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Abstract 

Drug nanocrystals precipitated inside liposomes are of increasing interest in 

liposomal drug delivery. For the liposomal nanocrystal formulations, the size and 

shape of the drug nanocrystals can influence the apparent drug release properties, 

providing opportunities for developing tailored liposomal drug release systems. Small 

angle X-ray scattering (SAXS) and quantitative transmission electron microscopy 

(TEM) can be used to analyse the size distributions of the nanoparticles. In this study, 

by changing the fluidity of the membrane through the use of different membrane 

phospholipids with varying cholesterol content, the impact of lipid phase, fluidity and 

permeability on the size distribution of ciprofloxacin nanocrystals were investigated 

using standard TEM and SAXS as orthogonal techniques. The results show that the 

phospholipid phase behaviour has a direct effect on the nanocrystal size distribution, 

where shorter and thinner nanocrystals were formed in liposomes made from 
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hydrogenated soy phosphatidylcholine (HSPC) and 1,2-dipalmitoyl-sn-glycero-3-

phosphocholine (DPPC) phospholipids with higher phase transition temperatures 

than 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and 1,2-dioleoyl-sn-

glycero-3-PC (DOPC) with lower transition temperatures. This is mainly due to the 

phase behaviour of the liposome during nanocrystal formation. The addition of 

cholesterol that reduce fluidity and permeability of the DOPC liposome was shown to 

restrict the growth of the ciprofloxacin nanocrystals. Moreover, increasing the drug 

loading of the liposomes made from HSPC and DPPC phospholipid produced longer 

and wider nanocrystals. The findings open new opportunities to tailor nanocrystal 

size distributions, as well as the aspect ratio of the enclosing liposomes with 

potential to alter drug release and in vivo behaviour. 

1. Introduction 

Nanoparticles such as liposomes have been widely used and researched as 

drug delivery carriers 1, 2. These lipid-based vesicles can encapsulate drugs of 

various physiochemical properties 3, 4 and reduce toxicity 5, 6. Although research has 

been focussed on the pharmacokinetics and drug release from different liposomal 

formulations, the physical state of the encapsulated active pharmaceutical ingredient 

is often overlooked, especially when the drug is precipitated as nanocrystals. The 

physical state of the drug inside the liposome is important as it can affect the stability 

of the encapsulated active as well as the apparent drug release rate from the 

liposomes 7. Doxil, the first FDA approved liposomal formulation forms doxorubicin 

sulfate nanocrystals inside the liposome upon active drug loading 8-10. Despite 

having been on the market for more than 20 years, the physical state of the 

encapsulated doxorubicin has only garnered more attention in recent years 11-13. 

Ciprofloxacin liposomes have shown promise in treating lung infections via 

inhalation delivery and one benefit of using liposomal inhaled antibiotics is the 

sustained drug release from liposome allows reduction of dosing frequency 14. A 

method to induce in situ nanocrystallisation of ciprofloxacin inside liposomes, where 

the nanocrystal growth is apparently limited by stretching of the liposome bilayer was 

also recently reported 15. It was shown that addition of surfactant can influence the 

shape and size of the ciprofloxacin nanocrystals inside liposomes and affect the in 

vitro drug release rate 16. The ability to control not only the physical state of the drug 
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inside the liposome but also the shape and size of the drug nanocrystals within the 

liposomes provides great potential for development of tailored release liposomal 

delivery carriers.  

It is crucial to effectively characterise and analyse the physical parameters of 

these nanoscale drug delivery systems, as previous studies have suggested that 

nanoscale aspect ratio impacts drug uptake 17. For the liposomal drug nanocrystal 

formulation, the shape and size distribution of the drug nanocrystals inside the 

liposomes is of particular interest. Recently, we have developed a quantitative 

standard transmission electron microscopy (standard TEM) method to analyse large 

numbers of drug nanocrystals inside liposomes. The nanocrystal size distribution 

results were compared to cryogenic transmission electron microscopy (cryo-TEM), 

which allowed visualisation of the nanocrystals and the liposome in its innate form 18-

22. Standard TEM revealed similar crystal size distribution to cryo-TEM in the initial 

assessment of liposomal ciprofloxacin nanocrystals. TEM analysis provides more 

statistically powerful results with lower cost and faster data acquisition compared to 

the cryo-TEM method and is not biased towards observing smaller particles. The use 

of standard TEM enabled high throughput determination of the effect of different 

formulation parameters in controlling the growth of ciprofloxacin nanocrystals inside 

the liposomes23.  

Small angle X-ray scattering (SAXS) is another powerful technique that 

provides structural information on nanomaterials, such as liposomes, in the 1 to 300 

nm size range 24-26. The use of SAXS together with wide angle X-ray scattering 

(WAXS) to examine the PEGylated liposomal doxorubicin allowed both accurate 

modelling of the scattering curve and determination of the crystalline state of 

doxorubicin 11. In addition, one study also showed good agreement between SAXS 

and TEM results in determining the size distribution of CoPt3 nanocrystals 27. The 

benefits of SAXS include its fast acquisition time and ease in measurement of native 

samples. However, when analysing nanoparticles with broad size distributions or 

heterogeneous and complicated inner structures, it would require previous 

knowledge of the morphology of the sample 24.  

In the present study, it was hypothesised that the fluidity of the liposomal 

bilayer would affect growth of the ciprofloxacin nanocrystal. In order to test the 
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hypothesis, using phospholipids with varying phase transition temperatures modified 

the fluidity of the bilayer and by changing the amount of cholesterol within the lipid 

bilayer and the resulting size distribution of the nanocrystals was investigated using 

standard TEM and SAXS. The amount of drug loaded with respect to the 

phospholipid concentration, known as the drug to lipid (D/L) ratio, was also 

investigated for its influence on the size distribution of the ciprofloxacin nanocrystals 

within different liposomal formulations.  

2. Materials and Methods 

2.1  Materials 

Hydrogenated soy phosphatidylcholine (HSPC) (>98.0%), 1,2-dipalmitoyl-sn-

glycero-3-phosphocholine (DPPC) (>99.0%) and 1,2-dimyristoyl-sn-glycero-3-

phosphocholine (DMPC) (>99.0%) were obtained from Lipoid GmbH (Ludwigshafen, 

Germany). 1,2-Dioleoyl-sn-glycero-3-PC (DOPC) (≥98.0%) was purchased from 

Cayman Chemical Company (Michigan, USA). Tris maleate (reagent grade), 

ammonium sulfate (>99.0%), cholesterol (>99.0%), L-histidine (≥99.0%) and sucrose 

(>99.5%) were purchased from Sigma Aldrich (St. Louis, MO, USA). Calcium 

chloride (>99.0%) and sodium hydroxide pellets (>97.0%) were obtained from Ajax 

Finechem (Seven Hills, NSW, Australia). Sodium chloride (>99.0%) and ciprofloxacin 

hydrochloride monohydrate (>98.0%) were purchased from Chem Supply (Gillman, 

SA, Australia). Sodium azide (>99.0%) was purchased from Merck Schuchardt OHG 

(Eduard-Buchner-Straße, Hohenbrunn, Germany). Hydrochloric acid 36% (analytical 

grade) was purchased from Biolab Aust Ltd (Clayton, VIC, Australia). The water 

used was sourced from a Millipore water purification system using a QuantumTM EX 

Ultrapure Organex cartridge (Millipore, Australia).  

2.2  Sample preparation   

Liposomes of different phospholipid composition (see Table 1) were prepared 

by dissolving DOPC/DMPC/DPPC/HSPC and cholesterol at a 1.0 : 0.87 molar ratio 

in chloroform. Liposomes of different cholesterol contents were prepared by 

dissolving DOPC and cholesterol at 1.0 : 0.0, 1.0 : 0.25, 1.0 : 0.50, and 1.0 : 0.87 

molar ratio (which represents 0, 11, 20 and 30 wt % cholesterol) in chloroform (see 

Table 1). The lipid mixtures were then dried with nitrogen gas for 3 hours and 

residual solvent was extracted by placing the mixture under vacuum at 50 °C 
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overnight. The dried lipid film was hydrated with 500 mM ammonium sulfate pH 3.0 

solution to obtain a 10% w/w lipid dispersion and incubated at 60 °C for 30 minutes 

before vortex mixing to form a coarse dispersion (multilamellar liposomes). The lipid 

dispersions were then extruded 20 times through 0.1 μm polycarbonate membrane 

filters (Nucleopore®, Whatman, USA) using an extruder (Avanti Polar Lipids Inc, 

Alabaster, USA) to generate unilamellar vesicles. To perform active drug loading, the 

external medium of each formulation was replaced with 10 volumes of 5 mM 

histidine buffer (pH 6.0) containing 145 mM NaCl and 6 mM NaN3 using a 10 mL 

Amicon® stirred ultrafiltration cell (Merck, Australia) through Ultracel® 30 kDa 

regenerated cellulose ultrafiltration discs with a diameter of 25 mm (EMD Millipore 

Corporation, Billerica, MA, USA). The liposomes after ultrafiltration were analysed for 

the lipid concentration using the Wako Phospholipid C assay kit (FUJIFILM Wako 

Diagnostics U.S.A). Ciprofloxacin solutions at the required drug to lipid (D/L) molar 

ratios were prepared in water and were used for drug loading by mixing the pre-

prepared drug solution and liposome solution at 1:1 v/v ratio (Table 1). The liposome 

and drug mixtures were then vortex mixed and stored at 60°C in the oven for an hour 

to complete drug loading. 

Table 1. Table of liposomal ciprofloxacin nanocrystal formulations prepared in this study 

Effect 

Studied 

Lipid composition  

(phospholipid : cholesterol mol ratio) 

D/L mol 

ratio 

Effect of 

Lipid 

composition 

DOPC : Chol (1.0 : 0.87) 0.6 

DMPC : Chol (1.0 : 0.87) 0.6 

DPPC : Chol (1.0 : 0.87) 0.6 

HSPC : Chol (1.0 : 0.87) 0.6 

Effect of 

Cholesterol 

Content 

      DOPC : Chol (1.0 : 0.0) = 0 wt% cholesterol 0.6 

DOPC : Chol (1.0 : 0.25) = 11 wt% cholesterol 0.6 

DOPC : Chol (1.0 : 0.50) = 20 wt% cholesterol 0.6 

DOPC : Chol (1.0 : 0.87) = 30 wt% cholesterol 0.6 

Effect of DOPC : Chol (1.0 : 0.87) 0.3 
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Drug to 

Lipid ratio 

0.9 

DPPC : Chol (1.0 : 0.87) 0.3 

0.9 

HSPC : Chol (1.0 : 0.87) 0.3 

0.9 

 

To generate liposomal ciprofloxacin nanocrystals, the drug-loaded liposomes 

were diluted 4-fold with 50 mM Tris maleate buffer (pH 6.0 containing 5 mM 

CaCl2.2H2O, 150 mM NaCl and 6 mM NaN3) containing 180 mg/mL sucrose. The use 

of Tris maleate buffer was chosen as these formulations were intended to be used in 

oral drug delivery applications. The sucrose in the buffer medium was added as a 

cryoprotectant to stabilise liposomes to the freeze-thaw process15. The prepared 

dispersions were injected into rectangular borosilicate glass capillaries (0.40 x 8.00 

mm ID, VitroCom, Mountain Lakes, NJ, USA) enclosed with Blu-Tak for the freeze-

thawing cycle. The formulations were first snap frozen in liquid nitrogen for 5 minutes 

and then thawed at 20°C. After thawing was completed, the samples were withdrawn 

from the capillaries and stored in glass vials before standard TEM or SAXS analysis. 

The use of the rectangular borosilicate glass capillaries for the freeze-thawing 

process provided a high surface area for effective snap freezing in liquid nitrogen. 

The drug loaded liposomes were stored at 4°C and freeze-thawing processes were 

performed one day prior to analytical measurements.   

 

2.3  Cryogenic transmission electron microscopy (cryo-TEM)  

Copper grids (200 mesh) with Lacey formvar/carbon film (ProSciTech, Qld, 

Australia) were glow discharged at 30 mA, 0.38 mBar in nitrogen gas for 45 seconds 

using the Pelco easiGlow glow discharge cleaning system (Ted Pella, Inc. CA, USA) 

to ensure a hydrophilic supporting substrate. The treated grids were then fixed onto 

the FEI Vitrobot, at 100% humidity and a temperature of 4°C for sample loading. An 

aliquot (2 μL) of each sample was pipetted onto a grid and the blotting conditions 

were set at blot force setting at -2, blot time at 2.5 s, blot total setting at 1, wait time 

and drain time 0 s. The Vitrobot then plunged the sample-loaded grids into liquid 
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ethane cooled by liquid nitrogen. Frozen grids were stored in liquid nitrogen until 

required. 

The samples were examined using a Gatan cryoholder (Gatan, Pleasanton, CA, 

USA) and FEI Tecnai 12 Transmission Electron Microscope (FEI, Oregon, USA) at 

an operating voltage of 120 kV. At all times low dose procedures were followed. 

 

2.4  Standard transmission electron microscopy (standard TEM) 

Continuous carbon-only TEM grids of 400 or 200 mesh (ProSciTech Pty.Ltd, 

Australia) were plasma cleaned for 2 minutes in oxygen/argon gas using the Solarus 

Plasma Cleaner (Gatan, Inc. CA, USA). An aliquot (2 μL) of the sample was pipetted 

onto each grid and 1 minute adsorption time was allowed. Grids were blotted 

manually using Whatman 541 filter paper to absorb the excess liquid on the grids. 

The grids were then left to air dry at room temperature for 10 minutes. The samples 

were examined using a Tecnai single tilt holder and FEI Tecnai G2 T20 microscope 

(200 kV) (FEI, Oregon, USA) and images were recorded at a magnification of 

13000x, objective aperture 1, defocus of -20 μm and 2 seconds exposure.  

 

2.5  Small angle x-ray scattering (SAXS) measurements and analysis 

SAXS measurements were performed at the Small and Wide Angle X-ray 

Scattering (SAXS/WAXS) beamline of the Australian Synchrotron, ANSTO 28. The 

autoloader sample environment developed at the Australian Synchrotron was used 

for all measurements at the ambient temperature of the SAXS/WAXS experimental 

hutch, which is typically approximately 27 °C. Liposome samples were loaded into 

96-well plates covered with a silicone mat to prevent evaporation. The samples were 

drawn one at a time into a quartz capillary held stationary in the beam and up to 32 

scattering measurements were performed as the solution was drawn into and then 

ejected from the capillary back into the sample well. The capillary was then washed 

with water and 2% Helmanex® detergent solution. The capillary was filled with water 

and the background scattering from the water-filled capillary was recorded to monitor 

capillary contamination due to beam damage prior to the next sample being 

measured, which was observed to be negligible by comparing the water/capillary 
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shots from earlier in the series of measurements. The average of the water/capillary 

scattering profiles recorded throughout the course of the measurements was used as 

background that was subtracted from the scattering profiles of the liposomal samples. 

X-ray scattering was recorded at two sample-to-detector distances: 7159 mm with a 

photon energy of 12 keV (wavelength λ = 1.033 Å) and scattering at higher-Q values 

was recorded with a sample-detector distance of 956 mm with a photon energy of 12 

keV, respectively. 2D scattering patterns were radially integrated into plots of 

scattered X-ray intensity [I(Q)] versus the scattering vector Q [= (4π/λ)sinθ, where 2θ 

is the scattering angle] using the in-house developed software package ScatterBrain. 

The scattering function was plotted on an absolute scale with units of cm−1 using the 

scattering from water as a standard. The scattering profiles of drug-loaded but not 

freeze-thawed (w/o nanocrystal) liposomes and drug-loaded freeze-thawed (with 

nanocrystal) liposomes from the same batch of sample were recorded for 

comparison. 

The low- and high-Q data were stitched together using the IRENA data analysis 

suite (Version 2.61) in the IgorPro 7 environment, which was also used to determine 

the size distributions of the ciprofloxacin nanocrystals using the inbuilt Size 

Distribution macros 29. The Maximum Entropy method was used to generate a size 

distribution from the recorded SAXS data by solving the equation 

max

min

2 2 2( ) ( , ) ( ) ( )
r

r

I Q F Q r V r NP r r     

where Δρ is the scattering length density contrast between the particle and the 

medium (set to an arbitrary value of 1 for the modelling herein as the size 

distributions were subsequently normalised), rmax and rmin are the maximum and 

minimum particle dimensions modelled by the software, Δr is the bin size of the size 

distribution histogram, F(Q,r) is the particle form factor, V(r) is the particle volume, N 

is the total number of particles and P(r) is the probability that a particle will be 

present with the associated dimension r. 

In the modelling associated with this work the form factor used was the Unified 

Rod model first described by Beaucage 30, 31, The form factor is given by 
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where r is the radius of the rod cross section, l is the rod length, 

1 3
2g

r
R   , 

2 2

2 2 12g

r l
R     and 

*
3

6

n

gn

Q
Q

QR
erf


  
  
  

 where n = 1 or 2. 

The output given by the fitting software was in the form of a volume distribution 

function of rod cross-sectional diameters for a pre-defined aspect ratio 

(length/diameter). Aspect ratios between 2.0 and 5.0 were tested in 0.5 intervals to 

determine which gave the best fit to the recorded data. As the Maximum Entropy 

method only converges when the Χ2 value for the fit equals the number of points 

fitted, all fit curves were of the same quality in terms of the Χ2 value and this final 

quality check was performed by visually comparing the fit curves produced with the 

recorded data. As described in the IRENA manual, error multipliers were required to 

allow the maximum entropy-fitting algorithm to converge and these were between 2 

and 4 in most cases. The maximum and minimum diameters modelled were set to 

1500 and 50 Å, respectively, with 100 logarithmic bins between these limits used to 

generate volume distribution functions. These functions were normalised to make the 

area under the histogram curve equal to 1. The volume distribution functions were 

subsequently converted to number distribution functions for comparison with the size 

distribution analysis of the TEM images. This was done by dividing each point in the 

histogram by the diameter cubed and renormalising the resulting number distribution 

functions. The normalised number distributions were plotted as cumulative 

distributions to ascertain the median particle diameter and the first and third quartile 

diameters. The corresponding rod lengths were determined by multiplying the 

diameters by the optimum aspect ratios determined from the fitting process. 

 

2.6  Particle size analysis from RT-TEM images 

Standard TEM images were analysed with Fiji (Fiji is just Image J) 32 to 

determine the size distribution of the nanocrystals. The selected nanocrystals within 
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each image were manually highlighted with the wand tool and the ROI manager 

function. The length and width measurements (nm) of highlighted nanocrystals were 

then automatically generated through an in-house developed macro script (available 

for download in the supplementary information). This script allows the large number 

of selected nanocrystals to be highlighted on the TEM image with automatic 

generation of the lengths and widths of the selected crystals. The length and width 

results were then exported to an Excel spreadsheet and the aspect ratios were 

calculated as a ratio of length to width. The measurement results were then 

visualised in r studio, where boxplots comparing the lengths, widths (cross-sectional 

diameters) and aspect ratios of different samples were generated. One-way 

analyses of variance (ANOVA) were used to determine whether there were any 

statistically significant differences between different samples in terms of the lengths, 

widths and aspect ratios of the nanocrystals formed inside the various liposomes. 

 

3. Results and Discussion 

3.1  Effect of lipid composition on the size and shape of the ciprofloxacin 

nanocrystals  

Standard TEM and cryo-TEM images of liposomal ciprofloxacin nanocrystals 

grown in liposomes comprising the different phospholipids are shown in Figure 1 

(phospholipid to cholesterol mol ratio = 1.0 : 0.87, equivalent to 47% molar 

concentration of cholesterol). Three saturated phospholipids (DMPC, DPPC and 

HSPC) were chosen where DMPC has two C14:0 acyl chains (Tm = 23°C 33), DPPC 

has two C16:0 acyl chains (Tm = 42.37°C  34) and HSPC has a mixture of C16:0 and 

C18:0 acyl chains with a mol ratio of 12:88 (Tm = 53.72°C 34). In addition, the 

unsaturated phospholipid DOPC with two C18:1 acyl chains (Tm = -16.5°C 35) was 

also used. The differences in the hydrocarbon chain lengths of the phospholipids 

contribute to the differences in their transition temperatures. The longer the 

hydrocarbon chains, the stronger the Van der Waal interactions, therefore more 

energy is required to disrupt the ordered packing, resulting in a higher transition 

temperature 33, 36, 37. The degree of unsaturation also affects the transition 

temperature since kinks in the hydrocarbon chains introduced by cis-double bonds 

prevent the tight packing in the liquid-ordered phase which reduces the lipid’s 
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transition temperature 33. The cryo-TEM images confirm that the ciprofloxacin 

nanocrystals were formed inside the liposomes rather than outside. In this study, a 

minimum of 500 nanocrystals was measured using the standard TEM technique and 

only 500 quantitative results per sample were used for data analysis. 

The standard TEM and cryo-TEM images (Figure 1) showed that as the 

transition temperature of the phospholipid was increased, the size of the 

ciprofloxacin nanocrystals decreased. The boxplots in Figure 1 panel i-k show the 

quantitative analysis for the ciprofloxacin nanocrystals formed inside liposomes 

composed of the different phospholipids.  

 

Figure 1. Standard TEM (a-d) and cryo-TEM (e-h) images of liposomal ciprofloxacin 

nanocrystals made from different lipid compositions. DOPC:Chol (1.0 : 0.87) liposomes with 

ciprofloxacin nanocrystals (a,e), DMPC:Chol (1.0 : 0.87) liposomes with ciprofloxacin 

nanocrystals (b,f), DPPC:Chol (1.0 : 0.87) liposomes with ciprofloxacin nanocrystals (c,g), 

and HSPC:Chol (1.0 : 0.87) liposomes with ciprofloxacin nanocrystals (d,h). Boxplots of 
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standard TEM results showing nanocrystal particle length (i), width (j) and aspect ratio (k) 

distributions for different lipid composition. The outliers are presented as scattered black 

dots where the results are outside one-and-a-half times the interquartile range. The scale 

bars for the standard TEM and cryo-TEM images represent 200 nm in length. The boxplot 

data is based on n=500 images per sample from standard TEM methods. 

 

The length measurements for the nanocrystals showed that, DOPC and 

DMPC liposomes produced significantly longer nanocrystals (p<0.001) compared to 

DPPC and HSPC liposomes. There were no significant differences in the length 

measurements between HSPC and DPPC (p=0.9997) and between DOPC and 

DMPC (p=0.2544). For the nanocrystal width, there was no significant difference 

between HSPC and DPPC (P=0.9983), but DMPC and DOPC liposomes have 

significantly wider (p<0.001) nanocrystals than DPPC and HSPC liposomes. From 

the ANOVA results, the aspect ratios of the nanocrystals showed statistically 

significant differences (p<0.001) between the different liposomes apart from those 

between the HSPC and DPPC liposomes (p=0.8995), although, looking at the raw 

values (Table S1), the medians of the aspect ratio for the different samples are in the 

close range of 2.57-3.20. It is also evident that DOPC liposomes generated 

nanocrystals with higher aspect ratios.   

The size of liposomes with the highest Tm lipid HSPC : Chol and lowest Tm 

lipid DOPC were measured before freeze thawing (Table S4). The DOPC liposome 

with no cholesterol represented the most fluid membrane sample and the HSPC : 

Chol liposomes represent the most rigid membrane sample. DLS results showed the 

HSPC : Chol liposomes had sizes of 153.9 ± 1.5 nm and DOPC only liposomes had 

sizes of 135.2 ± 1.5 nm hence the liposome sizes were similar before freeze-thawing. 

The ciprofloxacin loading efficiency (% EE) of the different liposomal formulations 

with different lipid composition were also measured (Table S6). The % EE was on 

average 85.2 ± 1.6% across all lipid compositions including DOPC only liposomes. 

The measurement of % EE was to ensure that the ciprofloxacin concentration inside 

the liposome was the same before nanocrystallisation. 

Reviewing the sample preparation method for generating ciprofloxacin 

nanocrystals inside the liposomes, it is important to remember that the intraliposomal 
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crystallisation is hypothesised to have occurred during the thawing process of the 

freeze-thaw procedure 15, 38. The liposomal ciprofloxacin formulations were thawed at 

ambient temperature (20°C ± 2°C). At this temperature, with 47% molar 

concentration of cholesterol, DMPC, DPPC and HSPC : Chol bilayers are reported to 

be in the liquid ordered phase39-41, whereas, DOPC : Chol bilayers are in the liquid 

disordered phase42. The phase transition temperatures of the 

phospholipid/cholesterol mixtures were also examined (Table S7). The phase 

transition peak were not detectable for DOPC : Chol bilayers and the other 

phospholipid cholesterol systems showed a phase transition above 30°C. This 

means that at this thawing temperature, DOPC liposomes are in a more fluid state 

compared to DMPC, DPPC, HSPC liposomes. When the liposomes are in the liquid-

ordered phase at ambient temperature, the membranes are less fluidic than the 

liquid-disordered phase observed for DOPC liposomes. The higher fluidic membrane 

could have allowed for the growth of longer and wider nanocrystals observed for 

DOPC liposomes. 

As an orthogonal technique to microscopy, SAXS was also conducted on the 

ciprofloxacin nanocrystals inside the liposomes. The detailed SAXS results can be 

found in the online supporting information. The SAXS profiles of liposomes were 

measured before and after freeze-thawing to observe the differences between the 

nanocrystallised and non-crystallised ciprofloxacin liposomes from the same 

preparation batch. As a simple measure of the initial size of the liposomes, Guinier-

Porod fitting was performed to determine the radii of gyration of the liposomes 

prepared from different lipids prior to freeze-thawing (Table S5 and Figure S10, 

electronic supporting information)43. It was found that most formulations could be 

fitted with a spheroidal shape factor and that the radii of gyration were on the order 

of 396 ± 45 Å. This suggested that the extrusion process produced liposomes with 

size variations on the order of 11% irrespective of the lipids used to form them. 

There was little difference in the high-Q scattering features after freeze-thawing 

liposomes comprising DMPC, DPPC and HSPC, i.e the lipids with higher transition 

temperatures. This indicated that the structure of the liposome bilayers was not 

significantly altered by the freeze-thawing/crystallisation process and growth of the 

ciprofloxacin nanocrystals, which was consistent with the cryo-TEM images of these 

liposomes that were more spherical than their DOPC counterparts after drug 
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crystallisation. In contrast, there was an increase in the scattered X-ray intensity at 

low-Q. The additional scattered intensity at low-Q as shown by the difference in 

scattering between the nanocrystallised and non-crystallised ciprofloxacin liposomes 

(electronic supporting information) came from the drug nanocrystals in the DMPC, 

DPPC and HSPC liposomes.  

The size distributions of the ciprofloxacin nanocrystals were then estimated 

from the difference profiles using the IRENA analysis software assuming rod-like 

particles with a fixed aspect ratio and the results obtained from standard TEM and 

SAXS are compared in Figure 3 (for the numerical values presented in Figure 3, 

see electronic supporting information, Table S1). It should be noted that given that 

the aspect ratio in the SAXS data modelling must be fixed at the beginning of the 

modelling procedure, a number of aspect ratios between 2.0 and 4.0 was used for 

modelling and the one that gave the best visual fit to the data was chosen to provide 

the final size distribution. Furthermore, the IRENA software provides the size 

distribution as a volume distribution and this was converted to a number distribution 

for comparison with the TEM data as described in the Experimental section. The 

length and width distributions for the DPPC and HSPC liposomes generally showed 

good agreement between the standard TEM technique and the SAXS 

measurements, with the SAXS measurements yielding slightly narrower size 

distributions compared to the results obtained from standard TEM. However, the size 

distributions produced by the TEM and SAXS analyses were not in agreement for 

the DMPC liposomes, for which the standard TEM results showed a much greater 

lengths and widths compared to the corresponding SAXS results. The potential 

reasons behind this disparity will be discussed after further comparisons have been 

drawn between SAXS and TEM size distributions in the following sections.  
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Figure 2. Process of analysis of the SAXS data collected. a) SAXS profiles of liposomes 

with (blue) and without (w/o, red) ciprofloxacin nanocrystals and the difference between 

them due to the presence of the nanocrystals (black). b) Size distribution fitting of the 

scattering from the nanocrystals. c) Volume (blue) and number (red) distributions of cylinder 

diameter generated using the IRENA size distribution fitting algorithm and normalised so that 

the area under the curve = 1.0, AR = modelled aspect ratio. d) The corresponding 

cumulative number distribution used to determine the upper/lower quartile and median 

cylinder diameters (intercepts with dotted horizontal lines). 
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Figure 3.  Box plots comparing the size distribution of the length (a) and width (b) 

measurements of the ciprofloxacin nanocrystals formed inside liposomes made from DMPC: 

Chol, DPPC/Chol and HSPC/Chol  (PL/Chol = 1.0 : 0.87) obtained from standard TEM (TEM) 

and SAXS techniques. The boxplot data for TEM is based on n=500 images per sample 

from standard TEM methods. 

 

3.2  Effect of cholesterol content on the size and shape of the ciprofloxacin 

nanocrystals 

To explore the effect of cholesterol concentration within the liposomal bilayer on 

the growth of the ciprofloxacin nanocrystals, DOPC was chosen as a model system 

as this was likely to have the most deformable outer bilayers of the phospholipids 

studied. In section 3.1, at 47% molar concentration of cholesterol, it is believed that 

the DOPC/Chol liposome is in the liquid disordered phase. The TEM images 

presented in Figure 1 revealed that for DOPC liposomes with 47% molar 

concentration of cholesterol, the ciprofloxacin nanocrystals grew further in both 

length and width directions compared to liposomes made from other phospholipids. It 

has been reported that the addition of cholesterol can reduce the passive 

permeability of neutral solutes through lipid bilayers 44. Hence by reducing the 

amount of cholesterol in the liposome bilayer from a DOPC : Chol mol ratio of 1.0 : 

0.87 (this is equivalent to the DOPC: Chol liposomes studied in Section 3.1.) to 1.0 : 

0.0 mol ratio, this would increase the permeability of the membrane. 
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Figure 4 (panel a-d) shows the standard TEM images of ciprofloxacin 

nanocrystals grown inside DOPC liposomes with different cholesterol contents. 

Visually the nanocrystals look much longer and wider for the DOPC liposomes 

without cholesterol in the liposome bilayers. In the absence of cholesterol, there 

were far fewer nanocrystals present in each TEM grid and the crystal size was much 

larger compared to formulations that contained cholesterol. This resulted in the 

analysis of fewer crystals (100 nanocrystals compared to more than 500 

nanocrystals for other samples) but the number of crystals analysed was still 

statistically significant. It was hypothesised that this was due to the fragility of the soft 

DOPC liposomes without cholesterol and that during the freeze-thaw process, the 

growth of nanocrystals ruptured the liposomal membrane producing large crystals 

dispersed in the bulk aqueous phase. This hypothesis was supported by the SAXS 

profiles measured for the DOPC : Chol liposomes (Figure 5). The features observed 

around Q = 0.1–0.2 Å−1 are a combination of diffuse scattering the liposome bilayer 

membranes and diffraction peaks resulting from a degree of multilamellarity in the 

liposome formulations45. In all samples with DOPC : Chol bilayers, there was an 

observed decrease of the intensity of the diffraction peaks around Q = 0.11 and 0.22 

Å−1 after nanocrystal growth, which indicates that the bilayer structure was disrupted 

with a consequent decrease in liposome multilamellarity. This was not the case with 

the DMPC-, DPPC- and HSPC-based liposomes, whose bilayer structures appeared 

to be robust to nanocrystal growth. The decrease in intensity of the DOPC bilayer 

features was most pronounced in the case where there was no cholesterol in the 

phospholipid bilayer, with an almost complete loss of the intensity of diffraction peak 

intensity. Furthermore, the low Q feature corresponding to the larger structural 

features in the system (the liposome shell and the nanocrystals) moved to lower Q 

after freeze-thawing when no DOPC was present in the bilayer, which suggests that 

the nanocrystals formed were much larger than the original liposome size. This was 

also consistent with the cryo-TEM images, which revealed extremely distorted 

liposomes containing long ciprofloxacin nanocrystals after freeze-thawing. All of 

these pieces of evidence are consistent with bursting of DOPC bilayer membranes in 

the absence of cholesterol when the nanocrystals grow. Because of the extreme 

distortion of the bilayer membranes by the growth of the nanocrystals inside DOPC-

based liposomes, subtraction of the scattering patterns of non-crystallised liposomes 

from those of the nanocrystallised liposomes would likely not be a meaningful 
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background subtraction and so the full size distribution analysis of the SAXS data 

was not attempted with this system.  

Quantitative measurements of the size distributions from the TEM images are 

presented as boxplots in Figure 4 (panels e-g). The results show that DOPC 

liposomes with no cholesterol afforded significantly longer nanocrystals than those 

containing cholesterol (p<0.0001). With a DOPC : Chol mol ratio of 1.0 : 0.25, the 

nanocrystals were significantly longer than those at DOPC : Chol 1.0 : 0.50 mol ratio 

(p<0.0001) and at DOPC : Chol 1.0 : 0.87 mol ratio (p<0.0001). DOPC liposomes 

with an 0.50 mol ratio of cholesterol also produced significantly longer nanocrystals 

than liposomes with an 0.87 mol ratio of cholesterol (p<0.01). In addition, with 

increasing cholesterol content the polydispersity of the nanocrystal lengths was also 

reduced (see electronic supporting information, Table S2).  

 

Figure 4. Standard TEM (a-d) of liposomal ciprofloxacin nanocrystals prepared using DOPC 

liposomes with increasing mol ratio of cholesterol. The scale bars for the standard TEM 

images represent 200 nm in length. The formulations included (a) DOPC with no cholesterol 

(1.0 : 0.0), (b) liposomal ciprofloxacin with DOPC : Chol at 1.0 : 0.25 mol ratio bilayer 

composition, (c)  DOPC : Chol at 1.0 : 0.50 mol ratio, and (d) DOPC : Chol at 1.0 : 0.87 mol 

ratio. Boxplots of standard TEM results showing nanocrystal particle length (e), width (f) and 

aspect ratio (g) distributions for DOPC liposomes with increasing mol ratio of cholesterol. 

The boxplot data is based on n=500 images per sample from standard TEM methods. 
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Figure 5. SAXS profiles of DOPC-based liposomes loaded with ciprofloxacin 

(DOPC/Ciprofloxacin = 1.0:0.60) and increasing amounts of cholesterol. Non-crystallised 

liposomes (red profiles) were actively loaded with ciprofloxacin prior to freeze-thawing and 

nanocrystallised liposomes (blue profiles) were freeze-thawed to initiate crystallisation. 

Insets highlight the changes in scattering intensity occurring in the high Q scattering feature 

associated with the bilayer membrane surrounding the liposomes. 

 

Considering the width measurements, the DOPC liposomes with no cholesterol 

produced significantly wider nanocrystals compared to those that contained 

cholesterol (p<0.0001). Liposomes with DOPC : Chol 1.0 : 0.87 mol ratio resulted in 

significantly thinner nanocrystals compared to liposomes with DOPC : Chol 1.0 : 0.25 

mol ratio (p<0.01) and DOPC : Chol 1.0 : 0.50 mol ratio (p<0.01). However, there 
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were no statistical differences observed between the widths of nanocrystals grown in 

DOPC liposomes with mol ratio of 0.25 and 0.50 (p=0.99996).  

It has been reported that addition of cholesterol has a condensing effect on 

DOPC membranes. The cholesterol would cause the area per phospholipid to 

decrease and increase membrane thickness46, 47. Cholesterol also assists in the 

tighter packing of the lipid molecules, and as the cholesterol concentration was 

increase, there would be a decrease in the diffusion coefficient48 and water 

permeability49. Looking at the encapsulation efficiency for the DOPC : Chol (1.0 : 0.0 

mol ratio) and DOPC : Chol (1.0 : 0.87 mol ratio) liposomes, there are no significant 

differences. However, one possible explanation could be the higher permeability of 

the drug molecules out of the DOPC liposomes with no cholesterol. During the 

freezing-thawing process, the drug could have leaked out of the membrane and 

crystallised in the bulk aqueous phase. This produced the much longer and wider 

crystals observed for DOPC with no cholesterol. The addition of cholesterol provided 

a more stable vesicle to enable the growth of the nanocrystals.  

 

3.3  Effect of drug to lipid ratio on the size and shape of the ciprofloxacin 

nanocrystals 

For liposomal ciprofloxacin formulations prepared using different phospholipids, 

the drug to lipid ratio was also modified to investigate the effect of drug concentration 

on the growth of the nanocrystals inside the liposomes. The quantitative size 

distributions provided by standard TEM analysis are presented as boxplots in Figure 

6. Significant disruption of the DOPC-based bilayer membranes was again evident in 

the SAXS profiles of these samples (as described in the previous section) and as 

such a full size analysis was not possible using the SAXS profiles as the non-

crystallised liposome profile no longer represented a suitable background for 

subtraction of the scattering intensity from the liposomes themselves (Figure S8 in 

the electronic supporting information). For DOPC liposomes with a low D/L ratio of 

0.3, the length of the nanocrystals was significantly shorter than for formulations with 

a D/L ratio of 0.6 (p<0.01) and 0.9 (p<0.05). At the higher D/L ratios (0.6 and 0.9), 

there were no statistical differences in the observed nanocrystal lengths. When 

comparing the nanocrystal widths, the DOPC liposomes with a D/L ratio of 0.6 
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afforded significantly thinner nanocrystals than those with a D/L ratio of 0.9 (p<0.05). 

However, the liposomes with a D/L ratio of 0.3 resulted in significantly wider 

nanocrystals compared to those at higher D/L ratios (p<0.0001).   

The same batch of DMPC liposomes with a D/L ratio of 0.9 was not studied due 

to sample showing obvious bulk external precipitation upon drug loading. However 

the difference in both length and width between DMPC liposomes with D/L ratios of 

0.3 and 0.6 was clear and statistically significant. At the lower D/L ratio of 0.3, the 

observed nanocrystals were significantly shorter and thinner compared to those at 

higher D/L ratio of 0.6 (p<0.001). For DPPC liposomes, the nanocrystals formed at 

the highest D/L ratio of 0.9 were significantly longer and wider than those formed at 

lower D/L ratios of 0.6 and 0.3 (p<0.0001). No significant differences in the widths of 

the nanocrystals were observed between the lower D/L ratios of 0.6 and 0.3 

(p=0.6638), however, liposomes with a D/L ratio of 0.3 contained slightly longer 

nanocrystals than liposomes with a D/L of 0.6 (p<0.01).  

Finally, HSPC liposomes with D/L ratios of 0.3 and 0.6 produced nanocrystals 

with no significant differences in their lengths (p=0.4223). Liposomes with a D/L ratio 

of 0.9 produced significantly longer nanocrystals compared to liposomes with D/L 

ratios of 0.3 and 0.6 (p<0.0001). Liposomes at all D/L ratios produced nanocrystals 

that had significant differences in width (p<0.001) with a general trend for increasing 

nanocrystal width with increasing ciprofloxacin/HSPC ratio. 

It was hypothesised that at higher drug loading concentration, more drug is 

present inside the liposome and this would lead to bigger nanocrystals, which in turn 

would apply more internal pressure for liposome deformation. Comparing these 

results, increasing the D/L ratio increased the extent of nanocrystal growth in both 

length and width directions for the liquid-ordered DPPC and HSPC liposomes. The 

length of the nanocrystal growth is not significant for the D/L ratio of 0.6 and 0.9 

when bilayers were made from DOPC. One explanation is that for liposome in the 

disordered-liquid phase, the nanocrystals have already grown to form longer and 

wider nanocrystals. The growth of the nanocrystals within the DOPC liposomes had 

apparently plateaued and was independent of the drug concentration within the 

liposomes.  
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Figure 6. Boxplots of standard TEM results showing distribution of nanocrystal particle 

length (a), width (b) and aspect ratio (c) at different D/L ratios for samples with different 

membrane compositions. Liposomes are composed of different lipid type with the same lipid 

to cholesterol ratio (1.0: 0.87). The boxplot data is based on n=500 images per sample from 

standard TEM methods. 

 

Size distributions were also calculated from the SAXS profiles for DMPC-, 

DPPC- and HSPC-based liposomes with different D/L ratios and the results are 

presented as boxplots for comparison with the standard TEM results in Figure 6 

(see electronic supporting information Table S3 for the numerical data). As 

previously observed in Figure 3, DMPC liposomes with different D/L ratios again 

showed different results in both the lengths and widths derived from the standard 

TEM and SAXS analyses (Figure 7 a and d). For DPPC liposomes (Figure 7 b and 

e), at the lower D/L ratios of 0.3 and 0.6, both length and width measurements 

showed good agreement between standard TEM and SAXS methods but different 

lengths and widths were observed for DPPC liposomes with the highest D/L ratio of 

0.9. This could be due to the presence of longer and wider crystals (size similar to 
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the DMPC liposomes). For HSPC liposomes (Figure 7 c and f), results obtained 

from the two methods again showed good agreement for the lower D/L ratios of 0.3 

and 0.6 for length and width measurements, with the differences between the two 

methods for HSPC liposomes with a D/L ratio of 0.9 not being as dramatic as those 

observed in the DPPC formulations. 

 

Figure 7. Box plots comparing the size distribution of the length (a-c) and width (d-f) 

measurements of the ciprofloxacin nanocrystals formed inside liposomes obtained from 

standard TEM (TEM) and SAXS techniques. The liposomes were prepared using DMPC (a, 

d), DPPC (b, e), HSPC cholesterol (1.0 : 0.87) liposomes (c, f) at different D/L ratio.  The 

boxplot data for TEM is based on n=500 images per sample from standard TEM methods. 

 

3.4  Comparing the results from standard TEM and SAXS size distribution 

analyses 

When comparing the size distributions obtained by the two different analyses, 

samples that produced substantially different results in the TEM and SAXS analyses 

possessed median widths in excess of 40 nm and median lengths in excess of 100 

nm when observed by TEM. These larger particles were more polydisperse in the 

TEM measurements, comparatively; smaller nanocrystals with narrower size 

distributions typically afforded smaller differences in the size distributions yielded 

from SAXS and TEM. The tendency of the SAXS technique to ineffectively resolve 

the larger crystals may be due to the limitation in the lowest Q data point recorded, 
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with the radius of gyration of the largest object observable being limited to ~Qmin−1. In 

these experiments, Qmin = 0.0024 Å−1 and the largest observable radius of gyration is 

in the order of 41.7 nm. The radius of gyration of a rod is given by 

2 2

12 2g

l r
R    , where Rg is the radius of gyration, l is the rod length and r is the rod 

radius. 

The largest rod that could be observed using SAXS with an aspect ratio of 3.0 would 

thus have a length of around 134 nm and a width (diameter) of around 45 nm. As 

such, only surface (Porod) scattering from the larger crystals observed by TEM 

would be observed within the range of scattering vectors measured in this work. This 

may partially explain why the nanocrystal widths/length for samples observed to 

have larger crystals in TEM (the DMPC liposomes and the DPPC liposomes with the 

highest D/L ratio) were not faithfully reproduced by the SAXS data analysis. 

Moreover, the polydispersity of the larger nanocrystal sizes in these samples will 

also complicate the SAXS analysis by smearing out the scattering features observed. 

Furthermore, it is important to note that when looking at the TEM data, there is an 

apparent correlation between length of the nanocrystals and aspect ratio, with no 

such inverse correlation observed between the nanocrystal width and the 

corresponding aspect ratio (see electronic supporting information, Figure S9). This 

indicates that it is the crystal length that directly determines the aspect ratio of the 

particles in these systems, with the particle widths being essentially randomly 

distributed throughout particles with different aspect ratios. The SAXS data modelling 

requires a constant aspect ratio for all particles, not a greater one for longer particles. 

This might explain why the modelling does not effectively model the scattering from 

longer particles as it is trying to model them with widths greater than are observed in 

the system to maintain a constant aspect ratio.  

The benefits of synchrotron SAXS analysis compared to standard TEM 

analysis include rapid data acquisition, which provides an indication of the whole 

particle ensemble in the dispersion. There are also a number of publicly-available 

data modelling algorithms currently available to users but those used herein seem to 

be most effective when particle growth is highly constrained by rigid liposome 

bilayers to give smaller particles with narrower size distributions. The analysis of 
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nanocrystal sizes is also only possible if a suitable background signal can be 

subtracted to remove the contribution to scattering from the liposome shells. This 

was possible with the less fluidic phospholipids whose structures were relatively 

unperturbed by the nanocrystal growth process but in the case of DOPC, which is 

significantly distorted by nanocrystal growth, SAXS was not an appropriate method 

for determining nanocrystal size as the non-crystallised liposomes did not provide a 

suitable background for subtraction. SAXS measurements would therefore be 

insufficient for uniquely determining the size distributions in some cases and 

complimentary imaging techniques would be required to provide the size and shape 

of the drug nanocrystals. The TEM analysis performed in this work is a statistically 

rigorous type of image analysis but it is understandably more manual and time 

consuming than the automated SAXS analysis.  

3.5 Difference in the size of the liposomal ciprofloxacin nanocrystals and 

applications 

For the liposomes with longer nanocrystals such as the DOPC and DMPC 

liposomes relative to the DPPC and HSPC liposomes, the width of the particles are 

also larger. It seems that the overall nanocrystal size is larger in the DOPC and 

DMPC liposomes than in the DPPC and HSPC liposomes. This might indicate that 

the DOPC and DMPC liposomes contained a higher proportion of drug in the 

crystallised form while for the DPPC and HSPC liposomes, more drug was present in 

the dissolved form. Crystal growth appeared to be driven by the longitudinal direction, 

forming rectangular rod-like particles with relatively similar median aspect ratios at 

around 2.5-3.2. The more fluidic liquid-disordered DOPC liposomes resulted in the 

enablement of the crystal to grow in the longitudinal direction to a fuller extent 

relative to less fluidic DPPC and HSPC liposomes. Hence the aspect ratios are 

relatively similar, and the crystals tend to be larger with the effect mostly due to the 

longer length of the nanocrystal. The shorter nanocrystals resulting from the 

restriction by the liposome bilayer resulted in less drug contributing to the crystal 

growth inside the liposome and more drug being present in the dissolved form. For 

the cholesterol modified DOPC liposomes, the same concept applies, however it was 

observed that a greater crystal growth resulted when DOPC : Chol was at 0.25 and 

0.5 molar ratio. Inclusion of the highest amount of cholesterol restricted the size 

growth longitudinally which resulted in smaller crystals and a larger fraction of 
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dissolved drug inside the liposome. When cholesterol was completely omitted from 

the bilayer composition, the lipid was apparently less stable to the freeze-thawing 

process and resulted in a drug leakage, hence a reduced amount of drug was 

available inside the liposomes to form nanocrystals. Generally, the higher the D/L 

ratio, the more drug was available inside the liposome to form nanocrystals, and 

hence the larger the nanocrystal. This was true for DMPC and HSPC liposomes. It is 

difficult to predict from the current data, whether for different D/L ratios of the same 

phospholipid-based liposome, the ratio between the crystal form versus the 

dissolved form is unchanged or not.  

 In a previous study, it has been suggested that the shape and size of the 

nanoparticles strongly influence the uptake into cells 17. Rod-like hydrogel particles 

with high aspect ratio nanoparticles are internalized by HeLa cells more rapidly and 

efficiently and the extent of the internalization is also dependent on the particle size 

50. It has also been reported that the particle shape plays a dominant role in 

phagocytosis 51. Rod shaped micelles also showed a ten-fold longer circulation 

lifetime than spherical micelles 52. Thus, the liposomal ciprofloxacin nanocrystals with 

different nanocrystal sizes stretching the bilayer to form non-spherical liposomes with 

different dimensions could provide benefits in controlling cellular interactions and 

recognition in vivo. 

4. Conclusion 

In the present study, quantitative standard TEM and SAXS methods were used 

to determine the sizes of ciprofloxacin nanocrystals formed within phospholipid 

liposomes. The effect of the lipid membrane phase behaviour and fluidity on the size 

distributions of the ciprofloxacin nanocrystals was evaluated and four primary 

conclusions could be drawn from the findings. Firstly, it was found that the 

phospholipid membrane phase could affect the growth of the ciprofloxacin 

nanocrystals inside the liposome, with liquid-ordered phase liposomes restricting 

nanocrystal growth. It was observed that liposomes made from the highest transition 

temperature phospholipids HSPC and DPPC produced shorter and thinner 

nanocrystals compared to those produced inside DOPC and DMPC liposomes with 

lower transition temperatures. Secondly, the amount of cholesterol in the bilayers, 

which influences the membrane permeability and organisation, can also be used to 
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control the resulting nanocrystal size distribution. Increasing the cholesterol content 

of DOPC liposomes reduced the membrane fluidity and permeability, which 

restricted the growth of ciprofloxacin nanocrystals in both the length and width 

directions. Thirdly, increasing the D/L ratio can produce longer and wider 

nanocrystals for liposomes made from more rigid phospholipids (HSPC, DPPC). 

However, this effect is not as obvious at high D/L ratio when the liposomes are in the 

liquid-disordered phase (DOPC liposomes). Lastly, quantitative standard TEM is a 

useful tool in evaluating the size distribution and shape of nanocrystals formed inside 

liposomes. SAXS can also be used as a complimentary method in analysing the 

nanocrystal size distributions but due caution must be applied when analysing 

samples containing larger nanocrystals with broader size distributions and in cases 

where it appears that significant disruption of the liposome shape has occurred.  
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