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Abstract 

Liposomes have been widely researched as drug delivery systems, however the solid state form of drug 

inside the liposome, whether it is in solution or in a solid state is often not studied. The solid state 

properties of the drug inside the liposomes are important as they dictate the drug release behaviour when 

the liposomes come into contact with physiological fluid. Recently a new approach of making liposomal 

ciprofloxacin nanocrystals was proposed by the use of an additional freeze-thawing step in the 

liposomal preparation method. This paper aims to determine the solid state properties of ciprofloxacin 

inside the liposomes after this additional freeze-thawing cycle using cryo-TEM, small angle X-ray 

scattering (SAXS) and cross polarised light microscopy (CPLM). Ciprofloxacin precipitated in the 

ciprofloxacin hydrate crystal form with a unit cell dimension of 16.7 Å. The nanocrystals also showed a 

phase transition at 93 °C which represents dehydration of the hydrate crystals to the anhydrate form of 

ciprofloxacin, verified by temperature-dependent SAXS measurements. Furthermore, the dependence of 

the solid state form of the nanocrystals on pH was investigated in situ and it was shown that the 

liposomal ciprofloxacin nanocrystals retained their crystalline form at pH 6-10. Understanding the solid 

state attributes of nanocrystals inside liposomes provides improved understanding of drug dissolution 

and release, as well as opening avenues to new applications where the nano-sized crystals can provide a 

dissolution benefit. 
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1. Introduction  

Liposomes are phospholipid-based colloidal systems, comprised of one or more lipid bilayers 

with an internal aqueous core. Liposomal formulations have achieved tremendous success as drug 

delivery carriers due to their biocompatibility and versatility in encapsulating drugs with different 
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physicochemical properties1, 2. The first FDA approved nanomedicine was Doxil®, a PEGylated 

liposomal formulation of doxorubicin for the treatment of AIDS-related Kaposi’s sarcoma, in 19953, 4. 

Liposomal formulations of other drugs such as daunorubicin5, 6, cytarabine7, co-encapsulated 

daunorubicin and cytarabine8, 9, vincristine10, irinotecan11-14, amphotericin B15-17, verteporfin18, 

morphine sulfate19, 20 and bupivacaine21 have also been approved for the treatment of various 

indications, with a number of other drugs such as ciprofloxacin22, cisplatin23 and paclitaxel24 under 

clinical investigations. For cancer therapies, the liposomal formulations allowed for an increased 

delivery of drug to the tumour sites and reduced systemic toxicity resulting in less severe side effects 

compared to the free drug25-28. For analgesic treatment, multivesicular liposomes (DepoFoamTM 

technology) enable sustained drug delivery leading to extended periods of pain management with 

prolonged drug half-life and reduced systemic drug toxicity29, 30. 

The Doxil® formulation is a liposomal doxorubicin hydrochloride injection where the drug has 

been actively loaded into liposomes using a transmembrane ammonium sulfate gradient31. The sulfate 

anion inside the liposome is believed to cause the formation of doxorubicin sulfate nanocrystals32, 33. 

The presence of the intraliposomal doxorubicin sulfate nanocrystals enables high drug loading, 

improved drug retention, thus increasing formulation stability3.  Another method has reported that aging 

asulacrine liposomes in the presence of glucose forms a ‘coffee bean’-like drug precipitate inside the 

liposome. The precipitate formation results in a 1.9 times longer half-life in vivo compared to non-

precipitated liposomal asulacrine34. This highlights the relevance of the drug solid state inside the 

liposome and its retention within the liposome and pharmacokinetics properties. Ciprofloxacin has been 

loaded into liposomes using the ammonium sulfate gradient method35, but in contrast to doxorubicin the 

drug does not precipitate spontaneously inside the liposome. The drug is reported to be in the soluble 

form despite the intraliposomal ciprofloxacin concentration exceeding its solubility in the external phase 

by orders of magnitude36. The absence of nanocrystals and the high non-crystalline drug concentration 

inside the liposome results in fast drug release in plasma36, 37. Inspired by the potential to alter the 
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pharmacokinetics of release, an approach to induce ciprofloxacin drug crystallisation within liposomes 

for pulmonary delivery was developed38. In situ nanocrystallisation of ciprofloxacin within the interior 

of the liposome was achieved by an additional freeze-thawing cycle after ammonium sulfate loading of 

ciprofloxacin into the liposomes38, 39. This process step allowed the conversion of the soluble drug into 

drug nanocrystals with the ice crystals inside the vesicles proposed to serve as nucleation sites for drug 

crystallisation. The formation of nanocrystals within liposomes also resulted in the deformation of the 

spherical vesicles to more ellipsoid-shaped particles to accommodate the growth of the drug 

nanocrystals inside the aqueous core of the liposomes. (Figure 1)  

 

Figure 1. Schematics and cryo-TEM images of formation of liposomal ciprofloxacin nanocrystals from 

liposomal ciprofloxacin using the freeze-thawing preparation method. The cryo-TEM images are 

adapted from 38 (The dashed arrow shown in panel B is an artefact produced during sample preparation). 

 

The cryo-transmission electron microscopy (cryo-TEM) images of ciprofloxacin liposomes after 

freeze-thawing confirmed the presence of ciprofloxacin nanocrystals inside the liposomes38. Small angle 
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X-ray scattering (SAXS) was used to study the elongation of the liposome after freeze-thawing38. SAXS 

has previously been used to study the solid state of doxorubicin sulfate nanocrystals encapsulated in 

liposomes32, 33. Although the solid state of the ciprofloxacin precipitates is important to understand drug 

solubility, dissolution and release rate, the solid state form of ciprofloxacin nanocrystals inside 

liposomes has not been investigated.  

The drug nanocrystals inside the liposome also have high apparent surface area and small 

particle sizes due to the constraint of the bilayer limiting the crystal growth. The liposomal bilayer 

encapsulating the drug nanocrystals are comprised of digestible phospholipids, meaning that such a 

formulation could be considered to be a type of lipid based formulation. The fatty acids produced on 

digestion of the phospholipids are widely known to enhance drug absorption of poorly water soluble 

drugs through solubilisation enhancement40. In consideration of the high proportion of drugs in 

discovery programs that exhibit dissolution rate-limited bioavailability, these properties could also be 

considered as advantageous for oral drug delivery applications.  

Consequently, in this study we determined the solid state properties of the ciprofloxacin 

nanocrystals within the liposomes using cryo-TEM and SAXS. The thermotropic behaviour of the 

nanocrystals within the liposomal dispersion was also investigated using hot stage SAXS. Previously, 

high sensitivity DSC was used to study the thermotropic behaviour of doxorubicin sulfate nanocrystals 

in the Doxil® formulation41, 42. Although DSC can identify the thermotropic transitions of the 

nanocrystals, the crystal form during the transition cannot be elucidated. Hence, in this study, we used 

temperature-dependent SAXS to identify the crystal structure and the melting point of the ciprofloxacin 

nanocrystals within the liposomes. Furthermore, the solid state properties of the ciprofloxacin 

nanocrystals at different external pHs were investigated using pH-dependent SAXS measurements. This 

attribute will be important to understand for the potential application of liposomal nanocrystals in oral 

drug delivery since different pH environments exist throughout the gastrointestinal (GI) tract.  

2. Experimental section 
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2.1. Materials 

Ciprofloxacin liposomes (50 mg/mL) were kindly gifted by Aradigm Corporation (Hayward, 

CA, USA). Tris maleate (reagent grade), Triton X-100, ammonium sulfate (>99.0%), cholesterol 

(>99%) and sucrose (>99.5%) were purchased from Sigma Aldrich (St. Louis, MO, USA). Calcium 

chloride (>99%) and sodium hydroxide pellets (reagent grade) were obtained from Ajax Finechem 

(Seven Hills, NSW, Australia). Sodium chloride (>99%), ciprofloxacin hydrochloride monohydrate and 

ciprofloxacin were purchased from Chem Supply (Gillman, SA, Australia). Sodium azide 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). Phospholipid (hydrogenated soy phosphatidylcholine HSPC >98%) was obtained from 

Lipoid GmbH (Ludwigshafen, Germany). The water used was sourced from a Millipore water 

purification system using a QuantumTM EX Ultrapure Organex cartridge (Millipore, Australia). 

Sodium hydroxide and hydrochloric acid were prepared as 1 M stock solutions and were used as pH 

adjustment solutions.  

2.2. Sample preparation 

Empty liposomes were prepared by dissolving hydrogenated soy phosphatidylcholine (HSPC) 

and cholesterol in a 7:3 (weight ratio) in chloroform. The mixtures were then dried with nitrogen gas for 

3 hours and residual solvent was removed by placing the sample under vacuum at 50°C overnight. The 

dried lipid film was subsequently hydrated with 500 mM ammonium sulfate pH 3.0 solution to form a 

10% w/w lipid dispersion and incubated at 70°C in an oven for 30 minutes to heat the lipids above their 

transition temperature followed by vortex-mixing to form a coarse dispersion (multilamellar liposomes). 

The lipid dispersion was then extruded 20 times through a 0.1 μm polycarbonate membrane filter 

(Nucleopore®, Whatman, USA) using an extruder (Avanti Polar Lipids Inc, Alabaster, USA) at 60°C to 

generate unilamellar vesicles.   
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Commercial ciprofloxacin liposomes gifted by Aradigm Corporation (Hayward, CA, USA) at 50 

mg/mL were diluted four fold with 180 mg/mL sucrose in Tris buffer (50 mM Tris maleate, 5 mM 

CaCl2.2H2O, 150 mM NaCl, 6 mM sodium azide and adjusted to pH 6.0) to produce ciprofloxacin 

liposome dispersions containing drug at a concentration of 12.5 mg/mL. The prepared dispersions were 

transferred in 1 mL aliquots to 2 mL HPLC glass vials for the freeze-thawing cycle. The formulations 

were first snap frozen in liquid nitrogen and then stored in the -80°C freezer for at least 2 days. The 

samples were then thawed in water at room temperature prior to conducting SAXS measurements. All 

experiments conducted on the liposomal ciprofloxacin nanocrystals were performed within 24 hours 

after thawing. The choice of sucrose as the cryoprotectant at the above concentration for preparation of 

samples has been reported to provide best stability and least loss of encapsulated drug after the freeze-

thaw process38, 39.  

In order to obtain higher signals for the solid state characterization of drug inside the liposomal 

nanocrystal dispersion, higher concentrations of liposomal nanocrystal formulations were prepared by 

freeze drying the freeze-thawed 12.5 mg/mL liposomal ciprofloxacin preparation and reconstitution in a 

smaller volume of buffer to formulate at 25 mg/mL. The liposomes were frozen in liquid nitrogen in 2 

mL aliquots in 4 mL glass vials. The frozen samples were then placed in the freeze drier (VirTis Wizard 

2.0 lyophiliser, SP scientific, NY, USA) pre-cooled to -40°C shelf temperature. Primary drying was 

performed at a pressure of <12 mTorr, condenser temperature of -93°C and shelf temperature of -40°C 

for 48 hour followed by secondary drying at a pressure of <12 mTorr and shelf temperature of 25°C for 

12 hours. The lyophilised liposome powders were re-dispersed in Tris buffer at a concentration of 25 

mg/mL, i.e., double the concentration of the original preparation. These samples were used in both 

temperature-dependent and pH-dependent SAXS measurements to overcome the dilute nature of the 

flow through experiment and the high background interference of the hot stage setup. Pellets were 

prepared by placing 200 μL of the liposomal ciprofloxacin nanocrystal dispersion in a glass HPLC 

insert (6 x 31 mm, conical point, 250 μL purchased from Sigma Aldrich) held within an Eppendorf tube 
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and subjected to centrifugation at 7378 g for 1 minute (Sigma 1-14 microfuge, Sigma Laborzentrifugen 

GmbH, Germany).  

2.3. Cryogenic transmission electron microscopy (Cryo-TEM)  

Samples were prepared for cryo-TEM using a laboratory-built humidity-controlled vitrification 

system, with humidity kept close to 80% for all experiments, and ambient temperature of 22°C. 

Copper grids (200 mesh) coated with perforated carbon film (Lacey carbon film: ProSciTech, 

Qld, Australia) were glow discharged in nitrogen gas to ensure a hydrophilic supporting substrate. An 

aliquot (4 μL) of the sample was pipetted onto each grid and allowed to adsorb for 30 seconds. Grids 

were blotted manually using Whatman 541 filter paper, for approximately 2 seconds. Blotting time was 

optimised for each sample. Grids were then plunged into liquid ethane cooled by liquid nitrogen. Frozen 

grids were stored in liquid nitrogen until required. 

The samples were examined using a Gatan 626 cryoholder (Gatan, Pleasanton, CA, USA) and 

Tecnai 12 Transmission Electron Microscope (FEI, Eindhoven, The Netherlands) at an operating 

voltage of 120 kV. Low dose procedures were followed at all times using an electron dose of 8-10 

electrons/Å2 for imaging. Images were recorded using a FEI Eagle 4kx4k CCD camera at 

magnifications ranging from 15 000x to 50 000x. 

2.4. Solid state characterisation of the ciprofloxacin liposome nanocrystals in dispersion 

Solid state characterisation was performed at the SAXS/WAXS beamline at the Australian 

Synchrotron. The X-ray beam had a wavelength of 0.954 Å (13.0 keV) and was calibrated using silver 

behenate to give a camera to detector distance of 571.9 mm, and a q-range of the magnitude of the 

scattering vector from 0.03 to 1.9 Å-1. A 1-s acquisition period was used and the two-dimensional 

scattering patterns were acquired using a Pilatus 1 M detector with a pixel size of 172 μm. The 

scattering patterns were then integrated into the one-dimensional scattering function I (q) vs. q using the 

ScatterBrain Analysis software. Identification of the drug solid state was determined from the positions 
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of the diffraction peaks in the scattering function and compared to the published diffractograms of 

different crystalline forms of ciprofloxacin. 

For all other static SAXS measurements, 200 μL of the liposomal samples was transferred into 

the HPLC glass inserts. The samples were also centrifuged as described above to form a drug pellet 

from the dispersion. The glass inserts were then placed in a custom designed 3D printed holder that was 

inserted in a 96 well plate holder mounted in the X-ray beam. 

2.5. Temperature-dependent SAXS measurements of the solid state of drug nanocrystals 

 Freeze dried liposomal powders (~10 mg) were packed onto 22 x 22 mm glass cover slips 

(Scientific laboratory supplies Ltd, Nottingham, UK); the powder was hydrated with 2 L of Tris buffer 

and the slides were sealed together with Kapton tape and taped onto an FP82HT hot stage (Mettler 

Toledo, VIC, Australia). The hot stage was vertically mounted onto a stage holder aligned with the X-

ray beam and connected to a Mettler Toledo FP90 central processor. Heating scans were conducted 

from 30°C to 170°C at 10ºC/min. Scattering patterns were acquired using an automatic in-built scanner 

that acquires SAXS data simultaneously with an 11 second delay which results in an approximately 

2.5°C temperature difference per scan.   

2.6. pH-dependent SAXS measurements of the solid state of drug nanocrystals 

The change in solid state of the liposomal ciprofloxacin nanocrystals with changes in pH was 

determined in situ using SAXS and was compared to the non-freeze-thawed ciprofloxacin liposomes.  

Figure 2 depicts the setup of the flow-through pH titration configuration coupled with SAXS 

measurements. A thermostatted glass vessel (37°C) was connected to a magnetic stirrer with a mixing 

speed of 100 rpm and a glass pH electrode (iUnitrode) (Metrohm AG, Herisau, Switzerland). Tiamo 2.0 

software was used to monitor the pH and temperature. A 15 mL aliquot of the liposomal dispersion was 

added to the glass beaker. A peristaltic pump was used to cycle the contents of the vessel through a 1.5-

mm diameter quartz capillary aligned with the X-ray beam at approximately 10 mL/min. Before 
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commencing the titration, the pH of the sample was adjusted to pH 1.0 using HCl (1 M) solution. NaOH 

(0.6 M) was loaded into a 10 mL syringe and delivered to the sample via a cannula using a remotely-

controlled syringe driver. Scattering patterns were acquired at increasing pH during the titration 

experiment. 

 

Figure 2. Experimental configuration for pH-dependent solid state determination using SAXS. Samples 

were magnetically stirred in a thermostatted vessel at 37°C. The peristaltic pump circulated the aqueous 

sample through the quartz capillary in line with the X-ray beam. The pH probe recorded the pH of the 

sample and a NaOH (0.6 M) solution was delivered into the sample using a syringe driver to increase 

the pH. SAXS measurements were acquired at increasing pH with an equilibration time of 5 minutes at 

each measurement level. Images are representative SAXS detector views of liposomes containing drug 

in solution (top left), or as nanocrystals (bottom left).  
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3. Results and Discussion 

3.1 Morphology of liposomal nanocrystals 

 Cryo-TEM images were captured to confirm the formation of ciprofloxacin nanocrystals inside 

the liposomes before and after the freeze-thawing cycle for the commercial ciprofloxacin liposomes 

(Figure 3a and 3b respectively). The rod-like drug crystals were only observed within the aqueous core 

of the ciprofloxacin liposome after the freeze-thawing cycle and not in the surrounding medium (Figure 

3b), with the majority of the nanocrystals present as one crystal per liposome, consistent with previous 

studies38, 39. The nanocrystals were located in the centre of the liposome with both ends touching the 

internal edge of the bilayer. The size of the nanocrystals was on average 140 nm in length and 30 nm in 

width. Due to the high aspect ratio of the nanocrystals formed, the growth of the ciprofloxacin crystal 

stretched the liposomes longitudinally forming “rugby ball”-shaped particles. This suggests that the 

liposomal bilayer, containing hydrogenated soy phosphatidylcholine and cholesterol in a 7:3 weight 

ratio was capable of stretching and deforming its shape in order to accommodate the growth of the drug 

nanocrystals within the aqueous core.  

The growth of nanocrystals inside liposomes is not a new phenomenon; other drugs such as 

doxorubicin32, 33, 41 and topotecan43 have been reported to precipitate as nanocrystals inside the 

liposome44. Apart from drug crystallisation inducing liposome deformation, rod-shaped microtubules 

formed through tubulin polymerisation inside the aqueous core of giant liposomes have also been 

reported45. The microtubules transformed the spherical liposomes first into rugby ball-shaped and then 

bipolar-shaped liposomes. The transformation in shape did not alter the overall surface area of the 

liposome; however, the volume was decreased. One proposed mechanism for the ability of the 

liposomes to form tubular structures is the translocation of lipid molecules from the spherical portion to 

the tubular portion of the liposome rather than an elastic expansion of the membrane. Elongation of the 

microtubule inside the liposome provides a mechanical force resulting in increased bending energy in 
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the membrane which increases curvature45. It has also been proposed that the liposome can transform 

into the rugby ball-shapes when the internal pressure is higher than the extra-liposomal pressure46.  

 

Figure 3. Cryo-TEM images of ciprofloxacin liposome dispersions, a) ciprofloxacin liposomes before 

freeze-thawing, b) ciprofloxacin liposome after freeze-thawing, ciprofloxacin formed high aspect ratio 

rod-like nanocrystals inside the liposome, c) freeze dried ciprofloxacin liposome nanocrystals 

redispersed in Tris buffer d) re-dispersed pelletized ciprofloxacin liposome nanocrystals (to increase the 

concentration of particles) e) magnified nanocrystals, with the red arrows indicating the crystal lattice 

structure of the ciprofloxacin nanocrystals.  

The freeze-dried liposomal ciprofloxacin nanocrystals that was redispersed in Tris buffer (Figure 

3c) appeared similar in shape and size to the freeze-thawed liposomes. Liposomal ciprofloxacin 

nanocrystals were also centrifuged in a glass insert to concentrate the nanocrystals for SAXS studies 

(described in the next section) to improve the detection sensitivity over non-centrifuged dispersions. The 

cryo-TEM images acquired for the reconstituted liposome pellet (Figure 3d) confirm that the 

centrifugation step did not alter the formulation integrity and that the drug nanocrystals were still 

encapsulated by the liposomal bilayer. The size and morphology of the nanocrystals and the liposomal 
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vesicles after centrifugation appear the same as for the non-centrifuged liposomal nanocrystal 

dispersions. The section in the red box within Figure 3d is magnified and displayed as Figure 3e. 

Distinct crystal lattice planes embedded in the drug nanocrystals were observed. The interplanar 

distance of the lattice planes was measured to be approximately 16.7 Å. The presence of crystal lattice 

planes confirms that the ciprofloxacin forms a crystalline precipitate within the liposome after the 

freeze-thawing process. To study the thermal behaviour of the ciprofloxacin nanocrystals and their pH 

dependent solid state properties, reconstituted lyophilised liposomes were therefore used to improve 

sensitivity.  

3.2 Solid state characterization of liposomal ciprofloxacin nanocrystals 

To identify the crystal structure of the liposomal ciprofloxacin nanocrystals, static SAXS 

measurements were performed. Figure 4 shows the stacked SAXS scattering profiles for the liposomal 

ciprofloxacin nanocrystals after freeze-thawing. In Figure 4b, the scattering profile of the sample in 

dispersion without centrifugation showed several weak crystalline peaks with an identifiable peak at q= 

0.46 Å-1 (equivalent to 2θ = 6.42° at an X-ray wavelength of 1.54 Å). In order to improve the detection 

sensitivity allowing better resolution of the diffraction patterns, the scattering profile of the pellet from 

the centrifuged dispersion was acquired (Figure 4c). As mentioned in the previous section, this 

additional centrifugation step concentrated the sample, and enabled determination of both the scattering 

from the liposome bilayers at q= 0.39 and 0.83 Å-1 and a better-resolved drug diffraction peak at q= 0.46 

Å-1.  

The lyophilised liposomal ciprofloxacin nanocrystals were reconstituted in Tris buffer to double 

the concentration of the drug nanocrystals to 25 mg/mL. The scattering profiles shown in Figure 4d for 

the dispersion and Figure 4e for the pellets confirms that the nanocrystals are in the same crystalline 

form as in the non-lyophilised samples. The higher concentration of drug nanocrystals increased the 

intensity of the scattering profiles compared to that of 12.5 mg/mL non-lyophilised sample.  
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The acquired scattering profiles for the liposomal ciprofloxacin nanocrystals were compared to a 

range of published ciprofloxacin crystal structures in the Cambridge Crystallographic Data Centre. All 

the scattering profiles were identical to the diffraction profile of the ciprofloxacin hydrate form (CCDC-

82270947). Revisiting the interplanar distance of ~16.67 Å calculated from the cryo-TEM image in 

Figure 4e, the results correlated closely to the c=16.55 Å unit cell dimension reported for the 

ciprofloxacin hydrate47. The ciprofloxacin hydrate crystal exhibits a triclinic crystal system with the Pī 

space group. The structure of the hydrate consists of three 1D supramolecular chains formed by the 

hydrogen bonding interactions of the zwitterionic functional groups of ciprofloxacin. There are 29 water 

clusters distributed in a globular type fashion along the [100] direction trapped inside the void within the 

supramolecular framework47. 

The mechanism of precipitation for ciprofloxacin inside the liposome upon freeze-thawing is not 

yet established. During the cryo-TEM study, the liposomes are snap frozen and kept at a temperature 

below -170°C. The ciprofloxacin liposomes that were not freeze-thawed did not show any ciprofloxacin 

crystals inside the liposome during cryo-TEM imaging. This suggests that the crystal formation (and 

growth) occurs during the thawing of the frozen liposome. A previous study showed that ciprofloxacin 

loading using an ammonium sulfate active loading approach, resulted in high drug accumulation inside 

the liposomes with the ciprofloxacin concentration inside the liposomes exceeding 250 mM (excessively 

beyond its saturation solubility)36. Therefore the ciprofloxacin inside the liposome is already in a 

supersaturated state. During the freezing of the ciprofloxacin liposomes, as the temperature decreases, 

ciprofloxacin inside the liposomes will become more supersaturated. Also the intraliposomal water 

should crystallise around -45°C38, 39 and the presence of ice crystals could be serving as a seed crystal 

for the nucleation of the drug crystals. During the warming of the frozen liposomes, the intraliposomal 

water starts to melt and rearrange itself into water clusters bound inside the voids of the ciprofloxacin 

stacks forming the ciprofloxacin hydrate crystals. Another reason why freeze-thawing could have 

induced the precipitation, apart from the effect of ice nucleation, is that the extraliposomal ice formed at 
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around -20°C could generate osmotic forces that induce water evacuation from the liposomes48, 49. This 

would further increase the supersaturation of ciprofloxacin inside the liposome making it more prone to 

nucleation.  

 

Figure 4. Stacked scattering pattern of a) ciprofloxacin hydrate (Cambridge Crystallographic Data 

Centre reference- CCDC-822709), b) liposomal ciprofloxacin nanocrystal dispersion at 12.5 mg/mL, c) 

centrifuged pelleted liposome dispersion d) lyophilised liposomal ciprofloxacin nanocrystals redispersed 

in Tris buffer at 25 mg/mL, e) lyophilised liposomal ciprofloxacin nanocrystals redispersed and 

pelletized in Tris buffer at 25 mg/mL. All liposomal ciprofloxacin nanocrystals were in a crystalline 

state and precipitated as the ciprofloxacin hydrate form with a signature peak at 0.46 Å−1. The 

illustration inset displays the unit cell dimension of the crystal of ciprofloxacin hydrate exhibiting a 

triclinic crystal system with space group P 1̅.  

3.3 Temperature-dependent structure of ciprofloxacin hydrate nanocrystals within liposomes 
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 The temperature-dependent structure of the ciprofloxacin hydrate nanocrystals within the 

ciprofloxacin liposomes formed after freeze-thawing were studied in the hot stage SAXS. Stacked 

scattering profiles (Figure 5) were plotted from 30°C to 110°C at a heating rate of 10°C/min. The 

temperature and heating rate were controlled by a hot stage for the lyophilised ciprofloxacin liposome 

samples hydrated with Tris buffer. SAXS profiles were acquired at fixed increasing temperatures. The 

ciprofloxacin hydrate crystalline peaks were observed from 30°C to 93°C. At 96°C, the signature peak 

at q=0.46 Å−1 disappeared and the samples were observed to be completely melted at 100°C (Figure 5a). 

This melting point observed through the hot stage SAXS study agrees well with the literature where the 

transformation from the hydrate to anhydrate form of ciprofloxacin was observed at 95°C using variable 

temperature powder X-ray diffractometry47. In another study the dehydration of ciprofloxacin hydrate 

had an onset at 91.8±0.1°C determined by DSC50.  The anhydrate ciprofloxacin base peaks inside the 

liposome are not observed on the hot stage SAXS. Hence the experiment was only conducted up to 

110°C to confirm the initial existence of ciprofloxacin hydrate crystals. Separate experiments for the 

melting of ciprofloxacin reference material were also conducted on hot stage SAXS, DSC and CPLM 

(supplementary data) and the ciprofloxacin anhydrate form showed a melting point in the range of 

260°C – 273.3°C depending on the technique used. This agrees well with the literature value for 

ciprofloxacin melting at 268.3°C 51. The hot stage SAXS for ciprofloxacin anhydrate showed relatively 

low intensity peaks even for pure crystalline drug powder (Figure S3). Given that the nanocrystals 

inside the liposomes are in a dispersion and are nano-sized, it is possible that the crystals are present but 

not detected due to sensitivity limitations. It should also be noted that with the freeze dried liposomal 

ciprofloxacin nanocrystals, a CPLM study showed that the freeze dried liposomes started to melt at 

170°C and decomposed above 180°C. This means that even if the ciprofloxacin anhydrate form was 

detectable, the melting of the anhydrate may not be observable as the liposome would have decomposed 

before the melting of ciprofloxacin.  



 17

 

Figure 5 a) Hot stage SAXS diffractograms of liposomal ciprofloxacin nanocrystals. The peak 

indicating ciprofloxacin hydrate at q=0.46 Å−1 (diffraction from plane 0 1 ̅1) was observed from 30 °C 

to 93 °C. b) Hot stage SAXS diffractograms of control, non-crystallised ciprofloxacin liposomes. (The 

hump observed in both ciprofloxacin liposome nanocrystals and non-freeze-thaw ciprofloxacin 

liposomes at q=0.40 Å−1 is background scattering from the Kapton tape on the glass coverslip). 

The control formulation, i.e., the non-freeze-thawed ciprofloxacin liposome formulation, did not 

show any crystallinity in the scattering profiles throughout the same temperature scan (Figure 5b) which 

agrees well with the cryo-TEM results where no nanocrystals were observed and the ciprofloxacin was 

apparently dissolved in solution.  

3.4 Effect of pH on the solid state of the ciprofloxacin nanocrystals upon dissolution  

The pH-dependent solid state analysis of the ciprofloxacin liposomes with and without 

nanocrystals was monitored on increasing pH using the flow through SAXS setup (Figure 6). This setup 

allows the determination of the solid state of ciprofloxacin inside the liposomes in situ across a range of 

pH conditions. Small incremental changes in pH could be applied as the nanocrystals did not need to be 

isolated as would be the case with regular X-ray diffraction measurements. This is useful to screen for 
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any potential changes to the ciprofloxacin solid state inside the liposome including any changes in 

polymorphic form under different pH conditions.  

The low detection sensitivity of crystalline drug peaks in liposomal dispersions (as seen e.g. in 

Figure 4b), together with the dilution effect upon titration with NaOH meant that higher starting 

concentrations of ciprofloxacin liposome nanocrystals (25 mg/mL, e.g. equivalent concentration to the 

profile in Figure 4d) had to be used for the pH titration study with concurrent X-ray diffraction 

measurement in flow through at 37°C.  

 

Figure 6. a) Effect of pH on the solid state characteristics of the liposomal ciprofloxacin nanocrystals 

from pH 1-11 determined using in situ SAXS measurements. Crystalline diffraction from the 

nanocrystals was observed at pH 6-10, apparent from the diffraction peaks at q=0.46 Å−1 and 1.65 Å−1 

(annotated in orange, diffraction from plane 0 1 ̅1 and 0 1 3), b) Effect of pH on the solid state of the 

ciprofloxacin liposome formulation without the freeze-thawing cycle from in situ SAXS measurements. 

Only lamellar peaks for the liposomal vesicles were identified and there was no crystallinity observed 

throughout the pH range 1.0-11.5.  

The diffraction profiles of the liposomal ciprofloxacin nanocrystals did not show any peaks 

attributable to drug between pH 1-5, however the resolution of the scattering technique does not 
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preclude the presence of smaller crystals still being present. At this pH range, only the lamellar peaks of 

the liposome bilayers were observed at q=0.39 and 0.83 Å−1. From pH 6-10, the lamellar peaks of the 

liposomes remained unchanged. However, crystalline peaks at q=0.46, 1.65 Å−1 were identified for the 

ciprofloxacin drug nanocrystals. These peaks correlate well with the diffraction profiles in Figure 4 and 

confirm that the ciprofloxacin drug nanocrystals were in the ciprofloxacin hydrate form within the 

liposomes. Above pH 10, the ciprofloxacin nanocrystals appeared to be amorphous or dissolved as no 

crystalline drug peaks were observed. Throughout the experiment, there was no indication of other 

ciprofloxacin polymorphic forms present at the various pH conditions.  

The presence of an intact bilayer supports the concept although ion exchange can happen 

through the bilayer, it is apparent that drug is not released. If there was a sufficiently high external drug 

concentration due to release it would be expected that drug would precipitate and form larger crystals, 

which would show highly ordered crystalline structures with an increase in the crystalline peak 

intensity. This was not observed in this study suggesting the ciprofloxacin liposomes are capable of 

retaining encapsulated drug even in extreme pH conditions. 

The non-freeze-thawed ciprofloxacin liposomes were also assessed for solid state changes at 

different pH using SAXS (Figure 6b). There was an absence of crystalline drug diffraction peaks 

throughout the pH range of 1.0-11.5 indicating that ciprofloxacin did not precipitate inside the 

liposomes, which agrees well with the cryo-TEM results (Figure 3) and previous literature36. This result 

also suggests that the non-freeze-thawed ciprofloxacin was encapsulated within the liposomes 

throughout different pH conditions (similar to liposomal ciprofloxacin nanocrystals), since any 

significant drug leakage from the liposome would result in drug precipitation outside the liposome and 

drug precipitation would be detected as crystalline peaks in the scattering profiles. Changes in the 

extraliposomal pH conditions did not alter the solid state of the dissolved drug within the liposome, 

even at neutral pH, where ciprofloxacin is believed to be uncharged with low solubility.  
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The ciprofloxacin molecular structure contains two ionisable functional groups with a 

piperazinyl secondary amine (pKa 8.74) and a carboxylic acid (pKa 6.09) 52. These physico-chemical 

properties render it to be more water soluble at pH < 6.0935 and > 8.74. When the extraliposomal pH 

environment was below pH 6, only the piperazinyl amine would be ionised, increasing the water 

solubility of ciprofloxacin51. From the stacked scattering profiles of liposomal ciprofloxacin 

nanocrystals, the crystalline peaks for the ciprofloxacin hydrate nanocrystals are not observed at pH 1-5, 

illustrated schematically in Figure 7. This can be explained by the increased solubility of ciprofloxacin 

at lower pH, which reduces the crystalline fraction of ciprofloxacin inside the liposomes. However, 

there could be still smaller nanocrystals inside the liposome, the concentration and size of which could 

be below the detection limit of the scattering technique. Ciprofloxacin inside the liposomal 

ciprofloxacin nanocrystal formulations was expected to be in a supersaturated state with respect to the 

outside when the pH is > 6.  For the non-freeze-thawed ciprofloxacin liposome, the drug inside the 

liposome is in a supersaturated state with no indication of crystal formation. When the pH < 6, the 

increase in solubility would reduce the supersaturation ratio and when pH > 6, the supersaturation ratio 

is returned to the original starting state. Hence there is no change of solid state observed attributable to 

ciprofloxacin inside the control liposome formulation. 
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Figure 7. Schematic representation of the solid state form of liposomal ciprofloxacin at different 

pH for (top row) liposomal ciprofloxacin nanocrystals formed after freeze-thawing and (bottom row) 

non-crystallised liposomal ciprofloxacin. The freeze-thawed liposomal ciprofloxacin showed 

intraliposomal ciprofloxacin hydrate nanocrystals at pH 6-10 and solubility of the ciprofloxacin in the 

nanocrystals increased at pH 5 and below. For non-freeze-thawed liposomal ciprofloxacin, drug 

nanocrystals were not observed throughout the range of pH studied.  

3.5 Implications for the use of ciprofloxacin liposomal nanocrystals in vivo 

For in vivo application of the liposomal ciprofloxacin nanocrystals, understanding the solid state 

of the ciprofloxacin nanocrystals inside the liposome in situ in different environments is important. 

When these drug delivery systems are exposed to body fluids, the changes in the solid state of the drug 

nanocrystals inside the liposomes at different pH would affect the amount of free drug dissolved inside 

the liposome, which in turn would affect the rate and kinetics of drug release. A previous report 

suggested that drug release from liposomes bearing intraliposomal precipitates follows zero order 

kinetics whereas solubilised drug inside the liposome follows first order kinetics53. The formation of 

drug nanocrystals results in lower soluble drug concentrations within the liposomes which would be 

expected to reduce the rate of drug release across the lipid membrane barrier and it may become zero 

order if the crystals dissolve at a faster rate than the drug being transported across the membrane, 

keeping the soluble concentration constant54. As mentioned in the introduction, the liposomal 

nanocrystals have the advantage of the nano-sized drug particles with high surface area, as well as the 

potential benefits of a lipid-based formulation. These properties have the potential to improve the 

dissolution and solubilisation behaviour of the encapsulated drug. For oral applications of the liposomal 

drug nanocrystals, the rate-limiting step for drug absorption of most poorly soluble drugs is the 

dissolution rate of the crystals for which in turn the intrinsic drug solubility is an important factor55.  As 

discussed above, the solubility of ciprofloxacin is greatly pH dependent, and the pH of the GI fluids 

varies with the location within the GI tract and the pre and postprandial state. The fasted stomach fluids 
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have a pH of 1-255 and in the fed state stomach pH can range from  2.7-6.456, whereas the upper small 

intestine has a pH of 5-6.5, which in the fasted state is higher pH than the fed state55. Therefore in situ 

analysis of the solid state of liposomal drug nanocrystals at different pH using SAXS can be used to 

anticipate the dissolution rate from the liposomal carrier when the formulation is ingested orally. In the 

case of liposomal ciprofloxacin (Figure 7), the liposome with crystallised ciprofloxacin would 

potentially exhibit first order drug release kinetics in the stomach since the drug is mostly dissolved with 

the possibility of smaller nanocrystals inside the liposomes. When the liposomes transit to the upper 

small intestine with the pH increasing to approximately 6.5, the drug nanocrystals are stable at this pH 

inside the liposome, which may present a dissolution profile with zero order drug release kinetics. For 

liposomal ciprofloxacin prepared without the freeze-thawing, there was no change in the solid state of 

the drug inside the liposome; hence the drug release kinetics would be unchanged throughout the GI 

tract.  

 

4. Conclusion 

Liposomal ciprofloxacin nanocrystals prepared using a freeze-thawing cycle resulted in 

precipitation inside the liposome as ciprofloxacin hydrate nanocrystals with a unit cell dimension of 

approximately 16.67 Å. The ciprofloxacin hydrate nanocrystals have a thermal transition point of 93°C, 

which correlates to an apparent transformation from the hydrate form to the anhydrate form. 

Ciprofloxacin hydrate nanocrystals were only observed within the liposomes at an external pH of 6-10 

for the freeze-thawed ciprofloxacin liposomes and no pH induced polymorphic transformations were 

observed. This study also identified SAXS as a useful technique to study the solid state of nanocrystals 

in liposomes and dispersions. It is also a versatile platform to study the temperature and pH dependent 

behaviour of drug nanocrystals and liposome formulations in dispersion. It is important to understand 

how the drug in the nanoparticle formulation behaves under different pH conditions as identification of 
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potential changes in solid state properties are crucial in understanding changes in solubility and 

absorption of the drug in vivo.  
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