2. Interestingly, less amount of
SPION (up to SPION-to-lipid ratio of 40 µg/µmol) was tolerated by the small mLTSL10 (VR
of 3.5), as the dispersity increased to 0.2. Determined by one-way ANOVA, SPION
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concentration has statistically insignificant effect on mLTSL10 size for both large (VR of 3;
F2,11 = 0.078, p > 0.05) and small mLTSL10 (VR of 3.5; F4,20 = 2.822, p > 0.05). On the other

10

hand, while there was insignificant effect on larger mLTSL10 dispersity (F2,11 = 1.577, p >
0.05), the effect on small mLTSL10 dispersity was significant (F4,20 = 4.563, p = 0.009).
At 40% THF where SPION are not well solubilized, mLTSL10 become dispersed as low as
275

SPION-to-lipid ratio of 15 µg/µmol, affirming that self-assembly of mLTSL10 in 40% THF is
unfavorable. On the other hand, despite greater solubility of SPION in 60% THF, mLTSL10
have higher dispersity compared to those prepared in 50% THF, which may be attributed to the
unfavorable condition for formation of liposome per se in high concentration of THF.
Considering the desirable size and dispersity of the resultant mLTSL10, the optimal conditions
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for preparing mLTSL10 were using 50% THF, with SPION-to-lipid ratio of 30 µg/µmol and
VR of 3.5.
The stability and membrane integrity of the optimized mLTSL10 was then characterized.
Control experiments using only SPION without LTSL10 lipids were performed to validate the
preparation processes. Initially, freshly prepared mLTSL10 after injection and annealing, were
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left overnight in ambient conditions without SEC purification; despite noticeable reduction in
volume due to evaporation of THF, the solution remained clear and disperse (Figure 4a). In
contrast, under the same conditions in the absence of LTSL10 lipids, the samples were unstable
(Supplementary Figure S5a). SPION precipitated at the wall and the bottom of the container,
which also agreed with the low solubility of SPION in the presence of (NH4)2SO4. This
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suggested that SPION have interacted with the LTSL10 lipids, presumably either embedded
into the lipid bilayer or formed micelles, resulting in greater dispersion stability. To remove
free SPION, freshly prepared mLTSL10 was purified by SEC. mLTSL10 passed through the
column at the expected elute volume for liposomes and was collected as a clear, brownish
solution (Figure 4b, 4c). In contrast, SPION alone could not be eluted and was trapped in the
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frit at the top of the SEC column (Supplementary Figure S5b), which further suggested that
SPION and LTSL10 liposomes eluted as one population. Then, SPION EE of purified
mLTSL10 was characterized by AAS (Figure 4d). Large 200 nm mLTSL10 had a mean
SPION EE of 85.85%, significantly greater than small 100 nm mLTSL10 of 60.77% (t10 = 5.83,
p < 0.001). Liposomes of larger size have a lower surface curvature to accommodate SPION,
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which may explain the higher loading capacity and thus lower dispersity of larger mLTSL10
prepared in 50% THF [9,30]. Finally, to assess membrane integrity and drug loading capability,
mLTSL10 were remotely loaded with DOX. As expected, DOX EE of all samples (0 – 40
µg/µmol SPION-to-lipid ratio), were above 80% (Figure 4e). One-way ANOVA showed that
the amount of SPION has no significant effect on the DOX EE (F3,9 = 0.5386, p > 0.05).
11
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mLTSL10 Characterization
The mean phase transition temperatures of LTSL10 and mLTSL10, defined as the onset
temperature of the melting peak characterized by DSC, were 41.55 °C and 41.87 °C
respectively, (Figure 5a, 5b). The increased transition peak height of mLTSL10, suggests that
the fluid LTSL10 membranes were stabilized by the embedded SPION. Although the phase

310

transition temperature was increased by 0.3 °C, it remained within the range of mild
hyperthermia (40 – 42 °C) for thermosensitive release [2].
Representative TEM images showed that SPION have an iron core size of 4 – 5 nm, in
agreement with our previous characterization [22], which are smaller than the reported
maximum SPION diameter of 6.5 nm for embedding into lipid bilayers (Figure 6a) [31].
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Particles of similar size and morphology to SPION were observed in the TEM micrographs of
mLTSL10 (Figure 6b). SPION were evenly distributed within the liposomes, which can be
attributed to the two-dimensional projection and flattening of spherical liposomes, indicating
the embedment of SPION into the LTSL10 lipid bilayer. Only a trivial quantity of individual
SPION and no irregularly shaped agglomerate (as observed in free SPION) were observed,
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confirming the successful purification of unencapsulated and the effective embedment of
SPION into LTSL10.

12

4

Discussion

To date, majority of magnetoliposome have been prepared by batch methods in combination
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with downsizing techniques of extrusion [7,10,11,22]or sonication [4,8,9,14]. Indeed, due to
the robustness of downsizing, there are little or no limitations on the quality of the preformed
liposomes; large, heterogeneous, multilamellar vesicles can be processed into small,
unilamellar vesicles. However, both techniques have limited scalability and come with their
own disadvantages; sonication may degrade or contaminate the sample, while extrusion may
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suffer from high product losses [32]. In contrast, nanoprecipitation is a self-assembly process
which homogeneous unilamellar liposomes are formed directly. There is no need for
downsizing and homogenization, in turn the liposome quality is governed by the formulation
and processing parameters.
To formulate thermosensitive magnetoliposome mLTSL10 via nanoprecipitation, the
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formulation parameters must be first designed and optimized carefully to ensure all
components can self-assemble into vesicles homogeneously. First, the thermosensitive
formulation LTSL10 was selected, as we previously optimized for nanoprecipitation
preparation [21]. Since the self-assembled liposomes are inevitably exposed to organic solvents
during the nanoprecipitation, they will be prone to ethanol-induced interdigitation [33]. In
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contrast with typical LTSL formulations that contain about 4 – 5 mol% DSPE-PEG2000, DSPEPEG2000 was increased to 10 mol% in LTSL10 to avoid the interdigitated gel phase [21].
Next, the solvent phases were optimized to ensure all components are well-solubilized and to
prevent premature precipitation. Ammonium sulfate solution was selected as the aqueous phase
to enable DOX remote loading; ethanol and THF were used to dissolve lipids and SPION,
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respectively. THF has been an attractive organic solvent given its ability to dissolve
hydrophobic substances while being water miscible. THF was commonly employed in the
nanoprecipitation of inorganic and polymer nanoparticles [34–37]. Although SPION was
metastable in 1% THF (in 99% ethanol), the presence of DSPE-PEG2000 rapidly disrupted the
system. The relatively high solubility of DSPE-PEG2000 in THF suggested that the surface-
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bounded THF could be displaced from the SPION, exposing them to ethanol resulting in
precipitation. Conversely, DPPC and MSPC did not disrupt the SPION in 1% THF, in
agreement with the relatively low solubility of DPPC and MSPC in THF. Consequently, the
volume fraction of THF was inevitably increased to 50% THF for a stable mLTSL10 mixture,
where uniform mLTSL10 could be prepared. Similarly, others have used at least 40% THF in
13

355

ethanol to prepare entrapped SPION in solid lipid nanoparticles [34] and conventional
magnetoliposomes [35].
The effect of introducing THF in ethanol led to substantial increase in both size and dispersity
for both LTSL10 and mLTSL10. Since self-assembly (via nanoprecipitation) is a spontaneous
process that minimizes the molecular free energy, factors such as solubility and diffusivity of
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individual components (lipids, SPION or solvents) in the system would all contribute to the
resultant assembly’s lowest energy state, hence the quality of the liposome population [16].
Others have observed that smaller polymeric nanoparticle sizes were obtained using solvents
with greater diffusion coefficient in water [37,38]. The effect can be explained by the
nanoprecipitation process, as solvents diffuse faster into water, solutes reach their critical
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nucleation concentration earlier, providing less time for nuclei to grow in size, resulting in
smaller nanoprecipitates [16]. Literature on the tertiary system of THF-ethanol-water were yet
to be available; however, based on the data on the binary systems, the diffusion coefficient of
ethanol-water is greater than that of THF-water [39,40]. Therefore, it may be reasoned that
with increasing % THF in ethanol, the diffusion coefficient would decrease, which could
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explain our observation that larger mLTSL10 were formed as volume fraction of THF
increased.
Using lower concentration of THF is preferred; apart from forming dispersed mLTSL10
population, THF raises other concerns regarding scaling-up. High volatility and the ethereal
smell of THF may be unpleasant for user to handle; moreover, THF is highly flammable and
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can decompose into explosive peroxide, posing safety hazards. Furthermore, THF limits the
choice of material for scale-up production. Microfluidics, the manipulation of fluid in
microscale channels, is an emerging technique for nanoprecipitation of liposomes and
acceleration of their clinical translation [20]. Major advantages of microfluidics in
nanoparticles synthesis includes excellent manipulation of fluids, high reproducibility, tunable
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nanoparticle size and the process is readily scalable by continuous production and
parallelization [19]. Currently, owing to the advancement in microfabrication, many
microfluidic devices are polymer-based (such as polydimethylsiloxane and cyclic olefin
copolymer) for their low-cost and ease of fabrication but have limited compatibility towards
strong organic solvents like THF [34,41]. In fact, ongoing research have been conducted to

385

advance material fabrication and microfluidic capabilities, in turn accelerating the development
and translation of products prepared by nanoprecipitation [41,42]. In this regard, in order to
translate the batch injection preparation of mLTSL10 to the continuous, scalable microfluidics
14

method, upcoming microfluidic devices will have to tolerate a minimum of 50% THF in
ethanol.
390

Thus far, there are only few reports on the nanoprecipitation of magnetoliposomes. Kulkarni
et al. presented the nanoprecipitation of SPION-loaded solid lipid nanoparticles (SLNs),
comprising abundant hydrophobic core lipids of triglycerides or sterols (up to 97.5 mol%) to
entrap SPION in the SLN core [34]. Nevertheless, 40% THF was still necessary to solubilize
SPION in the initial lipid mixture. In comparison, Bixner and Reimhult used 100% THF to
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prepare conventional (non-PEGylated) magnetoliposome [35]. Both reported formulations are
based on unsaturated phospholipid, which have high fluidity and great tolerance towards
interdigitation, thus suitable for preparation using nanoprecipitation. Although from the clinical
translation point of view, unsaturated phospholipids are prone to oxidation and their low phase
transition temperature can result in premature release at physiological temperature [43]. In
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comparison, mLTSL10 comprises saturated phospholipids and PEG-lipid, are designed based
on the most clinically advanced LTSL formulation, ThermoDox® , which also offers triggered
drug release capability. We carefully evaluated the effect of THF-ethanol binary solvent system
on the mLTSL10 to attain the optimized condition of 50% THF, without the need of
hydrophobic core lipids and avoided using excessive THF. Moreover, mLTSL10 was prepared
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in ammonium sulfate which enabled the remote loading of hydrophilic cargo, such as DOX.
mLTSL10 is capable of co-encapsulation of hydrophobic SPION and hydrophilic drugs, which
is unprecedent in previous reports.
It is important to note that between different nanoprecipitation techniques (e.g. solvent
injection, microfluidics, cross-flow injection), the mechanism of liposome formation remains
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identical, thus the formulation parameters are readily transferable. However, processing
parameters (e.g. volume ratio, mixing efficiency, flow rates) will be expected to vary according
to the mixing conditions and efficiency of respective techniques [18]; as processing parameters
of bench-scale preparation are also expected to differ from that of industrial scale [16].
Nonetheless, it remained promising and advantageous to prepare nanoparticles using

415

nanoprecipitation for its simplicity and capability of scale-up production for accelerating
clinical translations.
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Conclusion

In summary, the presented results show that the nanoprecipitation technique successfully
420

enabled the loading of SPION into the low temperature-sensitive liposomal system, yielding
spherical, nano-sized homogeneous magneto-thermosensitive liposomes, mLTSL10. The
effect of the formulation parameters, solvent system and SPION concentration, were
investigated and optimized. Minimal amount of 50% THF was required to yield uniform and
stable mLTSL10. Thermosensitivity and membrane integrity were not affected by the inclusion
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of SPION. The nanoprecipitation technique allows efficient SPION loading into liposomes and
eliminates the need for post processing such as extrusion or sonication. It is envisaged that in
combination with scalable nanoprecipitation platform such as microfluidics, the development
of mLTSL10 as a responsive drug delivery carrier will be further accelerated.
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Figure 1. Solubility of SPION and LTSL10 lipid in THF/ethanol binary solvent mixtures.
Photos of 200 µg mL-1 SPION with 10 mM LTSL10 dispersed in ethanol with (left to right) 0,
20, 40, 60, 80, 100% THF at 20 °C.
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Figure 2. Effect of THF volume fraction on LTSL10 and mLTSL10 size and dispersity.
(a) 10 mM LTSL10 and (b) 10 mM LTSL10 containing 300 µg mL-1 SPION, dispersed in 0 –
75% THF, were injected into (NH4)2SO4 with volume ratio of 3. Data are mean ± SD (n = 2 –
7).
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570
Figure 3. Effect of SPION concentration and %THF on mLTSL10 size and dispersity. (a)
Z-average diameter and (b) dispersity of mLTSL10 with SPION-to-lipid ratio of 0 – 50
(µg/µmol), dispersed in 40 – 60 % THF, were injected into (NH4)2SO4 with a volume ratio of
3 (or 3.5). Data are mean ± SD (n = 2 – 7). Inset are representative photo of mLTSL10 with
575

SPION-to-lipid ratio of 0 – 40 (µg/µmol)

Figure 4. mLTSL10 preparation and characterization (a-c) mLTSL10 loaded with SPIONto-lipid ratio of 30 (µg/µmol), dispersed in 50% THF, injected with a volume ratio of 3.5. (a)
mLTSL10 remained disperse at 20 °C overnight without purification. (b) mLTSL10 passing
580

through SEC column during purification. Red box indicates the location of the mLTSL10. (c)
Representative photo of collected mLTSL10 after SEC purification. (d) SPION encapsulation
efficiency of mLTSL10 prepared in 50% THF with injection volume ratio of 3 and 3.5. (n = 4
– 7). Two-tailed unpaired t-test; ***, p < 0.001. (e) DOX encapsulation efficiency of mLTSL10
dispersed in 50% THF with injection volume ratio of 3.5 (n = 2 – 7). Inset is representative

585

photo of purified mLTSL10 after DOX remote loading. Data are mean ± SD.
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Figure 5. Thermal analysis of LTSL10 and mLTSL10. (a) Thermographs and (b) Onset
phase transition temperature of LTSL10 and mLTSL10 characterized by DSC (n = 3 – 9).
Dotted lines as tangent of the point of maximum slope, are added as a visual aid of the onset
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phase transition temperature (x-intercept of the tangent line). Two-tailed unpaired t-test; *, p <
0.05. Data are mean ± SD.

Figure 6. TEM micrographs of (a) SPION in THF, and (b) optimized mLTSL10 (dispersed in
595

50% THF, injection volume ratio of 3.5). Scale bars are 50 nm.
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Liposomes-Based Nanoparticles
for Cancer Therapy and Bioimaging
Calvin Cheung and Wafa T. Al-Jamal

Abstract Liposome, one of the most well-established nanomedicines in cancer therapy and bioimaging, is a great delivery system with their flexibility and versatility.
Liposomes resemble the biological cell membrane, adopting a lipid bilayer structure
which provides protection and solubilisation of both hydrophilic and hydrophobic
agents. A wide range of therapeutic drugs and imaging agents can, therefore, be
encapsulated and delivered. Cationic liposomes, for example, are one of the popular
choices of non-viral vector for the fast-growing field of gene therapy. Their physiochemical properties can be engineered and modified to suit specific applications
simply by changing the lipid components and the corresponding ratio. This also
expands the potential of having additional functionalities such as long-circulating,
targeting and stimuli-responsiveness. In addition to delivering therapeutics and imaging agents, interactions between the lipids and the payloads can be beneficial for
imaging enhancement. Stimuli-sensitive liposomes can be used along with diagnostic and therapeutics for image-guided drug delivery, providing real-time monitoring
of the drug delivery process as well as spatiotemporal control over the release of
drugs. Liposomes will be expected to be a promising delivery system and tool for
personalised medicine.
Keywords Liposome · Drug delivery system · Gene delivery
Targeted delivery · Theranostic · Image-guided drug delivery

1 Introduction
Liposomes are a type of clinically well-established nanoparticle that have been commercially used to deliver cytotoxic drugs, antifungal drugs and vaccines. Some of
the approved commercial liposome-based products are shown in Table 1. There are
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many more liposomal formulations undergoing clinical trials, which include new
generations of liposomes as well as the delivery of genes and imaging agents [1–7].
Discovered by Alec Bangham in the 1960s, liposomes are simply formed from the
self-assembly of lipids in aqueous media driven by their amphiphilic nature, resulting
in spherical vesicles with an aqueous core enclosed by single or multiple concentric lipid bilayer [8]. The bilayer membrane structure of liposomes resembles the
natural cell membranes, allowing them to be used as biological membrane model,
for studying drug–membrane interactions [9, 10]. Liposomes offer exceptional biological performances, namely, biocompatibility, biodegradability, reduced toxicity
and capacity for size and surface manipulations [11]. These properties comprise the
outstanding profile that liposomes offer compared to other delivery systems.

1.1 Liposome Composition
The effectiveness of liposomes as a drug carrier for therapeutic and imaging agents
is highly dependent on the physiochemical properties of liposomes, especially their
membrane components, size and surface charge. Liposomes are mainly composed of
amphiphilic phospholipid, which typically consist of a polar phosphate head group,
and single or two non-polar fatty acid chains (Fig. 1). The chain length and the
degree of unsaturation of the phospholipids greatly affect the phase transition (chain
melting) temperature, which is closely related to the fluidity and integrity of the lipid
bilayer [12, 13]. For example, liposomes prepared with unsaturated phospholipids
showed higher blood clearance, and drug release rate, compared to that prepared with
saturated phospholipids [14, 15]. Long-chain, saturated lipids also offer enhanced
solubilisation capacity for hydrophobic agents attributed to the increased bilayer
lipophilic area [16, 17]. Cholesterol is a non-bilayer forming lipid that can be incorporated into the bilayer membrane as a universal membrane sealer, minimising the
bilayer permeability and enhancing the structural integrity [12]. Cholesterol can also
increase the chemical stability of liposome membrane against degradation through
peroxidation and hydrolysis [18].
The variation in the polar head leads to different type of lipids, classified into
(a) zwitterionic phospholipids, including: phosphatidylcholine (PC) and phos-

Fig. 1 General structure of phospholipids

Doxorubicin

Doxorubicin

Vincristine

Mifamurtide

Doxorubicin

Irinotecan

Daunorubicin,
cytarabine

Doxil®
Caelyx®

Lipo-dox®

Marqibo®

Mepact®

Myocet®

Onivyde®

Vyxeos

Exparel®

Bupivacaine

Morphine

Daunorubicin

DaunoXome®

Cytotoxic

Pain management DepoDur®

Encapsulated
drug

Brand name

Category

DEPC/Chol/DPPG/Tricaprylin

DOPC/Chol/DPPG/Tricaprylin/Triolein

DSPC/DSPG/Chol

DSPC/Chol/DSPE-PEG2000

EPC/Chol

POPC/DOPS

SM/Chol

DSPC/Chol/DSPE-PEG2000

HSPC/Chol/DSPE-PEG2000

DSPC/Chol

Liposome composition

Pain management

Pain management

Acute myeloid leukaemia

Pancreatic adenocarcinoma

Breast cancer

Osteosarcoma

Acute lymphoblastic leukaemia

Kaposi sarcoma, ovarian cancer,
breast cancer

Kaposi sarcoma, ovarian cancer,
multiple myeloma

Kaposi sarcoma

Indications

(continued)

2011 (USA)

2004 (USA)
(Discontinued)

2017 (USA)

2011 (Europe),
2015 (USA)

2000 (Europe)

2009 (Europe)

2012 (USA)

2013 (USA)

1995 (USA),
1996 (Europe)

1996 (USA)
(Discontinued)

Approval year

Table 1 List of selected approved commercial liposome-based products (Data collected from U.S. Food and Drug Administration (https://www.fda.gov/) and
European Medicines Agency (http://www.ema.europa.eu/)
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Amphotericin B

Cytarabine

Verteporfin

AmBisome®

Depocyt®

Visudyne®

Others

DMPC/EPG

DOPC/Chol/Triolein/DPPG

HSPC/DSPG/Chol

Liposome composition

Subfoveal choroidal
neovascularisation

Lymphomatous meningitis

Systemic fungal infections,
visceral leishmaniasis,
cryptococcal meningitis

Indications

2000 (USA)

1999 (USA)

1990 (Europe),
1997 (USA)

Approval year

Chol cholesterol; DEPC 1,2-dierucoylphosphatidylcholine; DMPC 1,2-dimyristoyl-sn-glycero-3-phosphocholine; DOPC 1,2-dioleoyl-sn-glycero-3phosphocholine; DOPS 1,2-dioleoyl-sn-glycero-3-phospho-L-serine; DPPG 1,2-dipalmitoyl-sn-glycero-3 phospho-rac-(1-glycerol); DSPC 1,2-distearoyl-snglycero-3-phosphocholine; DSPE-PEG2000 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[carboxy(polyethylene glycol)-2000]; DSPG 1,2-distearoylsn-glycero-3-phospho-(1 -rac-glycerol); EPC egg phosphatidylcholine; EPG egg phosphatidylglycerol; HSPC hydrogenated soy L-α-phosphatidylcholine;
POPC 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine; SM sphingomyelin

Encapsulated
drug

Brand name

Category

Table 1 (continued)
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phatidylethanolamine (PE) or (b) anionic (negatively charged) phospholipids,
including: phosphatidic acid (PA), phosphatidylserine (PS), phosphatidylglycerol
(PG), phosphatidylinositol (PI) and cardiolipin (CL); and (c), cationic (positively
charged) lipids, such as 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP),
1,2-di-O-octadecenyl-3-trimethylammonium-propane (DOTMA) and 3β[N-(N  ,
N  -dimethylaminoethane)-carbamoyl] cholesterol (DC-Chol). Cationic lipids are not
found naturally in biological membrane and are obtained exclusively through synthesis. They are extensively used for forming complexes with nucleic acids that enables
their intracellular uptake and trafficking (see Sect. 2) [6, 19–21]. Figure 2 shows the
chemical structures of different common lipids used in liposome preparation.
Different moieties can be synthetically anchored to these lipids and introduced
to the bilayer to improve their physiochemical properties. A common example is
the attachment of hydrophilic polymers as a steric stabiliser, also to reduce liposome recognition and clearance by immune system, such as poly(ethylene glycol)
Zwitterionic lipid

Cationic lipid

DOPC

DC-Chol

DOTAP
DPPC
DOTMA

Anionic Lipid

PEGylated lipid

DOPG

DSPE-PEG2000

Fusogenic lipid

Other

DOPE

Cholesterol

Fig. 2 Chemical structures of most common lipids used in liposome preparations
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(PEG) [22], poly(vinyl alcohol) [23] and poly(N-vinylpyrrolidones) [24]. This type
of liposomes is known as stealth liposomes or long-circulating liposomes.
The vesicle structure of liposomes inherently allows the entrapment of both
lipophilic and hydrophilic cargos, in the lipid bilayer and the aqueous core, respectively, allowing solubilisation of a greater variety of drugs. When therapeutic is loaded
into liposomes, it adopts the carrier’s pharmacokinetics until it is released [1]. This
leads to an increase in the therapeutic index, reduction in systemic toxicity [25–27],
increase in drug stability [17, 25, 28] and/or the emergence of a sustained-release drug
profile [1, 29, 30]. Moreover, protective hydrophilic polymer and targeting ligand
can be anchored onto the liposomes to modulate their circulation time and targeting
abilities, respectively [31]. In addition, liposomes responsive to external (e.g. magnetic field, light) [32, 33] or internal stimuli (e.g. pH, redox, enzymes) [34–36] that
trigger their drug release at specific and controlled location and time have also been
developed. Figure 3 shows different features of liposomes as drug delivery system.

Fig. 3 Features of liposomes as drug delivery system. a Protection of drugs from degradation and
immune clearance and extension of circulation time through surface modification with poly(ethylene
glycol). b Entrapment of both hydrophilic and hydrophobic molecules into liposomes, as well as
the adsorption onto the bilayer surface. Nanoparticles can also be incorporated into liposomes
for imaging and therapeutic functions. c Conjugation of targeting moieties onto the surface of
liposomes for targeted delivery. d Stimuli-responsive release of entrapped drugs using, e.g. lysolipid
or cleavable linker, triggered by stimuli such as temperature, pH, redox potential and enzymatic
activity
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2 Cancer Therapy
A great amount of research effort has been invested in developing liposomal formulations to deliver a wide range of therapeutics, such as cytotoxins and nucleic acids. For
both therapeutics, different strategies have been developed to promote therapeutics
loading and release, resulting in formulations with promising anticancer activity.

2.1 Drug Delivery System
2.1.1

Drug Protection

Liposomes protect the encapsulated drug against degradation, inactivation, dilution.
They also prevent the drugs from premature release and metabolism which causes
systemic toxicity in vivo [1, 37]. The extended circulation time of liposomes provides
a sustained-release profile of the drug [38] and increases the passive targeting of
tumour through the enhanced permeability and retention (EPR) effect simultaneously
[39]. These effects selectively increase the therapeutic efficacy of anticancer drugs,
as higher amount of the drug reaches the tumour site.
For example, it was reported that PEGylated liposomal formulation of doxorubicin (DOX) showed comparable efficacy, versus its free form, when administered
at lower doses and frequencies [26]. Moreover, the systemic toxicity, such as cardiotoxicity, bone marrow suppression, vomiting and hair loss, was lower compared to
the free drug [26, 27]. Similar effects have been reported, with liposomal irinotecan
(Onivyde® ) and liposomal vincristine (Marqibo® ), where both formulations demonstrated prolonged blood circulation, greater tumour growth inhibition, higher tumour
accumulation and decreased systemic toxicity, compared to the free drugs [37, 39].

2.1.2

Drug Loading

The amphipathic nature of liposomes allows them to encapsulate both lipophilic and
hydrophilic drugs, in the bilayer and in the aqueous core, respectively. The drugs can
be loaded during the formation steps, known as passive loading, or loaded after the
liposome formation, known as active loading.
The encapsulation efficiency for passive loading of hydrophilic drugs is generally low (<30%), and it is dependent on the solubility of the drug and the method
of encapsulation, i.e. the ability of liposomes to trap aqueous medium containing
the dissolved drugs during the vesicle formation [40]. In contrast, the encapsulation
efficiency of hydrophobic drugs is usually high, as the drugs are dissolved together
with the lipid in organic solvent during the vesicle formation. Encapsulation efficiency of 100% is achievable for hydrophobic drugs, although this is dependent on
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the drug–lipid interaction, and the solubility of the drugs in the liposome bilayer
[40].
Undoubtedly, the ability of drugs to diffuse across lipid membranes will influence
their loading and leakage. High molecular weight compounds, and polar solutes,
such as glucose diffuse very slowly, while small molecules with neutral charges,
such as water and ammonia can diffuse rapidly and freely across the membrane
[41, 42]. Several drugs are lipophilic in nature and contain amines groups that can
diffuse freely through the liposome bilayer in their unprotonated form [28]. The
passive loading of these drugs results in rapid permeation, and undesirable leakage
overtime. Therefore, active (remote) loading methods could be used as alternatives,
to improve the loading capacity and efficiency of these drugs.
Doxil® is a liposomal formulation of doxorubicin, where the drug is actively
loaded into liposomes, using a pH gradient method [43]. In active loading, a transmembrane gradient is first established [28, 44–46]. As uncharged drugs (weak bases)
permeate the membrane, they will be protonated at acidic pH, or form membraneimpermeable complexes with the Mn2+ or Ca2+ ions, depending on the gradient used.
As protonated drugs or drug complexes decreases the free drug concentration inside
the liposome, more uncharged free drugs will be further driven from the external
medium into the liposome, increasing the amount of drugs encapsulated. In certain
conditions, when the encapsulated (protonated or complex) drugs exceed their solubility in the aqueous core, they form precipitates, which results in high encapsulation
efficiency, up to 100%, with minimum drug leakage [44].
Besides cytotoxic drugs, nanoparticles can be co-loaded to form liposome—
nanoparticle hybrids to introduce multiple functionalities [47]. For examples, magnetic nanoparticles could be used to provide on-demand drug release, magneticinduced hyperthermia and magnetic resonance imaging [48–51]. Similarly, the incorporation of gold nanoparticles into the liposome system can introduce therapeutic
activity through photothermal effect [52–56], triggered drug release [57–59], beside
imaging [60]. Other possible liposome hybrids include polymeric nanoparticles [61,
62], quantum dots [63, 64], copper [65] and other metal complexes [66]. The delivery
of nucleic acids, also known as gene delivery will be discussed in detail in Sect. 2.2.
The applications of liposomes encapsulating imaging agents for bioimaging will be
discussed in Sect. 3.

2.1.3

Drug Release

Liposomes have been shown to offer great drug protection and reduced toxicity, however, this can also hamper drug release from liposomes at the target tissues [67]. An
ideal drug delivery system should be able to not only protect the drugs from untimely
release and causing systemic toxicity but also to distinguish between normal and
cancer tissue, and release the drugs only when reaching the cancer tissue. Stimuliresponsive (or stimuli-sensitive) drug release strategy can be incorporated into liposomes to achieve on-demand drug release of drugs. Internal stimuli are attributed
to the difference of internal environment between tumour and healthy tissues, such
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as decreased pH value, higher redox potential and overexpression of enzymes [68].
As internal stimuli-responsive systems exploit the pathological microenvironment of
cancerous tissues, they are self-controlled and require no exotic tools to trigger such
release. Stimuli can also be applied externally, which include temperature, magnetic
field, ultrasound, light or electric pulses [69]. These stimuli are applied and controlled externally, thus can offer better spatial-, temporal- and dosage-precision and
control; however, sophisticated tools need to be build up [69]. Examples of internal
and external stimuli-responsive liposomal systems are shown in Tables 2 and 3.
For example, pH-sensitive liposomes can take advantage of the acidic environment
in pathological tissues (tumours, inflamed and infected areas) as compared with
normal tissues [80]. They could also utilise the acidic environment of endosomes
to escape the hostile environment and avoid drug degradation [81, 82]. pH-sensitive
liposome formulations are commonly composed of a fusogenic PE (e.g. DOPE) and
ionisable lipids with compounds containing an acidic group, such as carboxylic group
[80]. DOPE lipid has a smaller molecular area relative to the hydrophobic chains, and
thus adopts a cone molecular shape and tends to form an inverted hexagonal phase.
The carboxylic groups of ionisable lipids become ionised at physiological pH, which
stabilises the fusogenic lipids and allows the formation of a stable bilayer structure

Table 2 Internal stimuli-responsive liposomal systems
Internal stimuli Stimuli origin Examples of
responsive delivery
system

Mechanism of action

References

Redox potential

Increased
concentration
of glutathione
inside cancer
cells

Thiolytically
cleavable
(disulphide
conjugated)
PEG–phospholipid
conjugate

Thiolytic cleavage of
[35, 70]
grafted PEG and
subsequent loss of
bilayer stability of
PE-containing liposomes

pH

Decreased pH
in pathological
areas
Acidic
environment
of endocytic
vesicles

DOPE in
combination with
protonatable
amphiphilic lipid,
e.g. DOPE:CHEMS

Electrostatic repulsion of [34, 68]
the amphiphilic
molecules promotes the
formation of bilayer
structures at
physiological pH and
temperature. Protonation
of the acidic group at
low pH destabilises the
bilayer leading to
liposome collapse.

Enzyme
overexpression

Overexpressed sPLA2-cleavable
enzymes in
lipid prodrug
tumour tissues

sPLA2 hydrolysis of the
lipid prodrug release the
carried drug after a
cyclization reaction

[36, 71]

CHEMS cholesteryl hemisuccinate; DOPE 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine;
sPLA2 secretory phospholipase A2; PEG poly(ethylene glycol)
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Table 3 External stimuli-responsive liposomal systems
External
Examples of responsive
Mechanism of action
stimuli
delivery system

References

Temperature

(i) LTSLs
(i) Stabilisation of pores, discs and
[72–75]
(ii) Leucine zipper peptide other structural defects in liposomes
(iii) Gas-forming agents
bilayer by LTSLs
(ii) Conformational change of the
peptide forms pores the bilayer
(iii) Thermal decomposition of
gas-forming agents generates gas
bubbles, disrupting the bilayer
integrity

Light

(i) AuNP
(ii) Bis-azobenzene PC

(i) Photothermal effect by surface
[54–56, 76]
plasmon resonance
(ii) Cis-trans isomerisation promotes
bulky cis isomer that interferes with
bilayer packing resulting leakage

Ultrasound

(i) TSLs
(ii) Gas bubbles (e.g.
PFCs)

(i) Thermal effect from
high-intensity focused ultrasound
(ii) Ultrasonic cavitation of
encapsulated PFCs bubbles
Low frequency ultrasound-induced
structural defects of bilayer

Magnetic
Field

Superparamagnetic iron
oxide nanoparticles

Magnetic nanoparticles induced
[32, 79]
hyperthermia by magnetic hysteresis

[77, 78]

AgNP silver nanoparticle; AuNP gold nanoparticle; LTSL lysolipid-containing thermosensitive liposomes; PC phosphatidylcholine; PFC perfluorocarbon; TSL thermosensitive liposome

[80]. Upon acidification, where these acidic groups become neutral (protonated), the
stabilising effect disappears, leading to liposome destabilisation as the PE molecules
revert into the inverted hexagonal phase. Such change causes transient alterations in
the endosome structure, resulting in a cytoplasm drug release (Fig. 4). An alternative
to the above strategy is to attach pH-sensitive polymer to the surface of the liposomes,
which causes pH-sensitive destabilisation of the liposomes, and subsequent release
of the payloads to the cytoplasm [83].
A second example of stimuli-responsive is temperature-sensitive liposomes which
could be used in combination with hyperthermia. Hyperthermia can be induced
locally using a magnetic field, laser, radiofrequency ablation and focused ultrasound,
to increase drug bioavailability and reduce systemic side effects [74, 83–85]. In general, traditional temperature-sensitive liposomes are designed to release drugs at
temperature above their phase transition, where the lipid hydrocarbon chains change
from gel to liquid crystalline phase [86]. DPPC, with a transition temperature of
41 °C, slightly above physiological temperature while attainable by mild local hyperthermia, is therefore often included in temperature-sensitive liposome formulations.
However, drug release from traditional formulations relying only on the changes in
the phase transition of one lipid bilayer is considered relatively slow [87]. In order
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Fig. 4 pH-sensitive liposomes destabilise under acidic conditions of the endocytic pathway. Destabilisation or fusion of the liposomes results in endosomal escape and cytoplasmic delivery of
the encapsulated therapeutics. Traditional liposomes unable to escape the endocytic pathway are
degraded in the lysosomes, resulting in poor therapeutic effect

to improve the drug release rate, a permeabilising component can be introduced into
the formulation, to induce thermally enhanced permeability to small molecules [87].
These components are usually pore-forming lysolipids, such as monopalmitoylphosphatidylcholine (MPPC) or monostearoylphosphatidylcholine (MSPC), and surfactant such as Brij® and Myrj® [88]. Above the phase transition, lysolipids promote
the formation of pores and discs, that amplify the changes in the permeability of the
bilayer resulting in burst release kinetics [87, 89]. These formulations are also known
as lysolipid-containing thermosensitive liposomes or low temperature-sensitive liposomes (LTSL) (Fig. 5). In some other formulations, thermos-sensitivity is offered
by incorporating thermosensitive agents, such as peptides (through conformational
change) [72] and gas-forming agents [73, 75]. ThermoDox® is a LTSL formulations
consisting of DPPC:MSPC:DSPE-PEG2000 (86.5:9.7:3.8 molar ratio). It is arguably
the most well-studied LTSL formulation, currently undergoing Phase III clinical trials
for the treatment of primary liver cancer with standardised radiofrequency ablation
[74, 87], and also for the treatment of breast cancer [90].
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Fig. 5 a Traditional TSL releases drugs at temperature above their phase transition temperature, as
their permeability increases. b LTSL contains pore-forming agents, which promote the formation
of pores and discs, amplifying the change in permeability of the bilayer upon phase transition. This
results in burst release of the encapsulated drugs

2.2 Liposomes in Gene Delivery
Treating cancers by replacing a lost or defective gene, known as gene delivery, has
been seen as an alternative approach to traditional chemotherapy [91]. Research
efforts have focused on designing effective carrier vectors that can protect nucleic
acids, such as plasmid DNA, siRNA, mRNA and miRNA, from serum nucleases,
and deliver these negatively charged molecules intracellularly [92].
Viral vectors, such as retrovirus, adenovirus or lentivirus have high gene transfer efficiency; however, they suffer from several drawbacks, such as non-specific
expression of viral genes, immunogenicity and potential changes in the host genome
structures [93, 94]. Besides the safety concerns, viral vectors have issues with scalability and cost, which has encouraged the development of non-viral vectors, such as
liposomes [92].
Cationic liposomes can condense nucleic acids by forming complexes with their
negatively charged phosphate groups, where the formed complexes are known as
lipoplexes (Fig. 6). There are several advantages for using cationic liposomes as gene
delivery systems [20]. Cationic liposomes are biodegradable in vivo, where endogenous enzymes can breakdown the lipid components of the liposomes. In addition,
versatile liposome structure which enables lipid composition-dependent modula-
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Fig. 6 Two protocols for the complexation of nucleic acids with cationic liposomes

tion of surface charge density for controlling the interaction forces of lipoplexes.
Furthermore, surface modifications of liposomes are possible with the inclusion of
PEGylated or functional lipids. Finally, co-delivery of therapeutic drugs has been
achieved by encapsulating them into a single liposomal formulation [95, 96]. These
versatile lipid-based gene vectors have overcome viral vectors shortcomings, where
they exhibit reduced immunogenicity and ease of production; however, their poor
gene transfer efficiency should be further enhanced [94].

2.2.1

Composition

Lipoplexes gene transfection efficiency is closely related to the physiochemical properties of the cationic liposomes, which is highly dependent on its composition [6,
97]. Cationic lipids, as the major structural component of liposomes, contribute
greatly to the behaviour of cationic liposomes. The structure of cationic lipids can
be divided into three components: a positively charged head group, linker backbone
and hydrophobic anchor [6], which have affected the gene transfer efficiency in vitro
and in vivo. For instance, multivalent cationic lipids have greater ability to condense
and protect nucleic acid as compared to monovalent lipids, however, such strong
electrostatic interactions could hinder nucleic acid release, resulting in poor gene
transfection [6]. Moreover, these multivalent cationic lipids prefer an inverted cone
molecular shape, which are more likely to form micelles that are less stable and
more toxic than monovalent lipids [6]. Cationic lipids of similar head group structures, DOTMA and DOTAP, differed only by their backbone linker (see Fig. 2), and
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showed different transfection efficiency and cytotoxicity [97]. Several cationic lipids
structural features, such as the position of the head group, and the type of backbone
linkage have been identified to offer high in vivo transfection activity [98]. In addition, the transfection efficiency could be improved by decreasing the hydrocarbon
chain length and saturation, which favour higher rates of intermembrane transfer of
lipid monomers, and lipid membrane mixing [6, 98].
Apart from modifying the chemical structure of a given cationic lipid, modulating cationic lipids supramolecular assembly is another possible approach for
enhancing gene expression [99]. For example, helper lipids, such as DOPE,
are often incorporated into cationic liposomes to improve gene expression [21,
100]. Lipofectamine™, a cationic liposome-based product composed of cationic
lipid DOSPA (2,3-dioleyloxy-N-[2-(sperminecarboxamido)ethyl]-N,N-dimethyl-1propanaminium) and helper lipid DOPE, is widely used as a gold standard transfecting agent [101]. Incorporating DOPE into liposomes facilitates the formation of
lipoplexes by decreasing the surface charge density [100], and promotes nucleic acid
dissociation from lipoplexes due to the amine group of DOPE interacting with phosphate groups of nucleic acids, which weakens the binding between the liposome and
the nucleic acid [102]. Furthermore, DOPE can undergo conformational changes and
adopt an inverted hexagonal packing structure at low pH, which allows destabilisation of endosomal vesicles membrane and the subsequent release of lipoplexes to the
cytoplasm [21]. PEG-derivatised lipid, cholesterol and its derivatives, e.g. DC-Chol,
are other helper lipids that can also be used to modify liposome stability [103, 104],
biological activity [6] and pharmacokinetics [104]. Table 4 summarises a wide range
of liposomal formulations that have been used in gene delivery.

2.2.2

Mechanisms of Gene Delivery

The interactions of lipoplexes with mammalian cells can be summarised into
lipoplexes cell binding and internalisation, followed by cytoplasmic and nuclear
delivery of the nucleic acid.
Lipoplexes cell binding is primarily mediated by the electrostatic interactions
between positively charged lipoplexes and negatively charged proteoglycans [112].
Following binding to the cell surface, lipoplexes are internalised mainly through
endocytosis, via various size-dependent endocytic pathways [6, 113]. While internalisation through membrane fusion has also been recognised, it is not an efficient
mean of gene delivery [113]. Following internalisation, the escape of genes from the
endosomal compartment into the cytoplasm is essential to avoid degradation, and for
their subsequent nuclear entry. As mentioned above, the presence of DOPE in the
liposome can promote fusion with the endosomal membrane, allowing the release
of the genes into the cytoplasm [6, 21]. While understanding the exact mechanism
of nucleic acids trafficking into the nucleus in gene delivery is still limited, nuclear
localisation sequence, or signal peptide (NLS) is known to mediate the translocation
of particles up to 25 nm into the nucleus through the nuclear pore [114]. NLS has
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Table 4 Liposomal formulations used in gene delivery
Lipid composition (% mole ratio) Nucleic acid Gene target
type
DG:DOPE:Chol (60:20:20)

siRNA

DOPE:Chol:TLO (33:33:33)
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Gene
References
expression or
silencing
Silencing

[105]

siRNA

Luciferase,
MCL-1
MCL-1

Silencing

[95]

DOTAP:DOPE:C6 ceramide
(50:40:10)

siRNA

STAT3

Silencing

[96]

DOTAP:DSPE:P (NIPAAm-coDMAPAAm)-DOPE
(30:65:5)

siRNA

GFP,
luciferase

Silencing

[106]

DOPE:OH-Chol:MEL-A

siRNA

Silencing

[107]

Combinations of cationic
lipid:helper lipid (50:50)

Plasmid
DNA,
mRNA,
siRNA
miRNA

Bcl-2,
luciferase
GFP,
luciferase
LaminA/C

Expression
Silencing

[99]

MCL-1

Expression

[108]

DOTMA:Chol:TPGS
(49.5:49.5:1)
PEG-OQLCS:FA-OQLCS:Chol
(33:33:33)

Plasmid
DNA

GFP

Expression

[61]

DOPE:OH-Chol

Plasmid
DNA
Plasmid
DNA

Luciferase

Expression

[109]

CAT

Expression

[102]

DOTAP:CDCA
DOTAP:capsaicin
DOTAP:PD98059
(2:1, mass ratio)

Plasmid
DNA

FXR, TNF

Expression

[110]

DOTAP:DOPE:DPPC:Chol

Plasmid
DNA

β-gal, GFP,
p53

Expression

[111]

DODAC:DOPE
DODAC:DOPC
(50:50)

Bcl-2 B-cell lymphoma 2; β-gal β-galactosidase; CAT chloramphenicol acetyltransferase; CDCA
chenodeoxycholic acid; Chol cholesterol; DG N  -N  -dioleylglutamide; DODAC N-N-dioleoylN,N-dimethylammonium chloride; DOPC 1,2-dioleoyl-sn-glycero-3-phosphocholine; DOPE
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine; DOTAP 1,2-dioleoyl-3-trimethylammoniumpropane; DOTMA 1,2-di-O-octadecenyl-3-trimethylammonium-propane; DPPC 1,2-dipalmitoylsn-glycero-3-phosphocholine; FA folic acid; FXR farnesoid X receptor; GFP green fluorescent protein; MCL-1 myeloid cell leukaemia sequence 1; MEL-A mannosylerythritol lipidA; OH-Chol cholesteryl-3β-carboxyamido ethylene-N-hydroxyethylamine; OQLCS octadecylquaternized lysine modified chitosan; PD98059, 2 -amino-3 -methoxyflavone; P(NIPAAm-coDMAPAAm) poly(N-isopropylacrylamide–co-N,N  -dimethylaminopropylacrilamide); STAT-3 signal transducer and activator of transcription 3; TLO trilysinoyl oleylamide; TNF tumour necrosis
factor; TPGS D-α-tocopheryl polyethylene glycol 1000 succinate
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been demonstrated to increase the gene expression by simply anchoring NLS directly
to the gene sequence [110, 114] or to the liposomes surface [115].

2.2.3

Limitations and Challenges

The applications of cationic liposome for gene delivery are still limited by drawbacks
and limitations. Major technical challenges are the low efficiency of vector transport
and gene transfection, poor stability, inducing immune responses, regulatory issues,
commercialisation and cost [94].
A major limitation of gene delivery with cationic liposomes can be attributed
to their cationic nature, where positive charges undergo non-specific interactions
with negatively charged serum proteins and other blood components. This potentially disrupts the integrity of lipoplexes, or forms aggregates that are too large to
be taken up by cells [20]. Cationic liposomes are also more likely to induce cellmediated immune response, compared to neutral and anionic liposomes [116]. The
straightforward strategy is to shield the surface charge of the liposomes through
PEGylation, to reduce opsonisation and interactions with blood components [94].
However, PEGylation reduces cellular uptake and endosomal escape, which results
in low gene expression or silencing activity [104]. Therefore, strategies to mitigate
the drawbacks of PEGylation have been developed by incorporating targeting ligands, cleavable PEG linkers and stimuli-sensitive components into cationic liposomal
formulations [104].

2.3 Targeted Delivery
Liposomal drug delivery system increases the specificity and lowers undesirable
side effects of drugs. This can be achieved by selectively delivering the encapsulated
drug to the tumour site with minimum cytotoxic accumulation in normal tissues.
Fortunately, nanoparticles in the size range of 20–200 nm are able to accumulate
at the tumour sites in higher concentration than in normal tissue for up to 50 times
difference, due to the EPR effect [117, 118]. This phenomenon where nanoparticles
extravasate the leaky blood vessels surrounding the tumour and accumulate through
the EPR effect is known as the passive targeting [118].
The EPR effect is diffusional and slow in nature, therefore, it is essential to have
liposomes with long blood circulation time to maximise their accumulation in tumour
sites [29, 118]. Conventional liposomes are prone to rapid recognition and elimination
from the bloodstream by the mononuclear phagocyte system (MPS), and end up in
organs of the system, mainly the liver and spleen [119]. Unless the target of the drug
delivery system is of the MPS, it should be avoided to maximise the accumulation in
tumour sites located in other organs through the EPR effect. A strategy to avoid the
MPS is to cover liposomes with a layer of hydrophilic polymer molecules, creating an
extended hydration layer which sterically minimises the liposomes from interaction

Liposomes-Based Nanoparticles for Cancer Therapy and Bioimaging

67

with the blood components and clearance by the MPS [29, 120–122]. This is achieved
commonly by incorporating poly(ethylene glycol) (PEG) derivatised lipid, such as
DSPE-PEG2000 (Fig. 3), into the liposome bilayer and this is known as PEGylation.
These types of liposomes are known as long-circulating or stealth liposomes.
Active targeting could also be used to improve the specificity and the cellular
uptake of the liposomes (Fig. 7). This could be achieved by attaching targeting
ligands to the surface of the liposomes that recognise and bind to specific receptors
that are overexpressed on cancer cells [118, 123].
Several studies have demonstrated enhanced uptake and efficacy of ligandtargeted liposomes in diseased tissue in comparison to non-targeted liposomes. These
ligands have high binding affinity towards targets overexpressed in either the cancer
cells or the tumour endothelium, as summarised in Table 5. A wide range of ligands have been conjugated to liposomes, such as small molecules, peptides, proteins
and whole antibodies and their fragments. Viral surface glycoproteins can also be
incorporated into the bilayer to form a special type of delivery system known as virosomes, combining the advantages of viral and non-viral vectors [93]. The enhanced
therapeutic efficacy of actively targeted liposomes depends on multiple factors, such
as targeting ligands affinity and surface density on the liposome, receptor density
of the target, stability and biodistribution of the liposomes in vivo, mechanism of
internalisation and intracellular delivery [118, 124–126].

Fig. 7 Passive targeting of liposomes to tumours through the enhanced permeability and retention
(EPR) effect. Angiogenic vessels in rapidly growing tumours are abnormally constructed with
large vascular fenestrae and impaired lymphatic drainage. As a result, nanoparticles preferentially
accumulate in the tumour interstitium
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Table 5 Examples of actively targeted liposomes for tumour targeting
Ligands
Targeting ligand
Target
Cancer type
type
Cancer cell
targeting

References

Transferrin

Glycoprotein

Transferrin
receptor

Ovarian, glioma,
colorectal,
hepatoma

[127–130]

Estrone

Steroid hormone

Estrogen
receptor

Ovarian

[131]

Folate

Small molecule

Folate
receptor

Various

[132, 133]

Anti-EGRF
mAb

Antibody

EGRF
receptor

Various

[134, 135]

Anti-HER2
mAb

Antibody

HER-2
receptor

Various

[136–141]

Anti-CD19
mAb, Fab’
and scFv
Hyaluronan

Antibody

CD19

B-cell lymphoma

[142–145]

Macromolecule

CD44

Various
melanoma,
lymphoma,
breast, colorectal
and lung)

[146]

Antibody

CD74

B-cell lymphoma

[147]

Antibody

GD2
Neuroblastoma
(disialoganglioside)

[148]

[149]

Anti-CD74
mAb
Anti-GD2

Anti-OA3
mAb
GAH Fab’

Antibody

OA3

Ovarian

Antibody

Cell surface Gastric,
GAH
colorectal, breast
binding site

mAb 2C5

Antibody

Antagonist
G

Peptide

SurfaceBreast, colorectal, [152–154]
bound
prostate
nucleosome
Vasopressin Lung
[155, 156]
receptor

Vasoactive
intestinal
peptide
(VIP)

Peptide

VIP
receptors

Breast

[157]

sgc8
aptamer

Nucleic acid

Lymphoblastic
leukaemia

[158]

AS1411
aptamer

Nucleic acid

Protein
tyrosine
kinase 7
Nucleolin

Breast

[159]

[150, 151]

(continued)
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Targeting ligand
type

Target

Cancer type

References

Antibody

VEGF

Various (lung,
breast, gastric,
colorectal,
ovarian)

[160]

RGD
peptide

Peptide

Integrins
(αv β3 )

Melanoma,
ovarian cancer

[161, 162]

AntiVCAM1
P0 peptide

Antibody

VCAM-1

Endothelial cell

[163, 164]

Peptide

ICAM-1

Melanoma

[165, 166]

NGR
peptide

Peptide

CD13

Neuroblastoma

[167]

GPLPLR

Peptide

MT1-MMP

Endothelial cell

[168]

Anti-MT1MMP
Fab’

Antibody

MT1-MMP

Fibrosarcoma

[169, 170]

Tumoural
Anti-VEGF
endothelium mAb
targeting

CD cluster of differentiation; EGRF epidermal growth factor receptor; Fab’ antigen-binding
fragment; GD2 disialoganglioside; GPLPLR Gly-Pro-Leu-Pro-Leu-Arg; HER2 human epidermal
growth factor receptor 2; ICAM intercellular adhesion molecule; mAb monoclonal antibody; MT1MMP membrane type 1 matrix metalloproteinase; NGR Asn-Gly-Arg; scFv single-chain variable
fragment; VCAM vascular cell adhesion molecule; VEGF vascular endothelial growth factor; VIP
vasoactive intestinal peptide

3 Bioimaging
Besides therapeutics, liposomes have been used as delivery systems for medical
diagnostics. Since imaging agents can be encapsulated into the aqueous core or the
liposome bilayer through passive or active loading (see Sect. 2.1.2). Alternatively,
they can be conjugated directly on the surface of the liposomes to avoid the issue
of premature release [171]. Depending on the nature of the imaging agents, they
can also be chelated onto the liposomal system by encapsulating the corresponding
chelator in the core [172] or attaching the chelator to lipids of the liposome [173].
The approaches to load imaging agents into liposomes are illustrated in Fig. 8.
Various kinds of imaging agents have been encapsulated, conjugated or chelated
onto the liposomes for bioimaging modalities, including radionuclides [173–177],
nanoparticles and peptides [178]. These formulations have been used for magnetic resonance imaging (MRI), fluorescence imaging, nuclear medicine [single
photon emission computed tomography (SPECT) and positron emission tomography/computed tomography (PET/CT)], multispectral optoacoustic tomography
(MSOT) and ultrasound imaging (Table 6).
Liposomes functionalised with multimodality imaging agents have been reported
by Li et al., which enable non-invasive MRI, near-infrared (NIR) fluorescent and
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Table 6 Selected examples of liposomes as imaging agents and theranostics
Imaging Agent
Imaging modality Therapeutics
Targeting ligands References
64 Cu

PET/CT

–

–

[173]

64 Cu

PET/CT

177 Lu

–

[174]

18 F

PET/CT

siRNA

–

[175]

18 F, 111 In

PET/CT, SPECT

18 F

–

[176]

99 Tc, 64 Cu,

SPECT, PET/CT, Doxorubicin
Fluorescence,
MRI

–

[177]

IRDye 800CW,
Gd
Gd, 111 In

MRI, SPECT

Doxorubicin

–

[179]

Gd

MRI

Doxorubicin

[180]

Gd, Mn

MRI

Doxorubicin

C3d peptide
which binds to
NCAM
–

SPION

MRI

Mitoxantrone

SPION

MRI

–

–

[79, 183–187]

Gold
nanoparticles

NIR Imaging, CT –

–

[53, 188]

Gold nanorods

MSOT

–

–

[60]

ICG

MSOT

Doxorubicin

hCTM01 which
binds to MUC-1
antigen

[189]

–

[190]

QDs (CdSe/ZnS) Fluorescence

Camptothecin,
irinotecan
Docetaxel

Perfluoropentane

Ultrasound

Doxorubicin

GLuc, HPTS

Bioluminescence, –
Fluorescence

QDs (CdSe/ZnS) Fluorescence

Gonadorelin
which binds to
LHRH receptor

[181]
[182]

RGD sequence
[191]
that binds to
integrin receptors
αv β3 in the brain
–

[192]

EC1 peptide
targeting ErbB2

[178]

GLuc Gaussia luciferase; HPTS 8-hydroxypyrene-1,3,6-trisulfonic acid; ICG indocyanine green;
IGDD image-guided drug delivery; LHRH luteinising hormone-releasing hormone; MRI magnetic
resonance imaging; MSOT multispectral optoacoustic tomography; NCAM neural cell adhesion
molecule; NIR near-infrared; siRNA small interfering ribonucleic acid; SPECT single photon emission computed tomography; PET/CT positron emission tomography/computed tomography
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Fig. 8 Schematic diagram of three different approaches to incorporate imaging agents into liposomes. Hydrophilic imaging agents encapsulated in the aqueous core (top); hydrophobic imaging
agents embedded into the lipid bilayer (right); and imaging agents conjugated or chelated to the
liposome surface (bottom)

nuclear imaging of liposomal drug delivery as shown in Fig. 9, and therapy monitoring and prediction [177]. Liposomal formulations co-loaded with therapeutics, and
imaging agents or diagnostics, are known as theranostics. For instance, porphysomes,
a type of vesicle form from the self-assembly of phospholipid-porphyrin conjugates, where one hydrocarbon chain of the phospholipid is replaced by a porphyrin
molecule, are capable of multimodal therapeutic and imaging modalities, as a result
of their unique fluorescence self-quenching, photothermal and photoacoustic properties [193, 194]. Porphyrins could also act as metal chelators to chelate metal atom
or radionuclides for MRI and nuclear medicine applications [195]. Liposomes containing phospholipid–porphyrin conjugates have demonstrated near-infrared lightinduced permeabilisation property which is reversible, and with excellent spatial and
temporal control.
As the encapsulated diagnostics adopt the liposome’s pharmacokinetic, this can be
useful for transporting imaging agents, such as radionuclide, to specific target sites,
such as tumours, bone marrow [173, 196] and across the blood–brain barrier [197,
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Fig. 9 Multimodal imaging of fluorescently labelled and radiolabelled Gd-liposomes in squamous
cell carcinoma of head and neck (SCCHN) tumour xenografts in nude rats. a T1-weighted 7T
MR images pre-(left) and post-(right) intratumoural injection. Dashed white line represents intratumoural distribution of liposomes, exhibiting higher T1 relaxivity for contrast-enhanced MR imaging.
b NIR fluorescent images at 1 min, 2 and 24 h post intratumoural injection of IRDye-Gd-liposomes
(upper panel) and free IRDye (lower panel). Free IRDye were cleared from the tumour as shown by
decreasing fluorescent intensities across time. Fluorescent intensities of the liposome group were
highest at 2 h post injection, demonstrating stable intratumoural retention and local diffusion of the
liposomes. c Micro-PET sagittal images at 24 h post intratumoural infusion of 64 Cu-Gd-liposomes.
The image showed the local retention and microdistribution of radioactivity in the tumour. d Planar
gamma camera images at 24 h post intratumoural infusion of 99m Tc-Gd-liposomes (white arrow:
tumour; red arrow: reference standard outside the animal body). The image revealed a high level of
Gd-liposome inside the tumour (Figure reproduced with permission from Ref. [177], © ACS 2012)

198] as shown in Fig. 10. PEGylated liposomes exhibit prolonged blood circulation
and reduced clearance, thus preferentially accumulate at tumour tissues through the
EPR effect [199], which results in higher signal-to-noise ratio between the tumour
and the surrounding tissues (i.e. enhances sensitivity). Toxicity associated with the
imaging agents can also be circumvented with the phospholipid coating [49, 200].
Apart from solely serving as a delivery device of imaging agents, liposomes may
play a role in enhancing the imaging quality. For magnetic resonance imaging (MRI),
paramagnetic MRI contrast agents such as gadolinium [179, 180, 202], manganese
[181] and iron oxide [79, 182–187] have been encapsulated. The incorporation of
large amount of Gd-containing lipids in the PEGylated liposomes results in higher
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longitudinal relaxivity r1 compared with traditional Gd-DTPA; the degree of saturation of the lipids and the incorporation of liposomes were also found to affect the
resultant relaxivity [202]. For iron oxide particles, degradation in endosomes reduced
their magnetic resonance contrast, while the liposomal formulations induced intracellular clustering, which enhanced their T2 contrast [187]. This intracellular clustering
effect is important on the MRI detectability and the labelling efficiency of rapidly
proliferating cells [187].
By exploiting the high encapsulation capacity of liposomes, fluorescence dye can
be protected and self-quenched within the liposomes [203, 204]. These formulations
demonstrate weak fluorescence intensity when the fluorescence dyes were encapsulated and exhibit stronger fluorescence intensity upon release and enabled prominent signal-to-noise ratio of tumour tissues. Some near-infrared imaging agents are
theranostics, can be encapsulated into liposomes for both imaging and therapeutic.
For example, gold nanoparticles CT imaging and photothermal therapy agent [53],
and indocyanine green for optical imaging and photodynamic therapy [205]. Gold
nanoparticles, in specific, can benefit from liposomal encapsulation as a better CT
contrast can be obtained compared to free gold nanoparticles [53]. It was suggested
that the presence of liposome enables a scattered accumulation of gold atoms within
the lipid system that can provide a larger area to enhance X-ray attenuation [53].

3.1 Image-Guided Drug Delivery
The concept of image-guided drug delivery has been implemented using theranostic
nanoparticles to provide real-time visualisation, evaluation, prediction and analysis
of the drug delivery process [206]. This provides valuable information to predict the
therapeutic outcomes in patients. Liposome is one of the drug delivery systems that
have been developed for such application. For example, low temperature-sensitive
liposomes (LTSL) containing a combined payload of MR contrast agents and doxorubicin is used for magnetic resonance image-guided drug delivery (IGDD) [179,
181, 207–209]. MRI signals depend on the interaction between the contrast agents
with surrounding water to generate signals. This interaction varies substantially when
the agents are encapsulated in and released out of liposomes, thereby such changes
could be used as indicators of drug release. Mild local hyperthermia is preferentially established with high-intensity focused ultrasound (HIFU) to establish deep
and local hyperthermia. MRI can be integrated with the HIFU unit (MR-HIFU) to
provide temperature measurement for spatial and temperature feedback to maintain
the desired temperature, and also allowing the diagnosis of the tumour for treatment [179, 210]. In MR-HIFU, the accumulation and target site distribution of the
LTSL theranostic formulation is first visualised, then HIFU is applied to trigger drug
release in tumour tissues, where LTSLs have accumulated with high spatiotemporal specificity. A similar approach was reported with LTSL and Gd-complexes and
Mn-complexes [181, 210, 211]. Ultrasound-based IGDD with HIFU has been also
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Fig. 10

developed, where perfluoropentane, an echogenic contrast agent, is encapsulated
within LTSLs to create echogenic LTSLs [192]. These echogenic LTSLs support
tumour imaging with ultrasound and trigger release through HIFU hyperthermia.
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Fig. 10 In vivo targeted delivery and bioimaging of radiolabelled liposomes. a PET/CT images
of tumour accumulation of PEGylated 64 Cu-liposomes in human neuroendocrine tumours (NCIH727) xenograft in nude mice at 1 and 24 h post intravenous administration (left: coronal whole
body PET-image; right: Axial PET/CT-fusion image of tumours. The tumours on the left (L)
and right (R) flanks are marked with white arrows). At 24 h after administration, the liposomes
accumulated in the tumours and were visualised as radioactive hot spots distributed throughout
the whole tumour area b PET images of brain tumours of glioma-bearing rats acquired at 1 h
after intravenous injection with 1-[18 F]fluoro-3,6-dioxatetracosane-labelled PEG-modified liposomes (PEG-Lip) and Ala-Pro-Arg-Pro-Gly-PEG-modified liposomes (APRPG-Lip), and [2-18 F]2-deoxyfluoro-d-glucose (FDG). White dotted ovals indicated the estimated brain position and the
white arrows indicate the tumour mass. Both PEG-Lip and APRPG-Lip accumulated in the tumour
region and imaged the tumour, with low background in other regions of the brain, as they failed to
accumulate in normal brain tissue due to blood–brain barrier protection. The higher intratumoural
localisation of APRPG-Lip compared to PEG-Lip could be explained by the angiogenic vesseltargeting property of the APRPG peptide. FDG also imaged tumoural accumulation, although the
background signal in normal brain tissue was high. c Gamma camera image of rabbits acquired at
10 min and 6 h post intravenous infusion (lipids: 15 mg/kg b.w.). The images showed the injected
radioactivity initially accumulated in the heart and liver, since both organs having large blood pool
contributions. Over 60% of the infused dose deposited in the bone marrow after 6 h. (Figure reproduced with permission from: a Ref. [174], © 2016 Springer Berlin Heidelberg; b Ref. [201], ©
2011 Elsevier; c Ref. [196], © 2007 Elsevier)

4 Conclusion
Liposomes have been successful in delivering a variety of therapeutics and imaging
agents with hydrophilic or hydrophobic nature. They are biocompatible, biodegradable and exhibit reduced systemic toxicity and immunogenicity. PEGylated liposomes have been engineered to escape the immune system in vivo, which increases
their tumour accumulation by utilising EPR effect. Targeting ligands and stimulisensitive components can also be incorporated into the same system to improve their
tissue specificity of and selective drug release.
Cationic liposomes have been developed as a non-viral vector for gene delivery,
since they have the capability to complex to negatively charged nucleic acids. Such
interaction protects nucleic acids from degradation and enhances their intracellular
uptake. The transfection efficiency of cationic liposomes depends on the liposomes
surface charge, size and composition and the structure of the complex. Liposomes
have been an alternative to viral gene vectors to co-deliver drugs and genes, however,
their low gene transfer in vivo is considered the main hurdle to overcome.
Preparing imaging agent loaded liposomes is highly advantageous, since liposomes could protect diagnostics from aggregation in physiological conditions, prolong their blood residency and efficiently accumulate at tumour tissues. Liposomal
encapsulation could also enhance the imaging quality and tissue specificity. Furthermore, liposomes can offer multiple imaging modalities, and theranostic applications,
by loading different imaging agents and/or drugs in a single delivery system.
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Finally, combining stimuli-responsive, imaging and therapeutic functionalities in
liposomes, image-guided drug delivery can be achieved, providing real-time visualisation and feedback of the drug delivery process in vivo, which could help predicting
the therapeutic outcome in patients.
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