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Abstract 

Liposomal formulations have important therapeutic applications in anti-cancer treatments but 
current formulations suffer from serious side effects, high dosage requirements, and prolonged 
treatment. In this study, PEGylated azide-functionalized liposomes containing drug nanocrystals 
were investigated with the aim of increasing the drug payload and achieving functionalization for 
targeted delivery. Liposomes were characterized using cryogenic transmission electron 
microscopy (cryo-TEM), dynamic light scattering (DLS), small and ultra-small angle neutron 
scattering (SANS/USANS) and small and wide angle X-ray scattering (SAXS/WAXS). Cryo-
TEM showed the dimensions of nanocrystal-loaded liposomes and the change of shape from 
spherical to elongated after the formation of nanocrystals, and SANS/USANS results confirmed 
the asymmetric particle shape. SAXS/WAXS confirmed that the crystalline drug only occurred in 
freeze-thawed samples and correlated with a newly unidentified polymorphic form of 
ciprofloxacin. Using a small molecule dye, dibenzocyclooctyne (DBCO)-cy5, specific conjugation 
between DBCO groups and surface azide groups on the liposomes was confirmed; this indicates 
the promise of this system for tumour-targeted delivery. 



Introduction 

      To date, nanomedicines have been developed and applied in various medical areas. A trend in 
the development of new nanomedicine is improving targeted delivery and increasing drug payload 
to minimise side effects, increase efficacy and shorten the treatment duration.1 Liposomes - 
vesicles comprising biologically-derived lipids - are an important focus of research in 
nanomedicines as they have good compatibility with biological systems, are stable upon drug 
delivery and are amenable to a wide range of surface modifications.2 Surface modifications, 
including conjugation of biological ligand protein sections,3 antibodies,4 folic acid,5 and “click” 
chemistry functional groups6-8 have been used to functionalize liposomes to achieve improved 
drug delivery efficiency.  

      Fast chemical reactions that form products in high yield can be achieved using “click” 
chemistry. Widely used “click” reactions include maleimide-thiol coupling, copper-catalysed 
azide-alkyne cycloaddition (CuAAC), Diels-Alder reactions, Staudinger ligations, and strain-
promoted alkyne-azide cycloadditions (SPAAC). The use of these reactions pose various 
advantages and disadvantages when applied to specific biological targets.9-11 Due to the specificity 
of SPAAC reactions, its freedom from cytotoxic copper catalysts, and widely available 
commercial reagents, it was chosen to be the reaction for surface modification for the liposomes 
in this study. Bicyclononyne (BCN) and dibenzocyclooctyne (DBCO) are the most widely used 
strained alkynes because they display relatively fast reaction rates and good stability. DBCO has 
faster reaction rates than BCN so it is a more popular reagent for copper free “click” chemistry.12  

      To achieve targeted delivery of surface modified liposomes using SPAAC, cells need to be 
functionalized with a complementary functional group for binding of the azide. One widely used 
method to attach synthetic functional groups to cells to provide targeting sites is to use the glycan 
metabolic labelling technique. Synthetic sugars with complementary “click” reagent functional 
groups are incorporated into cells to replace native saccharides in the sugar metabolic pathway. 
Once the saccharides are taken up by cells, they are mainly metabolised to nucleoside sugars, 
which are then assembled into oligosaccharides. These oligosaccharides are then bound to a 
protein scaffold to form glycoproteins and are expressed on the cell surface.13 Cancer cells tend to 
have faster metabolic rates than normal cells,14 making the expression of metabolised chemical 
groups more abundant and this provides a selective targeted delivery route for functionalized 
nanoparticles.  

      Most commonly, cells have been metabolically labelled using azide-saccharides and 
nanoparticles with cyclooctyne functional groups. With SPAAC reactions, most previous reports 
used tetraacetylated N-azidoacetyl-D-mannosamine (Ac4ManNAz) to functionalize cell surfaces 
or animal models15 to provide targeting sites for BCN-liposomes,6 DBCO-liposomes,10 and other 
cyclooctyne functionalized nanoparticles.16-17 However, due to the hydrophobicity of cyclooctyne 
groups, they are prone to fold back into the hydrophobic portion of the lipid bilayer, limiting the 
cyclooctyne functional groups available for binding on the liposome surface.6 This phenomenon 
has also been observed with polymer vesicles.18 Recently the functionalization of cells using 
DBCO-sugar conjugates, rather than the more commonly used azide-sugar conjugates has opened 
the way for the use of azide-functionalized probes such as azide-functionalized cubosomes for 



drug delivery.19 Consequently, polar azide groups were used to functionalize liposomes in this 
study.   

      Liposomal-based drug delivery is most often achieved with the drug in solution on the inside; 
however, for doxorubicin20-21, topotecan22 and a range of other liposomal drug systems the drug is 
in the form of nanocrystals.23 Drug nanocrystals can be used to modify drug dissolution, release 
behaviour, and develop formulations with high drug loading.23 The formation of ciprofloxacin 
nanocrystals has been shown to stretch the liposome shape,24 and in the context of understanding 
the different interactions25-30 of non-spherical particles with cells compared to spherical particles, 
these particles are of particular interest to us. However, the properties of “clickable” PEG-
liposomes containing drug nanocrystals have not been previously studied.   

      Thus, in this study, azide-functionalized PEGylated liposomes (APL) with encapsulated drug 
nanocrystals were examined to determine their size, shape and crystallinity using a range of 
techniques, with PEGylated liposomes (PL) as the control. Size distribution and polydispersity 
were measured by dynamic light scattering (DLS). The morphology of the liposomes (size and 
elongation) was visualised using cryogenic-transmission electron microscopy (cryo-TEM). Small 
and wide angle X-ray scattering (SAXS/WAXS) were used to measure the X-ray diffraction 
patterns from nanocrystals with lattice spacings at the Ångstrӧm range,31-32 to give an ensemble 
picture of the particles to complement the cryo-TEM. Small and ultra-small angle neutron 
scattering (SANS/USANS) with deuteration and solvent contrast matching were used to 
interrogate the change of shape of the liposomes before and after drug crystallization.33-36 Lastly, 
conjugation with a complementary DBCO-cy5 dye was used to quantify the availability of the 
azide groups on the surface of liposomes to bind to alkynes. 

 

Experimental Methods 

Materials 

      Hydrogenated Soy Phosphatidylcholine (HSPC), 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] (DSPE-PEG2000), 1,2-distearoyl-
sn-glycero-3-phosphoethanolamine-N-[azido(polyethylene glycol)-2000] [DSPE-PEG(2000)-
Azide] and the mini extruder were purchased from Avanti Polar Lipids, Inc. (Alabaster, AL, USA). 
Ammonium sulfate (99.0% purity), L-histidine (99% purity), sucrose (99.5% purity), cholesterol 
(>99% grade), and Triton X-100 were purchased from Sigma-Aldrich (St. Louis, MO, USA). 
Ciprofloxacin monohydrate hydrochloride was purchased from TGI (Japan). Sodium chloride 
(99.7% purity) was purchased from Chem-supply Pty Ltd (Gilman, SA, Australia). The Nuclepore 
Track-Etch extrusion membranes were purchased form Whatman (Maidstone, Kent, UK). Amicon 
ultrafiltration cells and ultrafiltration discs were purchased from Merck Millipore (Burlington, 
Massachusetts, USA). DBCO-Sulfo-Cy5 dye was purchased from Jena Bioscience (Jena, 
Germany). Sephadex G-50 beads were purchased from GE Healthcare Life Sciences (Chicago, 
Illinois, USA). Cellu-Sep H1 Dialysis Tubing was purchased from Thermo Fisher Scientific 
(Waltham, Massachusetts, USA). 



      Deuterated-HSPC was synthesised by the National Deuteration Facility (NDF) at ANSTO. D-
Stearic acid (2.66 g, 8.33 mmol, 95.5%D) and D-palmitic acid (308.3 mg, 1.07 mmol, 97%D) were 
dissolved in CH2Cl2 (100 mL). Sn-glycerophosphocholine-CdCl2 (600 mg, 2.35 mmol) was added 
to this solution and stirred vigorously. 4-dimethylaminopyridine (574.54 mg, 2 eq, 4.7 mmol) was 
added to the mixture, followed by N,N’-dicyclocarbodiimide (1.94 g, 9.4 mmol). The reaction was 
sonicated under an inert atmosphere at room temperature for 13 h over two days with stirring at rt 
in between. The reaction was then allowed to stir at rt for 4 days under nitrogen gas and protected 
from light. After 4 days the reaction mixture was filtered through Celite® and the Celite® pad was 
washed with CHCl3. The filtrate was concentrated in vacuo while maintaining the temperature 
below 30 °C. The residue was dissolved in a 1:1 mixture of CHCl3 and MeOH (5-10 ml) and was 
loaded to a prepacked column for automated column chromatography (Reveleris®). The product 
was collected using a gradient of CHCl3 (20 min, 100%) to a gradual increase in MeOH:H2O 1% 
(over another 20 min, 30% max). The fractions corresponding to the lipids were isolated, combined 
and the solvent was removed under reduced pressure, while ensuring the temperature does not 
exceed 30 ˚C. The product was obtained as a white solid (282 mg). 1H NMR: 5.15 (1H, d), 4.37 
(1H, d), 4.26 (OH), 4.18 (1H, s), 4.09 (1H, s), 3.88 (2H, m), 3.78 (2H, s), 3.34 (9H, s)   ppm; 2H 
NMR: 1.19 (CD2, bs), 0.83 (CD3, s) ppm; 13C NMR: 173.7, 173.4, 70.5, 66.3, 63.0, 59.4, 58.1, 
54.3, 28.5, 18.4 ppm; 31P NMR: -1.07, -1.12, -1.15 ppm. EMS+ve m/z: C18/C18: 883 [M+Na]+, 
d70: 0, d69: 1.3%, d68: 12.1% , d67: 20.8%, d66: 21.5%, d65: 18.6%, d64: 13.0% , d63: 9.2%, 
d62: 9.3%, C18/C16: 851 [M+Na]+, d66: 0, d65: 4.9%, d64: 17.4%, d63: 23.2%, d62: 21.1%, d61: 
14.9%, d60: 10.2%, d59: 8.4%, C16/C16: omitted due to low abundance and overlapping peaks. 

 

Preparation of drug nanocrystal loaded liposomes 

      Two different PEGylated liposomes were prepared with HSPC as the main lipid, cholesterol 
and addition of 4.5 mol% of DSPE-PEG2000 for PL. For APL, 1.5 mol% azide-DSPE-PEG2000 
was used with 3 mol% DSPE-PEG2000 in the formulation (Figure 1 in Results and Discussion & 
Table 1). 

Table 1: Quantity of phospholipids and cholesterol to make 100 mg of lipid film for PL and APL 

Formulation 
HSPC 
(mg) 

DSPE-PEG2000 
(mg) 

DSPE-PEG2000-Azide 
(mg) 

Cholesterol 
(mg) 

PEG-liposome 
(PL) 

55.7 18.3 0.0 26.1 

Azide-liposome 
(APL) 

55.6 12.2 6.1 26.1 

 

      Phospholipids and cholesterol were weighed, dissolved in chloroform, and evaporated to 
obtain a thin lipid film. The lipid film (100 mg) was then hydrated in 900 mg of 500 mM 



ammonium sulfate solution (pH 3.0) to give a 10% w/w lipid composition. The internal pH 
environment for active drug loading was constructed at pH 3.0.  

      Multilamellar vesicles were then sonicated with a Misonix tip sonicator with a 418 microtip 
probe (Farmingdale, New York, USA) to reduce the particle size. The polydispersity of the 
liposome size distribution was reduced by extruding samples for 21 times with a mini extruder 
using Nuclepore Track-Etch membranes with a pore size of 100 nm.6 

      The external environment of the liposome was adjusted from pH 3.0 to pH 6.0 by ultrafiltration 
by adding a 10-fold volume equivalent of the exchange buffer (25 mM histidine, 145 mM NaCl at 
pH 6.0) to the liposomes.  

      Ciprofloxacin hydrochloride monohydrate was dissolved in Milli-Q water to make up a 20 
mg/mL solution. An equal volume of this solution was then added to the ultrafiltrated liposomes 
to give a drug to lipid weight ratio of 2:7, followed by vortex mixing and incubation at 65°C for 1 
h to achieve drug loading. The drug content in the whole liposomal formulation is 16.7% wt. 

      An equal volume of 100 mg/mL sucrose solution was added to the loaded liposomes to give a 
50 mg/mL sucrose concentration as a cryo-protectant for the freeze-thaw process. Samples were 
then snap-frozen in liquid nitrogen and thawed at room temperature to form drug nanocrystals.24 

 

Phospholipid recovery assay 

      The amount of phospholipid recovered from preparation was determined by the derived count 
rate method with DLS developed by Wallance et al.37 The derived count rate in DLS is dependent 
on the size and concentration of the liposomes in the sample.38 By keeping the average particle 
sizes the same for standards and samples, the percentage of phospholipid recovery of the samples 
could be determined with an established standard curve. 

 

Encapsulation efficiency assay 

      The drug encapsulation efficiency was determined by size exclusion chromatography using a 
Bio-Rad 10 mL column packed with Sephadex G-50 beads, which has a fractionation range of 
1500-30000 MW.39 Isolated fractions were then diluted with an equal volume of 4% w/v Triton-
100 solution to break the liposomes. The concentration of ciprofloxacin was detected with a 
multimode plate reader (PerkinElmer, Massachusetts, US) with an excitation wavelength of 340 
nm and emission wavelength of 445 nm.  

 

Dynamic light scattering 

      Measurement of particle size distributions was performed with empty, drug loaded and freeze-
thawed samples by DLS using a Zetasizer Nano ZS DLS instrument from Malvern Instruments 
(Worcestershire, UK). The instrument uses a 4 mW He-Ne laser (λ=632.8 nm) with a backscatter 



detection angle of 173°. The thermostatted sample chamber was set to 25 °C. The viscosity and 
refractive index of water at 25 °C (0.8937 and 1.333 cP respectively) were used as the dispersant 
for all measurements. The viscosity and refractive index of lipid at the same temperature (0.9 and 
1.45 cP respectively) were used as the material parameters for all measurements. The intensity 
particle size distribution (PSD) was quoted. 

 

Cryogenic transmission electron microscopy (Cryo-TEM) 

      The presence of nanocrystals and the nanocrystal morphology were visualised using cryo-TEM. 
A Lacey Formvar/Carbon on 300 mesh copper grid was glow discharged with a PELCO easiGlow 
discharger at 0.22 mBar for 45 seconds prior to sample loading. Freeze-thawed PEGylated 
liposomes (PL) were loaded by a Vitrobot FEI with a blot time of 2.5 seconds, a wait time of 1.0 
second, a drain time of 1.0 second, a blot force of -3, a temperature of 4°C and a humidity of 70%.  
A Gatan cryogenic transfer holder was used to transfer the sample and an FEI Tecnai 12 module 
electronic microscope was operated at 120 kV.  

The major and minor axis of liposomes were analysed using ImageJ software.40 The liposome sizes 
measured by cryo-TEM were compared with the size distribution measured by DLS. The aspect 
ratio of each vesicle was calculated as the ratio of the major axis to the minor axis. A value of 1 
represented a sphere and the greater the value was, the more elongated the liposome was.  

 

Small and wide angle X-ray scattering (SAXS/WAXS) measurements 

      Small and wide angle X-ray scattering (SAXS/WAXS) was performed at the SAXS/WAXS 
beamline32 of the Australian Synchrotron, operated by ANSTO. An X-ray beam with a wavelength 
of 0.954 Å (13 keV) was used. A sample detector distance of 0.557 m gave a Q range of 0.04 < Q 
< 2.00 Å-1, which is the length of the scattering vector and it is defined by Q=4πsin(θ)/λ, where λ 
is the wavelength and 2θ is the scattering angle. All experiments were performed at 27°C which 
was the ambient temperature at the beamline and station. The two-dimensional scattering patterns 
were collected on a Pilatus 1M detector, integrated and analysed into a one-dimensional scattering 
function using the in-house developed software scatterbrain (V2_71). X-ray scattering profiles 
were plotted as a function of scattering intensity, I, versus Q, which were then used to compare 
with known scattering profiles of different ciprofloxacin polymorphs to characterise its solid state 
property. 

      The SAXS/WAXS patterns of six freeze-dried liposome samples were recorded along with 
ciprofloxacin anhydrate, ciprofloxacin hydrochloride monohydrate, histidine, sucrose, and sodium 
chloride. The six liposome samples were empty, drug loaded, and freeze-thawed PL and APL. The 
empty and drug loaded liposome samples served as controls to demonstrate that freeze-thawing is 
a necessary step for the formation of drug nanocrystals. All samples were snap-frozen in liquid 
nitrogen and freeze-dried overnight prior to the experiment.  

 



Small and ultra-small angle neutron scattering (SANS & USANS) measurements 

      In the SANS experiments, four instrument configurations with different camera lengths and 
neutron wavelengths were used to cover a wide Q range. Configurations with sample to detector 
distances of 1.3 m, 8 m, and 20 m used a neutron wavelength of 5.0 Å, and the 20 m lens 
configuration used a wavelength of 8.1 Å, all with sample aperture diameter of 12.5 mm and a 
wavelength resolution, Δλ/λ, of 0.10.33 The lenses were a set of biconcave MgF2 lenses used to 
extend the low Q limit of the instrument.41 These configurations provide a continuous Q range of 
7 x 10-4 Å-1 – 0.7 Å-1 and the sample temperature was controlled at 25⁰C for the duration of 
experiments. Samples with more than 50% H2O as the solvent were loaded to 1mm Hellma cells 
and samples with less than 50% H2O as the solvent were loaded to 2mm Hellma cells. 

      In the USANS experiments, a neutron wavelength of 4.74 Å was used,35-36 which allows a 
minimum Q of 3.5 x 10-5 Å-1. A 29 mm Gd aperture was used in this configuration and samples 
were loaded into sample cells of 1 mm thickness. Samples were measured at ambient temperature. 

      In this experiment, deuterated HSPC synthesised by NDF at ANSTO for this work was used 
in place of protiated HSPC to provide contrast between the nanocrystals and the liposomal shell. 
A preliminary trial experiment using liposomes made from deuterated-distearoyl phosphocholine 
(d-DSPC) was completed with 0%, 25%, 50%, 75%, and 100% of D2O to calculate the molecular 
volume of DSPC, which was used to calculate the scattering length density (SLD) of the lipid 
bilayer in this study. SLDs of the PEG chain and the ciprofloxacin nanocrystals were calculated 
based on reported molecular volume for the PEG chain42, the reported single crystal density43 and 
the bound coherent neutron scattering length of nuclei44 for contrast matching estimation. Empty 
and freeze-thawed APL were prepared with three different ratios of H2O/D2O mixtures to match 
out the deuterated liposome shell, the ciprofloxacin nanocrystals and the PEG chains respectively. 
Based on the calculations of the SLD of the individual components, the corresponding H2O/D2O 
mixtures required to match out each component were 38% H2O/62% D2O for the predominantly 
deuterated lipid shell (SLD 3.64 x 10-6Å-2), 66% H2O/34% D2O for the ciprofloxacin nanocrystals 
(SLD 1.78 x 10-6Å-2) and 83% H2O/17% D2O for the PEG chains (SLD 0.64 x 10-6Å-2).  

      Samples were prepared with the same procedure as stated. However, extrusion was not 
performed due to physical impossibility to push the deuterated formulation through extrusion 
membranes. In place of this, centrifugation at 148000 rpm and syringe filtration with a Millipore 
syringe filtration membrane of 0.8 µm were used to minimise the presence of large lipid particles 
so deuterated samples were as similar to the protiated samples as possible. DLS showed the 
average size distribution [PDI Width] of the deuterated liposomes matching out lipid shell, 
ciprofloxacin nanocrystals and PEG chains to be 164.7 nm [74.28], 157.3 nm [59.53], and 161.6 
nm [74.17], respectively, which proves the similarity of the protiated and deuterated liposome 
samples. The pH of both internal and external buffers for active loading were adjusted with HCl 
due to the presence of deuterated material according to formula pD=pH x 1.076.45 

 

SANS & USANS data analysis 



      Data were first plotted in IgorPro software and the slope of the power-law region at low Q was 
calculated using the IRENA macro in IgorPro.46 Data were then further analysed by the indirect 
Fourier transformation method (IFT) within SASView (version 4.0).47 IFT allows the observation 
of cross-section dimensions and length of cylindrical or lamellar objects with a single 
mathematical operation directly from experimental data. For polydisperse systems, it provides 
information about the maximum particle sizes.48 

 

Conjugation of liposomes to DBCO-cy5 dye 

      The amount of azide functional groups available for specific targeting on the liposome surfaces 
was quantified by conjugation to a small molecule DBCO-sulfo-cy5 dye. PL and APL were diluted 
with histidine buffer (pH=6) to a final lipid concentration of 0.25% w/w. PL acted as a control to 
quantify non-specific binding and dye penetration into liposomes. After taking the phospholipid 
recovery of the liposomes into consideration, three DBCO-cy5 dye concentrations with theoretical 
DBCO:azide mole ratios of 0.25, 0.5, and 1 were used. Equal volumes of each corresponding 
concentration of DBCO-cy5 were added to react with the liposome samples for 9 hours. 

      After a 9-hour incubation, the three concentrations of DBCO-cy5 dye without liposomes, with 
PL and APL were reversely dialyzed to separate the bound cy5 dye and free cy5 dye for 15 hours 
using Cellu-Sep regenerated cellulose tubular membranes with a molecular weight cut off (MWCO) 
of 1000 Da. Reverse dialysis was preferred over normal dialysis because a shorter time was 
required to equilibrate the free cy5 dye due to the smaller concentration gradient along the dialysis 
bag. Dialysis trials with only DBCO-cy5 without any liposomes were conducted to ensure that 15 
hours of dialysis time was sufficient for free DBCO-cy5 dye to reach equilibrium inside and 
outside the bag at all three concentrations. Bar charts were plotted and statistical analysis were 
completed with the GraphPad Prism (version 7.00) for Windows, GraphPad Software, La Jolla 
California USA, www.graphpad.com. 

 

Results and Discussion 

Formation of drug nanocrystals inside liposomes 

      Two different PEGylated liposomes were prepared with HSPC as the main lipid, cholesterol 
and addition of 4.5 mol% of DSPE-PEG2000 for PL. For APL, 1.5 mol% azide-DSPE-PEG2000 
was used with 3 mol% DSPE-PEG2000 in the formulation (Figure 1 & Table 1 in the Experimental 
Methods). 

      The percentage of phospholipid recovery represents the proportion of phospholipid in the 
dispersions at the end of ultrafiltration, which was determined to be 70% and 72% for the PL and 
APL respectively (supporting information 1). This was likely due to some larger lipid particles not 
passing the extrusion membrane, and some loss due to adsorption and dead volume in the 
ultrafiltration process. These values were then taken into consideration in the calculation of the 



percentage of conjugation between DBCO-cy5 to the liposomes. Such an analysis is rarely 
performed in studies on liposomes after preparation and serves as an initial significant observation 
that should be taken into account in future liposome binding studies. 

      The encapsulation efficiency of ciprofloxacin was determined to be 94% and 95% by size 
exclusion chromatography with 0.1 mL liposome samples for PL and APL respectively 
(supporting information 2), which was similar to the literature reported value of 96% for liposomal 
ciprofloxacin formulations in an inhaled nebulizer formulation.49 Since high encapsulation 
efficiency was achieved, separation of the encapsulated drugs in liposomes from the free drugs 
was unnecessary. 

      Cryo-TEM micrographs showed the successful formation of PL with rod-shaped drug 
nanocrystals by freeze-thawing (Figure 2b), analogous to the non-PEGylated liposomes with drug 
nanocrystals developed by Cipolla et al.24 All samples were vitrified but drug nanocrystals were 

Figure 1: Schematic for the formation of copper-free “clickable” liposomes. “Clickable” 
liposomes were prepared with HSPC, PEG2000-DSPE, azide-PEG2000-DSPE and cholesterol, 
with tip sonication and extrusion. HSPC is a mixture and is composed of 89% of distearoyl 
phosphocholine (DSPC), so the structure of DSPC is used to represent HSPC in the diagram. 
The drug ciprofloxacin was loaded with the pH gradient loading method and liposomes were 
freeze-thawed to form the drug nanocrystals. 



only formed in the freeze-thawed samples; this indicates that the formation of drug nanocrystals 
only happened in the thawing process but not the freezing process in the freeze-thaw cycle (Figure 
2). In the freeze-thawed sample, some liposomes showed no drug nanocrystals but most liposomes 
encapsulated a single drug nanocrystal. Liposomes without drug nanocrystals were spherical while 
those with drug nanocrystals were elongated. Compared to some empty surfactant vesicles 
reported in the literature with sharp corners and edges, empty liposomes with natural phospholipids 
had perfectly spherical shapes.50-51 Both unilamellar and multilamellar vesicles were present here; 
in some multilamellar vesicles, a liposome contained another liposome; with the inner liposome 
containing its own single drug nanocrystal. No drug nanocrystals were present in the extra-
liposomal media observed with cryo-TEM, owing to both the high encapsulation efficiency and 
the use of sucrose as a cryo-protectant for the freeze-thaw and vitrification process. Sucrose was 
reported to maintain the flexibility of the membrane and form hydrogen bonds with liposomes to 
avoid rupture of the structures,52-53 which helped retain the drug nanocrystals in the liposomes. 
Successful formation of drug nanocrystals in the PEGylated liposomes provides great opportunity 
in drug delivery to increase the encapsulation efficiency, retain drug dosage in the liposomes, and 
modulate the drug release profile.54-58 Nanoparticles with various aspect ratios interact with cells 
differently compared to spherical nanoparticles,27-28, 59 therefore, the ability of the drug 
nanocrystals to elongate the liposomes also provides opportunity for investigation on the aspect 
ratio of liposomes and their interactions with in vitro and in vivo targets.  

 

Size distribution of liposomes 

      These liposomes were prepared using ciprofloxacin as an initial proof of concept; however, 
liposome size is crucial for the successful delivery to a targeted tumour site with the aid of 
enhanced permeability and retention effect (EPR)60 and in the case of doxorubicin as the drug to 

Figure 2: Cryo-TEM of (a) non freeze-thawed, and (b) freeze-thawed, PL with ciprofloxacin 
nanocrystals. Both uni- and multilamellar vesicles were observed with and without freeze-
thawing but rod-shaped drug nanocrystals were only observed in the freeze-thawed samples. In 
the freeze-thawed sample, some liposomes were empty while others contained one drug 
nanocrystal. Some multi-lamellar vesicles contained smaller inner liposomes with their own 
drug nanocrystals. All drugs nanocrystals were contained in the liposome and not in the extra-
liposomal media. The scale bars are (a) 200 nm and (b) 100 nm. 

(a)                                                                               (b) 



limit cardiomyopathy20-21, 39. Therefore, the size distribution of liposomes were measured with 
both DLS and cryo-TEM micrographs.  

      From DLS measurements, no significant changes could be seen in the average size and 
polydispersity index (PDI) width of liposomes before and after drug loading, but freeze-thawing 
increased the average size by 12-20 nm (Table 2); this indicated that PL and APL were colloidally 
stable throughout the drug loading and freeze-thaw processes. From direct measurements of 149 
liposomes in 11 cryo-TEM micrographs (supporting information 3), the average length and width 
of freeze-thawed liposomes were 98 nm and 85 nm, with a standard deviation of 41 nm and 35 nm, 
respectively. For the elongated liposomes, an average aspect ratio, calculated by dividing the major 
axis by the minor axis, was 1.2. DLS is an indirect measurement of the size which assumes that 
the particles are perfect spheres and does not consider the influence of associated ions or surface 
structure.38 With cryo-TEM, depending on the thickness of the ice film at different position of the 
grids, some large particles might be excluded.61 These two techniques are complementary; DLS 
typically gives larger sizes but cryo-TEM does not provide an ensemble distribution value. 
Considering the size of the liposomes in this case, while the size distribution from both 
measurements correlate, only the result from cryo-TEM will be quoted.  

 
Table 2. Size distribution of empty, drug-loaded, and freeze-thawed liposomes by DLS [PDI Width] 

 

Solid state property of the drug nanocrystals 

      X-ray scattering profiles of the liposomal formulations were obtained by small and wide angle 
X-ray scattering experiments at the SAXS/WAXS beamline32 at the Australian Synchrotron, 
operated by ANSTO, analysed using the in-house software Scatterbrain (V2_71) and plotted as 
intensity versus Q graphs (Figure 3). Q is defined as 4πsin(θ)/λ where 2θ is the scattering angle, λ 
is the wavelength of the X–ray beam. Six liposome samples, empty liposomes, drug-loaded 
liposomes without freeze-thawing, and drug-loaded liposomes with freeze-thawing of PL and APL 
were all freeze-dried and their scattering patterns were recorded.  

      The scattering peaks for drug nanocrystals occurred in freeze-thawed (FT) PL and APL. The 
drug-loaded liposomes without freeze-thawing were snap-frozen before freeze-drying but no drug 
nanocrystals were formed, demonstrating that drug nanocrystals formed in the thawing process 
and not the freezing process in the freeze-thaw cycle, in agreement with cryo-TEM observations. 
This is in concordance with prior reports that small ice particles formed in the thawing process 
provide nucleation sites for solid ciprofloxacin nanocrystals to form.24, 62 

      The scattering peaks from the drug nanocrystals did not match the scattering profiles of 
ciprofloxacin HCl monohydrate (self-recorded), anhydrate (self-recorded), sulfate63 (Cambridge 

 No drug Drug loaded Drug loaded and freeze-thawed 

PEG-liposome (PL) 141.7 [39.5] 145.1 [38.7] 157.5 [48.8] 

Azide-liposome (APL) 146.4 [34.4] 146.4 [34.7] 166.9 [45.5] 



Crystallographic Data Centre-679462), hexahydrate43 (Cambridge Crystallographic Data Centre-
1130289) or base hydrate64 (Cambridge Crystallographic Data Centre-819310) (Figure 4). Four 
peaks matched that of sucrose (highlighted in red) but no other peaks matched other buffer 
components (sodium chloride and histidine). The conditions under which ciprofloxacin was 
processed and prepared, including changes of temperature, pressure and relative humidity, are 
crucial for the formation of a specific polymorphic forms of drugs.65 It was reported that 
dehydration of ciprofloxacin hydrate to anhydrate occurs between 100 – 120 ⁰C 66 so, in this freeze-
drying process, it was unlikely that anhydrous ciprofloxacin was present. In another study by 
Aranaz et al., ciprofloxacin was freeze-dried and X-ray diffraction showed that the monohydrate 
crystalline form was converted to a different crystalline form.67 The presence of complex 
environment around the liposomes, including ammonium sulfate, sodium chloride, azide 
functional groups, sucrose, histidine, and water molecules, could have contributed to the formation 
of a newly unidentified polymorph of ciprofloxacin that is not published on the Cambridge 
Structural Database. The samples were also freeze-dried for SAXS/WAXS analysis, which could 
also have altered the crystal structure of the drug nanocrystals inside the liposomes in the innate 
form. Solid state properties of active ingredients are known to influence the physicochemical 
properties leading to various stability, solubility, dissolution rate and bioavailability of drugs,68-70 
but as an objective of this study, this unidentified polymorphic form was able to be accommodated 
inside the liposomes and form elongated liposomes opening great opportunities for the use of 
liposomal drug nanocrystals in drug delivery. 

      SAXS provides an ensemble average of the sample showing that the same drug nanocrystals 
were formed in both PL and APL, complementary to, and consistent with, the cryo-TEM 

Figure 3: Empty and drug loaded liposomes did not show intense drug scattering peaks but 
freeze-thawed PL and APL showed the same intensive drug peaks. Intensity is plotted on a 
logarithmic scale. Each diffractogram is shifted vertically by a factor of 5 display clarity.  



observations; this further confirms the successful encapsulation of drug nanocrystals in PL and 
APL, which was the primary objective of this study. 

 

Shapes and sizes of liposomes and drug nanocrystals 

      SANS and USANS were performed at QUOKKA33-34 and KOOKABURRA35-36 beamlines at 
the Australian Centre for Neutron Scattering (ACNS) at ANSTO. 

      Deuterated HSPC (d-HSPC), synthesised by the NDF at ANSTO for this work, was used in 
place of protiated HSPC to prepare APL to provide the contrast. The predominantly deuterated 

Figure 4: Highlighted peaks in red matched the scattering profiles of sucrose, but other peaks 
of the drug nanocrystals present in the liposomes did not match the scattering profiles of 
histidine, sodium chloride, ciprofloxacin hydrochloride monohydrate, ciprofloxacin anhydrate, 
ciprofloxacin hexahydrate (Cambridge Crystallographic Data Centre-1130289), ciprofloxacin 
sulfate (Cambridge Crystallographic Data Centre-679462) or ciprofloxacin base hydrate 
(Cambridge Crystallographic Data Centre-819310) but show the formation of an unknown 
polymorphic form. Dashed lines indicate the peaks from the drug nanocrystals in the liposome 
samples.  



lipid bilayer, the ciprofloxacin nanocrystal, and the PEG chains were contrast matched out by using 
a H2O/D2O mixture comprising 38% H2O/62% D2O, 66% H2O/34% D2O, and 83% H2O/17% D2O 
respectively according to their calculated neutron scattering length density (SLD).44 At H83, the 
PEG chains were designed to be matched out and so for the empty PL most of the scattering comes 
from the lipid bilayer. For freeze-thawed PL at H83, a similar contribution from the lipid bilayer 
was expected as well as a contribution from the nanocrystals in the interior. At H66, the 
nanocrystals were designed to be matched out, and scattering was expected to predominantly come 
from the lipid membrane and the PEG chains. Samples were prepared with the same procedure as 
liposomes with protiated HSPC, however an increased viscosity in the deuterated samples 
precluded the possibility of passing the formulation through the extrusion membrane so 
centrifugation and syringe filtration were used to minimise the presence of large lipid particles to 
make the deuterated samples be as similar to the protiated samples as possible. 

      Information about the shape and size of liposomes was derived from the intensity versus Q 
scattering profiles (Figure 5a) and the pair distance distribution functions p(r) (Figure 5b). For the 
empty liposome samples, the p(r) function with the broad peak is consistent with a polydisperse 
system of spherical liposomes. Since the liposome samples were not extruded for this experiment, 
the wider polydispersity and larger size are in agreement with the preparation process. The shapes 
of the two freeze-thawed liposomes had a linear tail off in p(r) towards zero at high r, which was 

Figure 5: (a) Stitched SANS (on an absolute scale) and desmeared USANS data with dashed 
lines indicating the power-slope fitting for the two freeze-thawed liposome samples; (b) pair 
distance distribution functions p(r) of the low Q range by indirect transformation method for 
empty liposomes for which the PEG polymer is matched out (H83/D17 at neutron SLD=0.64 
10-6 Å-1), freeze-thawed liposomes with matched out PEG polymer (H83/D17 at SLD=0.64 10-

6 Å-1) and matched out ciprofloxacin drug nanocrystals (H66/D34 at SLD=1.78 10-6 Å-1), with 
a dashed line indicating a tail off of the function towards zero at high r. 

  (a)                                                                  (b) 



characteristic of elongated particles (cylinders or lamellae).48 This is consistent with the cryo-TEM 
micrographs that after freeze-thawing of the drug loaded liposomes, the liposomes were stretched 
by the crystallized drug. The p(r) function of the freeze-thawed liposomes matching out PEG 
monomer (H83/D17) deviates from the dashed line at high r values, which might be due to the fact 
that both the nanocrystal and lipid bilayer contribute to the scattering, making the p(r) function 
more consistent with a core-shell particle. 

 
Quantification of active azide functional groups on the surface of liposomes 

      DBCO-sulfo-cy5 dye was added to both PL and APL and allowed to react for 9 hrs (Figure 6), 
followed by reverse dialysis for 15 hrs to allow sufficient equilibration for all three DBCO-cy5 
concentrations studied. This procedure was validated using only DBCO-cy5 in solution in the 
absence of liposome to confirm that the free dye had completely equilibrated across the membrane 
in this time frame; the concentration difference of cy5 dye reflects the amount of conjugation with 
the liposomes.  

      The percentage of DBCO bound to the liposomes was calculated for both PL and APL (Figure 
7). Statistical analysis showed that replicates for all groups of data were normally distributed. 8-
9% of non-specific binding was observed with PL. In a study by Koo et al., investigating the 
binding efficiency of DBCO-functionalized liposomes to azide-functionalized cells, PEGylated 
liposomes, as the control, showed non-specific cellular bindings,10 indicating that non-specific 
binding is common with PEGylated liposomes. The absolute amount of DBCO bound to PL 
increased as the concentration of DBCO-cy5 increased due to the penetration of dye into the 
internal core of liposomes driven by the concentration gradient across the shell; however, the 
relative amount of non-specific penetration remained constant (Figure 7). 

      A significant increase in the percentage binding of DBCO was observed with APL compared 
to PL for all three different DBCO-cy5 concentrations. Working under the assumption that 
approximately half of the azide-PEG phospholipids are in the inner leaflet of the liposomes,6 the 
addition of 25, 50, and 100 mol% of DBCO would result in the theoretical percentage binding of 
100%, 100% and 50% respectively. The obtained results of 50%, 30% and 24% indicate that not 
all azide groups were available for binding; increasing the amount of DBCO-dye added did not 

Figure 6: Schematic diagram of APL binding with DBCO-cy5 dye through copper-free “click” 
chemistry forming a triazole moiety, which was then reverse dialyzed and the amount of 
specific binding subsequently quantified. The dimensions of the liposomes and cy5 dye are not 
to scale in this diagram. 



further increase the amount of conjugation. It is postulated that all available azide groups (as 
opposed to all azide groups present) reacted with DBCO groups in this study.  

      Although a lower extent of specific binding was obtained than expected, a significant 
difference was seen between PL and APL. The preparation of drug nanocrystal-loaded azide-
liposomes was achieved with high drug loading, and specific conjugation with the complementary 
functional groups, providing great opportunity using “click” chemistry functionalization for 
targeted delivery purpose.  

      Relatively low specific binding could not be explained by the loss of phospholipid during 
sample preparation as the phospholipid recovery rate had already been taken into account when 
the concentrations of DBCO-cy5 dye were calculated. One possible explanation for this is that, 
despite the extrusion process, some multilamellar vesicles (MLV) were present as observed in the 
cryo-TEM images, so the sterically hindered azide groups on the internal liposomes were less 
accessible and not available for conjugation. It was generally assumed that when extrusion was 
used, the proportion of MLVs in the sample was negligible but some MLVs are usually still present 
in most studies.6 A study with BCN-conjugated non-PEGylated liposomes by Blenke et al. 
obtained 50% conjugation with 100% azide dye addition after considering that half of the 
phospholipids are internal in the liposomes;6 this was twice of the quantity obtained in this study. 
The use of PEG chains provided sufficient spacing and mobility for the azide groups to fold back 
into the bilayer so specific conjugation was lower than non-PEGylated liposomes, but similar to 
the folding back of PEG chains in long-chain polymer vesicles.18 

Figure 7: Non-specific binding of PL to DBCO-cy5 was quantified to be approximately 8% 
across all ratios of DBCO-azide (black bars), while significant specific binding (grey bar) was 
observed with APL. Error bars represent the standard deviation of the mean for six replicate 
experiments for PL at the highest dye concentration but three replicate experiments for the 
remaining groups. *P<0.005 **P<0.001 *****P<0.00005 (t-test; two-tailed) 



      With only 1.5 mol% of azide-functionalized phospholipid in the formulation, it is possible to 
further increase the concentration of azide-functionalized phospholipid in the formulation to 
increase the absolute amount of active azide groups. Using smaller extrusion membranes with pore 
sizes of 30-50 nm to increase the total contact surface area of the liposome, or passing samples 
through descending pore sizes of extrusion membrane to allow more efficient extrusion, might 
also decrease the multilamellar features and, as a result, increase the amount of sterically available 
azide groups on the surface. 

      Some other approaches could be used to increase the availability of the azide groups. “Brush” 
polymers have been used to couple “click” chemistry groups on the surface and a high density of 
functional groups has been achieved.71 It was also used to couple with doxorubicin with “click” 
chemistry functionalization to achieve photon-responsive delivery.72-73 The advantage of using 
functionalized “brush” polymers over functionalized phospholipids is that due to the open structure 
of “brush” polymers, all functional groups are exposed on the surface and no functional groups are 
redundant in the internal core of liposomes. The degree of functionalization is also high for these 
“brush” polymers, resulting in highly efficient drug delivery.74-75 

      Inserting the azide functional groups after extrusion (post-insertion) rather than co-extruding 
(pre-insertion) azide-functionalized phospholipids could also help to increase the amount of 
available azide groups.76 A study investigating the amount of PEG chain exposed on the surface 
of liposomes using SANS revealed that post-insertion gave a 14% increase in PEG chain 
exposure.77 Another study also revealed that only half of the amount of lipid or polymer was 
needed to achieve the same nanoparticle zeta potential, indicating that a higher percentage of 
functional groups were exposed on the surface.78 However, due to the chemical or exchange 
equilibrium between the ligands and liposomes, most post-insertion was not able to achieve 
completion and the amount of functionalization needs to be quantified.78 

      Looking towards application of these particles in antibody-free targeting, the “click” reaction 
between the azide and DBCO functional groups almost reached completion and the formation of 
the triazole moiety is irreversible.9 In contrast, the reaction kinetics between antibody and antigens 
are associated with a dissociation constant.79-80 That is, a certain amount of antibody-antigen 
complex would dissociate reversing the coupling. It was also reported that for effective targeting 
between antibody-bearing liposomes and antigens, a high concentration of the targeted antigen is 
needed.81 Therefore, comparing with liposomes functionalized with antibodies to target cells by 
antigen-antibody complex, “click” chemistry provides potentially improved specific targeting with 
relatively low concentrations. Moreover, the strong covalent bonds formed in the “click” reaction 
might allow sufficient time for the fusion of the particle with cell membranes leading to better 
internalisation of drug nanocrystals for drug release.  

 

Conclusions 

      PEGylated azide-functionalized liposomes were successfully prepared containing 
ciprofloxacin drug nanocrystals as a model nanocrystallized cargo, analogous to the elongated 
non-PEGylated liposomes with the same drug nanocrystals. This is the first time that induced 



nanocrystallization using the freeze-thaw process has been demonstrated for a PEGylated liposome 
system. Cryo-TEM micrographs also showed that the PEGylated liposomes were spherical in 
shape before drug crystallization and stretched by the drug nanocrystal after freeze-thawing. The 
SANS and USANS data were consistent with the cryo-TEM observations. X-ray scattering profiles 
of the liposome samples showed diffraction of drug nanocrystals only in the freeze-thawed samples, 
confirming that drug nanocrystals formed in the thawing step of the freeze-thaw process, giving 
an ensemble picture of the novel drug delivery system, complementary to the cryo-TEM 
micrographs. The formed newly unidentified ciprofloxacin polymorph was able to accommodate 
inside the liposomes and formed elongated liposomes opening great opportunities for using drug 
nanocrystals for drug delivery. Surface “click”-functionalization of the liposomes containing the 
nanocrystals was also confirmed. Overall, a drug delivery system of azide-functionalized 
PEGylated liposomes with encapsulated drug nanocrystals was successfully established presenting 
a new opportunity for future anti-cancer targeted delivery. 
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Ac4ManNDBCO              Tetra-acetylated N-DBCO-acetyl-D-mannosamine 

APL                                  Azide-functionalized PEGylated liposome 

BCN                                 Bicyclononyne 

Cryo-TEM                       Cryogenic transmission electron microscopy 

DBCO                              Dibenzocyclooctyne 

DLS                                 Dynamic light scattering 

DMSO                             Dimethyl sulfoxide 

DPPE                               1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine 

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

DSPC                               1,2-distearoyl-sn-glycero-3-phosphocholine 

HSPC                               Hydrogenated soy phosphatidylcholine 

PDI                                  Polydispersity Index 

PEG                                 Poly(ethylene) glycol 

PL                                    PEGylated liposome 

SANS                              Small angle neutron scattering  

SAXS                              Small angle X-ray scattering 

SLD                                 Scattering length density 

USANS                           Ultra-small angle neutron scattering  

WAXS                            Wide angle X-ray scattering 
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