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Abstract 

Liposomes are phospholipid bilayer vesicles that have been explored in 

pharmaceutical research as drug delivery systems for more than 50 years. Despite being 

important to their morphology and drug release pattern, the physical state of the drug within 

liposomes (liquid, solid, crystalline form) is often overlooked. This review focuses on 

precipitation of drug within liposomes, which can result in the formation of confined 

nanocrystals, and consequent changes in liposome morphology and drug release patterns. 

The type of drugs that form nanocrystals within liposomes, preparation and characterisation 

of liposomal drug nanocrystals, and the in vitro drug release behaviour from these systems 

are communicated, with a discussion of their potential as drug delivery systems. 
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Liposomes are spherical colloidal systems consisting of a phospholipid bilayer shell with 

an aqueous internal core. These systems are widely explored in pharmaceutical research to 

reduce the toxicity of the drug candidates [1, 2] and enable effective drug delivery of lipophilic, 

hydrophilic and amphiphilic drugs [3, 4]. Since their discovery by Alec D Bangham 50 years 

ago [5], liposomes have found success as nano-sized delivery carriers in the pharmaceutical, 

food, agriculture and cosmetic industry [6-10]. With respect to utilizing liposomes as vehicles 

for drug delivery, the success of the liposomal doxorubicin formulation (Doxil®) [11, 12] has 

led to the development of many other approved liposomal products. Some of the examples 

include Ambisome® (amphotericin B) [13, 14], DaunoXome® (daunorubicin) [15, 16], 

Visudyne® (verteporphin) [17], Exparel® (bupivacaine) [18], Marqibo® (vincristine) [19] and 

the combination product Vyxeos® (daunorubicin-cytarabine) [20].  

Most research into liposomes focuses on the modification of the composition of the 

liposome bilayer and surface chemistry [21]. This includes passive, long-circulating PEGylated 

liposomes [22-25], ligand targeted liposomes [26-28] and stimuli-responsive liposomes [29-

32]. On the other hand, despite studies that focus on the physical state of the doxorubicin 

sulfate crystals in Doxil® [33-35], the physical state of the encapsulated drug inside other 

liposomal formulations has often been overlooked. The physical state of encapsulated drug 

within the liposomes, whether it is in solution or forms an amorphous or crystalline 

precipitate, would affect the amount of free drug dissolved inside the liposome; hence 

affecting the rate of drug release from these drug delivery systems. The precipitation of 

confined nanocrystals also presents opportunities for alternative applications. For these 

reasons, this review explores the current status of liposomes in drug delivery from the 

perspective of drug precipitation and crystallisation inside liposomes, characterisation 

techniques for the physical state of drug within liposomes and the in vitro drug release 

behaviour from liposomal drug nanocrystals.  

 

2. Liposomes as drug delivery systems 

Liposomal systems have been well exploited in drug delivery research especially in cancer 

treatment and the liposomal doxorubicin HCl injection; Doxil® is the first FDA approved 

nanomedicine [11, 12]. For liposomal products given via systemic administration, one of the 

major hurdles is opsonisation of the liposomes in plasmaThis can be addressed by 

functionalising the liposome surface with a hydrophilic polymer chain, most commonly 
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polyethylene glycol (PEG) (Figure 1), creating a hydrophilic surface that hinders the 

electrostatic and hydrophobic interactions with blood plasma opsonins, and therefore inhibits 

the uptake of the liposomes via the mononuclear phagocytic system. These “stealth” 

liposomes will thus extend the blood circulation time, which allows the liposomes to passively 

accumulate inside organs and tissues [24]. The physiochemical properties of the liposome 

including its size, lipid composition, surface charge, route of administration can also influence 

its immunological response [36, 37]. It has also been reported that shape is important in 

phagocytosis of nanoparticles and immune response [38-41]. The shape distortion of the 

liposome to non-spherical shape induced by in situ drug crystallisation can be seen as shape 

engineering of liposomes. The relationship between the shapes of the liposome and the 

immune system is still not yet understood, although one study reported an increased 

reactogenicity of Doxil® compares to placebo Doxil and SPI-77 (liposomal cisplatin with no 

intraliposomal precipitate and identical lipid composition to Doxil). The increased 

complement activation of Doxil could be due to the low surface curvature of the oval Doxil® 

vesicles [42].   

Active targeting of liposomes that are functionalized with antibodies to enhance 

interaction with target antigens on cells at the site of interest, has also gained interest 

especially for cancer therapy [43]. These so-called ‘immunoliposomes’ bind to overexpressed 

receptors in the tumour cells, improving therapeutic efficacy and reducing systemic toxicity 

[28, 44]. Both anti-epidermal growth factor receptor (EGFR) and anti-HER2 tyrosine kinase 

receptor antibodies have been successfully conjugated to liposomes and are under clinical 

investigations. An anti-EGFR immunoliposome containing doxorubicin is in phase 2 clinical 

trials [45, 46].  

Liposomes are also used as stimuli-responsive drug delivery systems. The lipid 

composition can be designed to respond to changes in pH, redox state and enzymes or to 

external stimuli such as heat, magnetic fields, ultrasound and light [30]. The stimuli will trigger 

the release of the encapsulated drugs allowing “on demand” drug release from the liposomes. 

ThermoDox® is a heat-sensitive liposomal doxorubicin that changes structure when heated to 

40-45°C, releasing doxorubicin at the target tumour site. This formulation is in phase III clinical 

trials in combination with radiofrequency ablation (RFA) for the treatment of primary liver 

cancer [47-49].  
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Due to the amphiphilic nature of the lipid bilayers, drugs with various physicochemical 

properties can be encapsulated and delivered in liposomes. Hydrophilic drugs are typically 

encapsulated in the liposomal aqueous core or near the lipid-water interface. Poorly water-

soluble lipophilic pharmaceutical actives can be solubilised within the acyl hydrocarbon chains 

of the lipid bilayers (Figure 1). The encapsulation efficiency of hydrophobic actives is dictated 

by the partition coefficient of the drug, the acyl chain length of the phospholipids, the packing 

density of the bilayer as well as the lipid to drug ratio [4, 50, 51]. Other advantages of drug 

encapsulation into liposomes include improved solubility for hydrophobic drugs [52] and 

reduction of non-specific organ toxicity compared to the free drug [2, 53, 54].  

Whilst most studies have focussed on the pharmacokinetic and therapeutic efficacy of 

liposomal drug delivery systems [55-57], the physical characteristics of the encapsulated 

drugs are not well understood. A review of the literature shows only a few liposomal drug 

delivery systems for which the physical state of the drug has been reported. Lipophilic drugs 

that are solubilised within the bilayer (e.g. verteporphin, paclitaxel and Grb2 antisense 

oligodeoxynucleotide) as well as drugs that form ionic complexes with the oppositely charged 

lipid (e.g. amphotericin B) do not precipitate in a crystalline form within the liposome. In 

contrast, hydrophilic drugs that are encapsulated within the aqueous core of the liposome 

can exhibit different physical states. This includes supersaturated solutions (e.g. cisplatin, 

ciprofloxacin), amorphous precipitates (e.g. vinorelbine, vincristine) and nanocrystals (e.g. 

doxorubicin, topotecan, idarubicin) (Figure 1). The crystalline precipitate that forms within 

liposomes for some drugs is intriguing both from a lipid biophysics perspective as it can stretch 

or deform the bilayer, as well as by providing an additional means to control the drug release 

rate by the addition of a dissolution step, and as such is the main focus of this review.  
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Figure 1. Left: a spherical vesicle with an aqueous core formed by a phospholipid and cholesterol bilayer. The 

liposome can also be functionalised with polyethylene glycol coating to avoid opsonisation. The liposome 

aqueous core can encapsulate hydrophilic drugs whereas hydrophobic drugs reside in the lipid bilayer. Right: 

schematic of a crystalline precipitate formed within a liposome. Depending on the shape and length of the drug 

precipitate, the bilayer may be stretched to accommodate the growth of the crystalline drug precipitate within 

the liposome.   
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3. Drug loading methods 1 

Different drug loading methods can be used to enable drug encapsulation into 2 

liposomes but can also influence the physical state of the encapsulated drug and in some 3 

instances lead to precipitation as nanocrystals within the liposomes. Additional sample 4 

preparation methods (eg. freeze-thawing) can be also applied to modify the physical state of 5 

the encapsulated drug. These methods are discussed in this section and the relevance to the 6 

physical state is further discussed in section 5.  7 

The simplest approach for drug encapsulation into liposomes is the passive loading 8 

method, where drugs are dissolved in the aqueous buffer used to hydrate the lipid bilayer. 9 

Thus, the concentration of drug in the aqueous core within the liposomes is similar to that in 10 

the aqueous phase exterior to the vesicles. This method is relatively easy and convenient in 11 

preparation and manufacturing. However it results in low encapsulation efficiency, high levels 12 

of non-encapsulated drug (which can be removed by dialysis, gel filtration and ultrafiltration) 13 

and high drug leakage for bilayer permeable drugs. The lipid bilayer is not permeable towards 14 

ions and charged molecules. When the drug is unprotonated, it can move in and out of the 15 

lipid bilayer of the liposome. The diffusion rate of the drug through the bilayer is dependent 16 

upon its partition coefficient. Due to the permeability of the bilayer to uncharged drug 17 

molecules, the passively loaded drug molecules of weak acid and weak bases typically exhibit 18 

rapid leakage out of the liposomes.  Liposomal ciprofloxacin passively loaded has exhibited a 19 

50% loss of encapsulated drug after 2 days at 25 °C [58], whereas actively loaded liposomal 20 

ciprofloxacin remained at around 99% encapsulation over 24 month period stored at 2-8 °C 21 

[59] . 22 

This active loading approach [60] addresses the low encapsulation efficiency of 23 

passive loading by generating a transmembrane pH (or ion) gradient between the inside of 24 

preformed liposomes and the outside continuous aqueous medium. When the uncharged 25 

drug molecules diffuse through the lipid bilayer, they become protonated, which inhibits 26 

diffusion out of the liposome, thus enhancing the drug loading efficiency and the retention of 27 

drug inside the liposome. The loading efficiency is optimal when the drug is an amphipathic 28 

weak acid (pKa >3) or weak base (pKa ≤ 11) with a log D of -2.5 to 2.0 at pH 7 [61]. Table 1 29 

compares the active and passive loading methods for liposomal drug delivery systems. 30 
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For amphipathic weak bases, an ammonium sulfate transmembrane gradient [62] is 31 

usually used. Firstly, the liposome is formed with an acidic ammonium sulfate buffer, then the 32 

transmembrane gradient is generated by replacement of the external buffer with a neutral 33 

pH buffer through dialysis or gel exclusion chromatography. When an uncharged ammonia 34 

molecule (NH3) escapes the liposome, one proton is generated and retained in the liposome, 35 

which results in a more acidic liposome core. The candidate drug (e.g. doxorubicin) is added 36 

to the liposome dispersion and loading is performed at a temperature above the phase 37 

transition temperature of the phospholipid used to make the liposome for a period of 30-60 38 

minutes. During the drug loading process, the candidate drug diffuses into the liposome and 39 

becomes protonated due to the acidic liposomal core, and is then trapped within the 40 

liposome. The drug loaded into the liposome will transiently increase the internal pH, 41 

increasing the level of ammonia and therefore creating more protons, enabling more drug 42 

molecules to move into the liposome (Figure 2). After the majority of the drug is loaded into 43 

the liposome, non-encapsulated drug is usually removed by dialysis, diafiltration or gel 44 

chromatography.  45 

A phosphate gradient method has also been applied to load doxorubicin into 46 

liposomes by Fritze et al. [63]. In their study, a higher drug encapsulation efficiency (EE) was 47 

achieved using the phosphate gradient method compared to the ammonium sulfate or 48 

acetate gradient methods. The phosphate gradient loaded doxorubicin liposomes also 49 

showed a pH-dependent drug release profile that was not observed in the ammonium sulfate 50 

gradient loaded liposomes.  51 

An EDTA gradient method has also been used to encapsulate idarubicin [64], 52 

topotecan [65] and doxorubicin [66]. The EDTA gradient method enabled efficient drug 53 

accumulation and retention of idarubicin due to formation of crystals inside the liposomes 54 

providing slower drug release in vivo compared with other gradient loading methods [64]. 55 

Liposomes produced by this method have demonstrated decreased cytotoxic activities 56 

compared with liposomes prepared by an ammonium sulfate gradient for doxorubicin and 57 

topotecan [65, 66]. The calcium acetate gradient loading is applied to weakly acidic drugs 58 

(Figure 2). In this case calcium ions remain inside the liposome and the neutral acetate moves 59 

out of the liposome resulting in a high intraliposomal pH [67].  60 
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 61 

 62 

Figure 2. Left: Schematic of the active loading method of doxorubicin HCl into preformed liposomes using an 63 

ammonium sulfate gradient. Doxorubicin forms a crystalline precipitate due to the presence of sulfate anions 64 

inside the liposome. Right: Schematic of the active loading method of an amphipathic weak acid into preformed 65 

liposomes using a calcium acetate method (adapted with permission from [61]). 66 

 67 

The ionophore loading method is another method that has been applied to many 68 

drugs. Nigericin or A23187 are common ionophores used for unilamellar liposomes. These 69 
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ionophores facilitate outward transport of K+, Mn2+ and Ca2+ ions and shift protons into the 70 

liposome generating an acidic intraliposomal environment. This method has been used in 71 

conjunction with a metal ion gradient for encapsulating e.g. ciprofloxacin, vincristine [68], 72 

doxorubicin [69], topotecan [70, 71], irinotecan [72] and mitoxantrone [73, 74]. This drug 73 

loading method can generate high pH gradient, high drug loading and encapsulation efficiency 74 

and allows the encapsulation of different drugs by varying the selection of the ion gradient 75 

and ionophore. Depending on the ion used, the encapsulated drug molecules can also form 76 

ion-drug complexes within the liposome. The newly formed complex could alter the drug 77 

solubility and hence the drug release profile [60].  78 

Although the active loading methods are very effective in encapsulating amenable 79 

drugs to achieve high and stable drug loading, the preparation methods are more complicated 80 

and time consuming compared to the passive loading method. Recently, microfluidic systems 81 

have been utilised to enable rapid and efficient remote loading of amphipathic drugs into 82 

liposomes. This method incorporates the liposome production, buffer exchange, and remote 83 

drug loading and mixing into a continuous process on a single microfluidic chip. This allows a 84 

multi-day sample preparation method to be performed in a few minutes [75].   85 

Freeze-thawing of MLVs is commonly applied before extrusion (Table 1) to break apart 86 

the closely spaced lamellae of the liposomes; this increases the ratio of aqueous solute to 87 

lipid and improves the encapsulation efficiency [76-78]. The extrusion of freeze-thawed MLVs 88 

results in more monodispersed LUVs with a higher intraliposomal aqueous volume than LUVs 89 

prepared without freeze-thawing [79]. Liposomes (both MLVs and LUVs) have also been used 90 

as a model membrane to study the effect of freezing and thawing on the biological cells. 91 

During the freeze-thawing process, a faster freezing rate (>10 °C) results in intraliposomal ice 92 

formation whereas a slow freezing rate (<2 °C) showed osmotic shrinkage of the liposome 93 

and no intraliposomal ice formation [80, 81]. Recently, the use of a single freeze-thaw cycle 94 

was performed on the ammonium sulfate loaded ciprofloxacin liposomes [82]. Freeze-thaw 95 

treatment resulted in ciprofloxacin precipitation inside the liposome. The precipitate was 96 

observed as a single rod-shaped ciprofloxacin nanocrystal within each liposome. The 97 

formations of intraliposomal ciprofloxacin nanocrystals have also stretched the liposome 98 

from a spherical vesicle to a rugby ball-shaped vesicle. 99 
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Table 1. Comparison of active and passive drug loading methods used for liposomal drug delivery systems. 100 

Drug loading type Method of Liposome Production Advantages Disadvantages References 

Passive loading method 

 Thin layer hydration (TLH) 

 Reverse phase evaporation (REV) 

 Dehydration-rehydration vesicles 

(DRV) 

 

 

 Formation of dried lipid film 

 Drug is solublised in the aqueous 

buffer used to hydrate the dried 

lipid film to generate MLVs 

 Sonication/extrusion of the MLVs 

to make the LUVs 

 Easy and convenient 

method 

 Can be used to 

encapsulate any water 

soluble drug 

 Only for water soluble drugs 

 Low drug encapsulation 

efficiency 

 High amount of non-

encapsulated drug (can be 

removed by dialysis or 

diafiltration) 

 Rapid drug leakage of 

bilayer permeable drugs 

[3, 83, 84] 

Active loading method 

Examples 

 Ammonium sulfate gradient, citric 

acid gradient (amphipathic weakly 

basic drugs) 

 Calcium acetate gradient 

(amphipathic weakly acidic drugs) 

 Ionophore loading (Nigericin/ 

A23187) with metal ion gradient 

(Mg2+, Mn2+, Cu2+) 

 Phosphate gradient 

 EDTA gradient 

 

 Formation of dried lipid film 

 Active loading buffer used to 

hydrate the dried lipid film to 

generate MLVs 

 Sonication/extrusion of the MLVs 

to make LUVs 

 Generation of transmembrane pH 

gradient across the liposomal 

bilayer through buffer exchange 

 Drug solution is added, uncharged 

drug molecules diffuse through the 

lipid bilayer, become protonated 

and trapped inside the liposome 

 High encapsulation 

efficiency 

 Minimal drug wastage 

(less non-encapsulated 

drug loss) 

 Better drug retention 

 Drug needs to be water 

soluble and have a weakly 

basic or weakly acidic 

functional group 

 Time consuming and multi 

day preparations are 

required 

[60, 62, 

67, 85, 

86] 

Abbreviations: MLVs, multilamellar vesicles; LUVs, unilamellar vesicles  101 
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4. Structural characterisation techniques for the state of drugs inside liposomes 102 

The state of the drug loaded by the above methods is important in understanding 103 

behaviour, and there is a relative paucity of methods for studying this. Table 2 summarises 104 

the advantages and disadvantages associated with the different techniques described in the 105 

following section. The physical state of the drug inside the liposome that each methods are 106 

capable of detecting are also incorporated within the table. 107 

4.1 Cryogenic transmission electron microscopy (Cryo-TEM)/Cryogenic electron 108 

tomography 109 

The most direct method to visualise the state of a drug inside a liposomal dispersion is 110 

using cryo-electron microscopy imaging techniques. In cryo-TEM investigations, the liposomal 111 

dispersion is loaded onto the microscopy grid as a thin aqueous film, which is then vitrified by 112 

plunging the sample-loaded grid into liquid ethane. The transmission micrograph is then 113 

taken at liquid nitrogen temperature to minimize the formation of ice crystals, which can 114 

compromise sample imaging. The transfer of the sample grid to the microscope is also 115 

performed under liquid nitrogen to prevent formation of crystalline ice [87, 88].  The vitrified 116 

sample retains the structures present in their native form in contrast to conventional TEM 117 

where drying and staining of the samples disrupts the structures that exist in solution and 118 

produces artefacts.  The cryo-TEM technique can analyse samples in the nanometer scale; it 119 

is best suited for nanoparticles in the size range from 4 to about 500 nm [89]. Since the 120 

resolution of the electron microscope correlates to the thickness of the object, smaller 121 

liposomes which form a thin film of sample (see above) gives a better signal to noise ratio in 122 

the image [90]. This technique is ideal to determine the overall morphology of 123 

nanoprecipitates inside liposomes (Figure 3A and Figures 4-6) where such small sized particles 124 

(<500 nm) are not visible using light microscopic techniques such as polarised light microscopy 125 

[91]. Cryogenic electron tomography (cryo-ET) acquires multiple cryo-TEM images (method 126 

as described above) at different tilt positions. These collected images are then used to 127 

generate a three dimensional field of view (a tomogram) of the sample. For liposome with 128 

encapsulated drug nanocrystals, this technique provides information about the size and 129 

shape variations of the nanocrystals within the liposomes in three-dimensional space and has 130 

been used to characterize Doxil® [92] and liposomal ciprofloxacin nanocrystals [82]. The 131 



12 
 

advantage and application of the cryo-ET technique is similar to that of the cryo-TEM 132 

technique. Moreover it can provide additional details to the drug crystal morphology in three 133 

dimensional space that cannot be observed through 2D cryo-TEM images.  Both cryo-TEM 134 

and cryo-ET can provide a direct visualization of the drug’s solid state inside the liposome. 135 

Crystalline drug are displayed as electron dense band, however if the drug formed an 136 

amorphous gel or is dissolved inside the liposome, this cannot be easily distinguished in cryo-137 

TEM or cryo-ET.  138 

4.2 Small/Wide angle X-ray scattering (SAXS/WAXS)  139 

Small angle X-ray scattering, in the range of scattering angles 0.001°<2Ѳ<3° is often 140 

used to assess the colloidal structure of dispersed formulations, and the structural attributes 141 

of liposomes, including their shape, size, bilayer thickness and lamellarity [93, 94].  142 

Of specific relevance to this review, the same technique can be used to determine the 143 

structure of the drug precipitates from diffraction in the wider-angle scattering range 144 

(5°<2Ѳ<90°), where diffraction from well-defined planes of symmetry within crystalline 145 

material enables determination of the solid state form against known crystalline forms (Figure 146 

3B), or indeed detection of new polymorphic forms. Alternatively, an amorphous precipitate 147 

will present a halo in the diffractogram without defined peaks due to the disordered 148 

arrangement of drug molecules in an amorphous form. This scattering technique coupled to 149 

a synchrotron source provides high sensitivity and fast acquisition times and has been used 150 

to determine the solid state properties for doxorubicin sulfate [35, 95] and doxorubicin citrate 151 

nanocrystals inside liposomes [33].  152 

4.3 Differential scanning calorimetry (DSC) 153 

Differential scanning calorimetry (DSC) is a thermal analytical technique that measures 154 

the specific heat capacity of phase transitions as a function of temperature [96]. However due 155 

to its non-selective nature, other techniques are required to distinguish whether the sample 156 

is undergoing melting, polymorphic transitions or decomposition [97]. DSC has been used to 157 

determine the thermal behaviour of drug nanocrystals [98], the thermal behaviour and 158 

stability of lipid bilayers and liposomes [99, 100], and to characterise amorphous 159 

pharmaceutical solids [101] and drug polymorphism [102]. Consequently, DSC can be applied 160 
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to qualitatively indicate the thermotropic behaviour of the drug within the liposome and thus 161 

its physical state (i.e., amorphous or crystalline nature). For example, recently, studies using 162 

“high-sensitivity” DSC observed a two-phase transition for the Doxil® formulation (Figure 3C). 163 

The first transition overlapped with that for empty liposomes indicating the “melting” of the 164 

membrane lipid while the second transition indicated the melting of the intraliposomal 165 

doxorubicin sulfate nanocrystals [34, 103].  166 

 167 

Figure 3. Solid state characterisation of intraliposomal doxorubicin precipitates. (A) Cryo-TEM image of Doxil®, 168 

which is ammonium sulfate loaded doxorubicin pegylated liposomes; a linear rod-shaped doxorubicin sulfate 169 

nanocrystal is observed inside each liposome (adapted with permission from [11]). (B) Background-subtracted 170 

radially-integrated scattering intensity from the Doxil® formulation. The peak identified at q= 2.25 nm-1 for the 171 

fitted data (red curve) aligns with the (1,0,0) peak of the doxorubicin sulfate crystal, indicating that the 172 

doxorubicin inside the liposome was in a crystalline state (adapted with permission from [35]). (C) Thermotropic 173 

behaviour of Lipodox (FDA approved generic liposomal form of Doxil®) compared to empty liposomes using high 174 

sensitivity DSC. The first endotherm for both empty and doxorubicin loaded liposomes represents the 175 

membrane lipid phase transition. The second endotherm observed with Lipodox at 70 °C represents melting of 176 

the intraliposomal doxorubicin-sulfate nanocrystals (adapted with permission from [34]). 177 

4.4 Other techniques 178 

Other methods have also been used to study the encapsulated drug inside liposomes. 179 

Nuclear magnetic resonance (NMR) is a powerful analytical tool to evaluate both the lipid 180 

bilayer physical state and rate of motion as well as the physical and chemical nature of the 181 

drug inside the liposome. It can also identify any drug to lipid interactions. The advantage of 182 

NMR compared to other fluorescent techniques is that the method is based on the use of 183 

intrinsic reporter moieties [104]. A study used 195Pt NMR measurement to quantify the 184 

soluble cisplatin where any platinum in crystalline state would be undetected by 195Pt NMR 185 
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due to line broadening. The study confirmed that the cisplatin in the liposome are in the 186 

soluble aqueous phase [104]. 1H-NMR was used to study the state of ciprofloxacin located in 187 

the aqueous core of the ammonium sulfate gradient loaded liposome. Results demonstrated 188 

that ciprofloxacin was located in the aqueous core in a supersaturated state and did not 189 

precipitate inside the liposomes [105]. Li et al. used 13C-NMR to assess the interaction of 190 

doxorubicin with the intraliposomal citrate ion. In citrate gradient loaded liposomes, the 191 

citrate resonance was shifted and broadened by loading of DOX indicating an interaction of 192 

DOX with citrate to form a 3:1 charge ratio precipitate [33]. In another study, Arcon et al. used 193 

an extended X-ray absorption fine structure method and confirmed that the cisplatin within 194 

liposomes did not crystallize but rather formed a supersaturated solution in the liposome core 195 

containing 2000-3000 cisplatin molecules per liposome [106]. Circular dichroism 196 

spectroscopy was also used to confirm the complexation changes of doxorubicin inside 197 

liposomes and monitor the electronic state of the drug for different gradient loaded 198 

liposomes [33, 107]  (Table 3). Furthermore, electronic paramagnetic resonance spectroscopy 199 

(EPR) and UV-vis electronic absorption spectroscopy (UV-vis) were used to characterise the 200 

liposomal formulation VyxeosTM (daunorubicin and cytarabine liposomes). EPR is a selective, 201 

sensitive spectroscopic technique based on magnetic resonance signals from unpaired 202 

electrons in an external magnetic field. Signal intensity is directly proportional to the 203 

concentration of paramagnetic species. The presence of the paramagnetic copper (II) ion in 204 

the copper gluconate/TEA buffer system used in liposomal cytarabine and daunorubicin 205 

formulation allow the use of EPR to investigate the coordination state of the buffer. With the 206 

use of different techniques, the interaction of copper gluconate/TEA with daunorubicin and 207 

cytarabine showed a 1:1 or 2:1 daunorubicin:copper complexation within the liposomes [108]. 208 

 209 

 210 
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Table 2. The advantages and disadvantages associated with different characterisation techniques for the physical state analysis of encapsulated drugs inside liposome. 211 

  212 

Characterisation 

techniques 

Advantages Disadvantages References 

Cryogenic transmission 

electron microscopy  

(Cryo-TEM) 

Cryogenic electron 

tomography 

 (Cryo-ET) 

 Non-destructive  (preserve liposome in its suspension form 

while imaging) 

 Direct visualisation of both the lipid membrane morphology 

and the structure of encapsulated drug  

 Only liposome of certain sizes can be viewed 

 Cannot provide a clear picture of the whole sample 

distribution  

 Cannot be used for physical state/phase identification of 

drug in the liposome 

 Expensive and time consuming 

 Susceptible to electron beam radiation damage 

[82, 87, 90, 

92] 

Small/Wide angle X-ray 

scattering (SAXS/WAXS) 

 Direct physical state identification 

 Phase identification (crystal structure) 

 Rapid data acquisition 

 Weak signal for liposomal suspension samples 

 The liposome signal and drug signal are combined  

 Limited access to synchrotron sourced SAXS/WAXS 

 Sample is susceptible to radiation damage 

[35, 95, 109] 

Differential scanning 

calorimetry 

(DSC) 

 Indirect physical state identification 

 Provide thermotropic behaviour for crystalline drug in the 

liposome 

 Identify any drug interaction with phospholipid membrane 

 Cannot be used for phase identification 

 Low sensitivity for liquid samples 

 Only crystals with highly ordered structures (high 

crystallinity) are detectable 

[34, 96, 100, 

102, 103] 

Circular dichroism 

(CD) 

 Rapid and non-destructive 

 Identify intermolecular interaction of the drug in the 

liposome (changes in physical state) 

 Monitor both the conformation and stability of drug in the 

liposome 

 Only drugs with several chromophores or chiral centres 

can be studied 

 Background solution can contribute to the CD spectrum  

(350-200 nm) 

 Cannot be used for phase identification 

[33, 107, 110, 

111] 
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213 

NMR  Versatile technique based on the use of intrinsic reporter 

moieties (e.g. 13C, 31P, 1H, 15N, 195Pt) 

 Identify physical and chemical nature of the drug in the 

liposome 

 Identify any drug interaction with the phospholipid 

membrane 

 Cannot be used for phase identification  

 Low sensitivity (Drug needs to be above a certain 

concentration for detection) 

 Time consuming 

[104, 112] 

Extended X-ray 

absorption fine structure 

(EXAFS) 

 Study arrangement of atoms in materials without long range 

order 

 Can apply to both crystalline or amorphous materials, liquid 

or molecular gases 

 Cannot be used for phase identification  

 Inability to distinguish between scattering atoms with little 

difference in atomic number (C, N, O or S, Cl or Mn, Fe) 

[106, 113] 
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Table 3. List of liposomal drug delivery systems that have been FDA approved, are currently under clinical investigation or were reported in literature with a focus on the 214 

physical state of the drug within the aqueous core of the liposome. 215 

Liposome type Drug  

(Formulation) 

Drug loading 

method 

Physical state of the 

 encapsulated drug 

Characterisation techniques Comments References 

FDA approved formulations 

Stealth 

liposome 

 

Doxorubicin 

(Doxil®/Caelyx®) 

Ammonium 

sulfate gradient 

Doxorubicin sulfate drug 

nanocrystals. Observed as 

rod shaped fibrous 

bundles. 

 

 Cryo-TEM 

 SAXS/XRD 

 DSC 

The doxorubicin sulfate 

nanocrystals showed a 

diffraction peak at q=2.30 nm-1 

and melting point of 70°C. 

[11, 35, 85, 95, 

114] 

Stealth 

liposome 

Irinotecan 

(Onivyde®) 

TEA-sucrose 

octasulfate (TEA-

SOS) gradient 

Irinotecan form a gelated 

or precipitated state with 

sucrose octasulfate salt 

NA [115, 116] 

Conventional 

liposome 

Daunorubicin and 

cytarabine 

(VyxeosTM) 

Copper 

gluconate, TEA 

buffer 

Spherical internal 

structure inside the 

liposome identified as a 

second lamella 

 Cryo-TEM 

 Electron paramagnetic 

resonance 

spectroscopy 

 1H-NMR 

 UV-vis electronic 

absorption 

spectroscopy 

Copper interacts with both 

cytarabine and daunorubicin 

and assists in retaining both 

drugs inside the liposome. 

[108, 117] 

Formulations under clinical investigation 
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Stealth 

liposome 

(Stimuli 

responsive) 

Doxorubicin 

(ThermoDox®) 

(Phase III) 

Citrate gradient Doxorubicin precipitated 

as fibrous bundles 

 Cryo-TEM Precipitate shape similar to 

Doxil® 

[47, 118-120] 

Conventional 

liposome 

Ciprofloxacin 

(Pulmaquin®/Lipoquin®) 

(Phase III/Phase II) 

Ammonium 

sulfate gradient 

No precipitation 

 

 Cryo-TEM/ET 

 1H-NMR 

Ciprofloxacin drug nanocrystals 

can be induced inside the 

liposome after freeze-thaw in 

the presence of a 

cryopreservative (e.g., sucrose) 

[82, 121, 122] 

Stealth 

liposome 

(Glutathione) 

Doxorubicin 

(2B3-101 or 2X-111) 

(Phase II) 

Ammonium 

sulfate gradient 

Doxorubicin precipitated 

as fibrous bundles 

 Cryo-TEM Precipitate shape similar to 

Doxil® 

[123, 124] 

Stealth 

liposome 

Cisplatin 

(SPI-077) 

(Phase II) 

Passive loading No precipitation  EXAFS 

 Cryo-TEM 

 31P-NMR  

 195Pt-NMR 

Cisplatin form a supersaturated 

solution inside the liposome 

[57, 104, 106] 

Conventional 

liposome 

Topotecan 

(INX-0076) 

(Phase II) 

Manganese 

sulfate gradient + 

ionophore 

A23187 

Topotecan precipitated as 

thin linear structures 

 Cryo-TEM NA [70] 

Conventional 

liposome 

Vinorelbine 

(INX-0125) 

(Phase I) 

Magnesium 

sulfate gradient + 

ionophore 

A23187 

Amorphous drug 

precipitate 

 Cryo-TEM Increased electron density 

observed for vinorelbine loaded 

liposomes 

[125, 126] 
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Experimental formulations 

Conventional 

liposome 

 

Vincristine/ 

Vinblastine/ 

Vinorelbine 

Manganese 

sulfate gradient + 

ionophore 

A23187 

Amorphous drug 

precipitate 

 Cryo-TEM Vincristine can form granular 

structures inside the liposome 

at higher drug to lipid ratio 

[126, 127] 

Conventional 

liposome 

 

Doxorubicin Citrate gradient Doxorubicin precipitated 

as fibrous bundles 

 Cryo-TEM 

 Circular dichroism 

 13C-NMR 

 SAXS 

Linear, circular fiber bundles 

aligned longitudinally in 

hexagonal array 

[33] 

Manganese 

sulfate gradient 

No precipitation  Cryo-TEM 

 Circular dichroism 

Doxorubicin manganese 

complex 

[107] 

Manganese 

sulfate gradient 

+ ionophore 

A23187 

Doxorubicin precipitated 

as fibrous bundles 

Precipitate consisted of linear 

fibrous bundles 

Manganese 

chloride gradient 

No precipitation NA 

Manganese 

chloride gradient 

+ ionophore 

A23187 

No precipitation NA 

Phosphate 

gradient 

Doxorubicin precipitated 

as linear bundles 

 Cryo-TEM NA [63] 
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Magnesium 

sulfate gradient + 

ionophore 

A23187 

Doxorubicin precipitated 

as linear bundles 

 Cryo-TEM Doxorubicin can form triangular 

or even rectangular precipitate 

structures at higher drug to 

lipid ratios 

[128] 

Conventional 

liposome 

Topotecan Copper sulfate 

gradient + 

ionophore 

A23187 

Topotecan precipitated as 

needle-like crystals 

 Cryo-TEM NA [71, 129] 

  Ammonium 

sulfate gradient 

 

 

 

Topotecan precipitated as 

thin needle- like crystals 

 

 

 

 Cryo-TEM 

  

 

 

[70] 

  Manganese 

sulfate gradient + 

ionophore 

A23187 

 

Visually all topotecan 

precipitates are similar in 

morphology and size regardless 

of the D/L ratio and loading 

method 

  Citrate gradient 

  Manganese 

chloride gradient 

+ ionophore 

A23187 

Stealth 

liposome 

Idarubicin EDTA gradient Idarubicin precipitated as 

elongated bundles 

 Cryo-TEM Precipitate bundles were mostly 

bent or circular-shaped 

structures 

[64] 

Stealth 

liposome 

Epirubicin EDTA gradient Epirubicin precipitated  Cryo-TEM Precipitate structures were 

either circular or button-shaped 

[130] 
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Stealth 

liposome 

Ciprofloxacin Magnesium 

sulfate gradient + 

ionophore 

A23187 

No precipitation  Cryo-TEM NA [131] 

Calcium 

hydrooxybenzens

ulfonate gradient 

+ ionophore 

A23187 

Ciprofloxacin precipitated Ciprofloxacin precipitate 

formed between the lamellae 

of bilamellar liposomes. 

Stealth 

liposome 

Mitoxantrone Ammonium 

sulfate loading 

Mitoxantrone precipitated 

as linear nanocrystals 

 Cryo-TEM NA [132] 

 216 
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5. Precipitation of drug within liposomes 217 

Depending on the physiochemical properties and chemical structures of the drug, the 218 

active loading method used, and the process parameters applied, the encapsulated drug may 219 

exist as a crystalline precipitate, amorphous precipitate, or in a supersaturated or sub-220 

saturated solution. The specific physical states of the drug within the liposome may impact 221 

on both, the stability of the encapsulated drug and the apparent drug release rate from the 222 

liposomes. Table 3 list the liposomal formulation that has been FDA approved, under clinical 223 

investigation or experimental formulations with a focus on the physical state of the drug 224 

inside the liposome. In the following section, different classes of drugs that have been 225 

reported to form precipitates within liposomes will be discussed. 226 

5.1 Doxorubicin 227 

Lasic et al. first reported the physical state of doxorubicin (DOX) in the core of PEGylated 228 

liposomes loaded by the ammonium sulfate gradient method. Drug was observed as an 229 

electron opaque band within the liposomes and the authors concluded that the DOX sulfate 230 

precipitated as crystalline one-dimensional rods, which did not interact with the bilayer (refer 231 

to Figure 4B). The material within the liposome displayed a single sharp X-ray reflection at 27 232 

Å which correlated with that of doxorubicin precipitated from ammonium sulfate solution, 233 

confirming the precipitate to be DOX-sulfate nanocrystals [114].   234 

In another study by Li et al., the physical state of DOX in citrate containing liposomes 235 

exhibited more curved and circular fibrous bundles (refer to Figure 4C) compared to the DOX-236 

sulfate nanocrystals where only straight rods were observed. This indicated that DOX-citrate 237 

nanocrystals are more flexible. X-ray diffraction results showed that the DOX-citrate 238 

nanocrystals exhibited an interfiber spacing of 30-35 Å [33].  In a more recent study by Schilt 239 

et al. [35], solution X-ray scattering was performed in situ on Doxil® and other DOX-containing 240 

liposomal generic formulations. The authors reaffirmed the crystalline state of the DOX-241 

sulfate precipitate within the liposomes identifying a strong diffraction peak at q=2.30 nm-1 242 

(Figure 3A). The aggregation and ultimate crystallisation of DOX inside sulfate and citrate 243 

containing liposomes is also related to the self-aggregation of DOX through π-π interactions 244 

between the planar anthracycline rings in DOX (Figure 4C). Drug complexation with anions 245 

present inside the liposome in the case of DOX-sulfate nanocrystals showed tighter packing 246 
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than DOX-citrate nanocrystals attributed to the sulfate ion being a smaller anion compared 247 

to the citrate ion (refer to Figure 4) [33].  248 

Manganese chloride and manganese sulfate-loaded DOX liposomes with and without 249 

ionophore were also characterised with cryo-TEM to study the state of DOX inside the 250 

liposome. Manganese chloride gradient-loaded DOX liposomes did not show any drug 251 

precipitation regardless of ionophore addition. However, the manganese sulfate gradient 252 

loaded DOX liposomes with ionophore exhibited linear bundle-like nanocrystal structures 253 

similar to those of the citrate loaded DOX liposomes. The presence of the ionophore A23187 254 

generated a >2.5 pH units gradient with an acidic core compared to little or no 255 

transmembrane pH gradient across the liposome in the absence of the ionophore. This  256 

 257 

 258 

Figure 4. Dependence of the form of doxorubicin precipitates under confinement in liposomes on the counterion 259 

(A) Chemical structure of doxorubicin. (B) Cryo-TEM image of doxorubicin HCl loaded into liposomes using an 260 

ammonium sulfate gradient (adapted with permission from [114]) showing linear rod like nanocrystals (C) Cryo-261 

TEM image of doxorubicin HCl loaded into liposomes using a citrate gradient showing circular and U-shaped 262 

nanocrystals (adapted with permission from [33]). 263 

 264 

DOX to ionise and interact with the sulfate anion and precipitate within the liposome [107].  265 

Other gradient loaded DOX liposomes such as the phosphate gradient [63] and magnesium 266 

sulfate gradient (with ionophore) liposomes [128] also enabled DOX precipitation inside the 267 

liposome (refer to Table 3).  268 
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Overall, it is clear that the counter ions used to actively load the DOX into the 269 

liposomes result in differences in the structure of the precipitates, most likely due to the 270 

formation of salts with different crystal habits and rigidity.   271 

 272 

5.2 Vincristine, vinorelbine and vinblastine 273 

Liposomal vincristine sulfate (trade name: Marqibo®) has been approved for the 274 

treatment of lymphoblastic leukemia.  Vincristine (VCR) is a vinca alkaloid with low aqueous 275 

solubility at physiological pH but with high permeability, making it ideal to be encapsulated 276 

into liposomes to reduce the acute toxicity of the free drug [133]. Johnston et al. compared 277 

the physical states of magnesium sulfate gradient (with ionophore) loaded vincristine 278 

liposomes at different drug to lipid (D/L) ratios (Figure 5). At the highest D/L ratio of 1.03, the 279 

cryo-TEM image showed the liposomes with dense granular structures within their aqueous 280 

core (Figure 5F). These structures are very different to the linear crystal rods formed in DOX 281 

sulfate liposomes [127].  In this study, the higher the D/L ratio, the better the drug retention 282 

(i.e., the lower the vincristine release rate).  However a higher drug retention does not always 283 

correlate to the most optimal therapeutic efficacy; in the above study, the optimal 284 

therapeutic efficacy was achieved with liposomes formed at a D/L ratio of 0.1.  285 

 286 

Figure 5. Cryo-TEM images of liposomal formulations of vincristine.  The drugs were loaded into the liposomes 287 

using the ionophore A23187/MgSO4 loading method at different D/L ratios. (A) Liposome in the absence of 288 



25 
 

drug, and at a D/L ratio of 0.06 (B), 0.27 (C), 0.6 (D) and 1.03 (E). (F) Enlarged section of (E) showing granulated 289 

structures within the liposomes. The size bar represents 200 nm in each image (adapted with permission from 290 

[127]). 291 

In another study, other vinca alkaloids, including vinorelbine and vinblastine were also 292 

investigated as liposomal formulations in comparison to vincristine [126].  None of the vinca 293 

alkaloids, i.e., vinorelbine, vinblastine or vincristine showed crystalline precipitates within 294 

magnesium sulfate (with ionophore) loaded liposomes (Figure 6). The more electron-dense 295 

appearance in the cryo-EM micrographs compared with drug-free liposomes indicated that 296 

the drug had precipitated in an amorphous rather than crystalline form within the liposome. 297 

 298 

 299 

Figure 6. Cryo-TEM images of liposomal formulations of different vinca alkaloids. The drugs were loaded into the 300 

liposomes using the ionophore A23187/MgSO4 loading method at a D/L ratio of 0.3. (A) Liposomes in the 301 

absence of drug, (B) liposomal vinblastine, (C) liposomal vinorelbine and (D) liposomal vincristine. The size bar 302 

represents 100 nm for all of the images (adapted with permission from [126]). 303 

5.3 Topotecan 304 

 Topotecan (TPT), a camptothecin analogue, is a topoisomerase I inhibitor for the 305 

management of ovarian cancer. Its closed α-lactone ring is therapeutically important for 306 

tumour cell targeting; however the stability of this molecule presents a challenge as it has a 307 

tendency to undergo hydrolysis at neutral physiological pH [134, 135]. Encapsulation of TPT 308 

into liposomes can increase drug stability and enhance its therapeutic index [136, 137].  Four 309 

different active loading methods were employed; namely ammonium sulfate, citrate, 310 

manganese sulfate (with ionophore), and manganese chloride (with ionophore). All methods 311 

induced the formation of intraliposomal linear nanocrystals at a low D/L ratio of 0.1 [70] (refer 312 

to Figure 7). The crystalline TPT precipitates also altered the vesicle morphology to a more 313 

stretched elliptical shape compared to the empty spherical liposomes.  314 



26 
 

Co-encapsulation of anticancer drugs, such as VCR and TPT, increases their 315 

therapeutic efficacy because the combination acts on different targets in the cancer cell and 316 

affects different phases in the cell cycle. TPT converts DNA topoisomerase I into a cellular 317 

toxin, leading to arrest in the S phase or G2-M phase, whereas, VCR causes depolymerisation 318 

of microtubules, leading to mitotic arrest [138].  In the case of VCR and TPT, both drugs are 319 

amphiphilic weak bases and apparently do not interact with each other after co-encapsulation 320 

into ammonium sulfate gradient loaded liposomes [109]. Analyses by SAXS showed that TPT 321 

crystallizes in the shape of longitudinal rods while VCR did not precipitate. The author 322 

suggested since the intraliposomal VCR concentration significantly exceeds its maximal 323 

aqueous solubility, and that it probably formed a supersaturated amorphous gel-like phase 324 

inside the liposome [109].  325 

 326 

 327 

Figure 7. Cryo-TEM images of liposomes before and after active drug loading with topotecan (TPT). Top row: 328 

Empty liposomes before TPT loading. Bottom row: loaded topotecan at 0.1 w/w drug to lipid ratio. The type of 329 

active loading method is annotated above the images (adapted with permission from [70]). All loading methods 330 

resulted in formation of linear crystalline precipitates for TPT liposomes. Scale bar is equivalent to 100 nm for 331 

all the images. 332 

5.4 Other drugs 333 

 Ciprofloxacin is a fluoroquinolone broad-spectrum antibiotic and is a weakly basic 334 

drug with poor aqueous solubility at neutral pH [105].  Actively loading liposomes with 335 
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ciprofloxacin using an ammonium sulfate gradient can provide a high intraliposomal drug 336 

concentration; however the drug does not precipitate as nanocrystals [85]. This led to 337 

acceptable long-term stability of 6 months in an early research liposomal ciprofloxacin batch 338 

[85] and 2 years in the GMP batches (e.g., with Lipoquin®) with no decrease in encapsulated 339 

drug [121]. However, the drug leakage rate after dilution in plasma was faster for liposomal 340 

ciprofloxacin than for the liposomal formulation containing doxorubicin in a nanocrystalline 341 

state [85]. Thus, attenuation of the ciprofloxacin release rate may be possible if it could be 342 

converted into a nanocrystalline state. Recently, an additional freeze-thawing step was 343 

introduced to the ammonium sulfate loaded ciprofloxacin liposomes that generated a linear 344 

rod-like ciprofloxacin precipitate inside the liposomes. The precipitate was visually similar to 345 

DOX sulfate crystals as observed in Doxil® [82]. In another study with ciprofloxacin, 346 

hydroxybenzenesulfonate (HBS) was used in the loading of ciprofloxacin into liposomes, and 347 

resulted in the formation of intravesicular ciprofloxacin-HBS non-soluble ion pair complexes 348 

[131]. The negatively charged sulfonic group of HBS and the positive charge on the protonated 349 

amine in ciprofloxacin lead to the formation of insoluble ion pairs. Other drugs that have also 350 

precipitated inside liposomes include EDTA loaded idarubicin [64] and epirubicin [130]. Both 351 

idarubicin and epirubicin formed circular button shaped bundles inside the liposome. For 352 

idarubicin, the EDTA loading method enabled efficient drug accumulation inside the liposome. 353 

The formation of a low solubility idarubicin EDTA precipitate inside the liposome leads to 354 

increased in vivo stability for the otherwise fast-leaking hydrophobic drug [64].  355 

 Although as discussed previously the type of active loading buffer can influence the 356 

structure of the nanocrystal formation such as for doxorubicin. There are also slight 357 

differences for the nanocrystal precipitate observed among different drugs (Table 3). For 358 

example topotecan is reported to precipitate in thin needle like precipitate, whereas 359 

doxorubicin is precipitated in a more linear bundle like structure and epirubicin having some 360 

linear structures but mostly circular or button like structures. The difference in the 361 

doxorubicin nanocrystals to topotecan nanocrystals could be due to the chemical structure of 362 

the drug molecule itself. Topotecan is comprised of a planar pentacyclic ring structure, 363 

whereas doxorubicin contains a tetracenequinone ring structure with a sugar attached by 364 

glycosidic linkage. The difference in the molecular structure would affect the crystal packing 365 

which changes the nanocrystal structure formed. In the case of epirubicin (EDTA loaded 366 



28 
 

liposomes), where the molecular structure is identical to doxorubicin, the difference in the 367 

nanocrystal structure formed inside the liposome could be due to the difference in the active 368 

loading buffer used. 369 

 370 

6 Drug release from nanocrystallised drug within liposomes 371 

The fundamental mechanism of drug release in liposomal drug delivery systems is through 372 

passive drug permeation and diffusion. Drug release from liposomal carriers is a complex 373 

process affected by the physiochemical properties of the liposome and the physical state of 374 

the encapsulated drug, as well as external factors such as the release medium selection, 375 

temperature and pH.  The physiochemical properties that dictate drug release from liposomes 376 

include the bilayer permeability of the drug, the drug ionisation constant, drug binding 377 

behaviour with the lipid bilayer, self-association of the drug and the presence of 378 

intraliposomal precipitate. The size and the cross sectional area of the molecule are also 379 

important in dictating the permeability and diffusion of the drug across the lipid bilayer [139, 380 

140].  Other parameters to be considered in the case of actively loaded liposomes are the 381 

concentration and type of the loading buffer, the D/L ratio, intraliposomal pH, volume, as well 382 

as external factors such as the presence of other permeable ions in the external buffer.  383 

Dialysis is commonly used to study the drug release kinetics from liposomal formulations. 384 

The liposomes dispersion is placed inside a dialysis bag, which is then sealed and placed into 385 

the release medium reservoir to generate sink conditions and drive drug release. However 386 

this method has serious, often unrecognised limitations in the ability to measure the release 387 

rate and kinetics from liposomal formulations. The barrier nature of the dialysis membrane 388 

itself can retard the apparent drug release rate, meaning that although drug is released from 389 

the liposome, it is not recognised as such until it reaches the receptor medium [141, 142] The 390 

drug could also reversibly or irreversibly bind to the dialysis membrane or the liposome after 391 

release from the carrier, which reduces the apparent release rate and concentration gradient 392 

across the membrane [143, 144]. Another conventional method to evaluate drug release from 393 

liposomal formulations is the “sample and separate” method. The liposomal formulations are 394 

diluted into the release medium under sink condition and aliquots are removed from the 395 

release medium at different time intervals. The amount of drug release is determined after 396 
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separation of the dispersed liposomal formulation (e.g. by ultracentrifugation or 397 

ultrafiltration) from the release medium [145-147]. The limiting factor for this method is the 398 

efficiency and accuracy of the sample separation method that is used. The force and time 399 

applied for centrifugation to separate the liposomes from the free drug can potentially induce 400 

unwanted drug release and affect the apparent drug release [141, 148]. It is important to note 401 

that despite Doxil® having been on the market for two decades now, there is still no 402 

pharmacopoeial method for the measurement of drug release from liposomes, although 403 

recent FDA sponsored work towards a continuous flow USP-4 method has been reported 404 

[149].  405 

Several mechanistic models have been developed to predict drug release for Doxil® [143, 406 

150] and liposomal topotecan [151, 152]. These models explain the physiochemical 407 

properties important in dictating the drug release behaviour as well as gaining insight into the 408 

in vivo - in vitro correlation to better predict the drug release behaviour in vivo. Csuhai et al. 409 

determined the key parameters for mechanism-based models to help predict doxorubicin 410 

release from actively loaded liposomes [150]. These parameters included drug pKa, 411 

permeability coefficients, drug self-association and relevant equilibrium constants, solubility 412 

product of the DOX-sulfate nanocrystals, and partition coefficients of DOX. The amount of 413 

drug loaded, and the concentration of the sulfate ion dictate how much drug is precipitated 414 

within the liposome. The solubility product constant (Ksp) for DOX-sulfate nanocrystals of 415 

Doxil® was reported to be 2.9×10-7 M3 at 37°C. The solubility of DOX decreases with increasing 416 

ammonium sulfate concentration, and the solubility product of the DOX-sulfate nanocrystals 417 

is temperature dependent. The authors assumed that only the unionised monomeric form of 418 

DOX can cross the liposomal membrane. Therefore the concentration of DOX in the 419 

monomeric form rather than the self-associated dimeric and oligomeric form will be the 420 

driving force for drug release.  421 

It has also been reported that the precipitation of DOX-sulfate salt as nanocrystals inside 422 

the liposomes lowers the fraction of drug in solution [143]. This reduces the driving force for 423 

release and retards DOX release from Doxil®.  The solubility product of the precipitate is the 424 

rate limiting factor to control drug release rather than the dissolution rate. Since more than 425 

90% of the total entrapped drug is precipitated as drug nanocrystals, the driving force for drug 426 

release remains constant, resulting in zero order release kinetics. Also the study observed 427 
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that when there is no external ammonia in the release media, the internal pH is acidic, which 428 

protonates the DOX and the ionised drug is then membrane impermeable, resulting in an 429 

extremely slow release profile. However when ammonia is added externally, the reservoir pH 430 

is elevated and the influx of ammonia will raise the intraliposomal pH and accelerate drug 431 

release. This zero order release kinetics model is also consistent with the data reported for 432 

liposomes containing precipitated vincristine with the drug efflux rate being proportional to 433 

the soluble drug concentration [127]. 434 

A more recent study by Russell et al. assessed the kinetics of doxorubicin leakage from 435 

the Doxil® formulation [153], namely that the release of doxorubicin from Doxil® undergoes 436 

three processes, first the dissolution of the solid DOX-sulfate nanocrystals, then the 437 

protonation/deprotonation of the soluble DOX and finally passive transport of neutral DOX 438 

across the lipid bilayer to the external medium. They proposed that the dissolution of the 439 

DOX-sulfate nanocrystals followed first order kinetics with a rate constant of 1.0 x 10-9 cm s-440 

1. The DOX leakage for transport across the lipid bilayer was also modelled by first order 441 

kinetics with a rate constant of 1-3 x 10-12 cm s-1 depending on the pH, with a more acidic pH 442 

resulting in a higher rate constant. The dissolution rate of the DOX-sulfate nanocrystal is three 443 

orders of magnitude faster than the leakage rate constant of DOX across the lipid bilayer. 444 

Hence, the kinetics of DOX leakage from the liposome are dominated by the rate constant for 445 

transport across the liposome bilayer and the pKa [153].  446 

 447 
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 448 

Figure 8 Schematics of different drug release kinetics. A Drug is present inside the liposome only in a solubilised 449 

form. The drug release rate follows first order kinetics. B Drug precipitation/crystallisation has occurred within 450 

the liposome core. The drug release rate follows zero order kinetics with (adapted with permission from [131]). 451 

 452 

As described earlier, Zhigaltsev et al. prepared HBS loaded liposomal vinorelbine and 453 

liposomal ciprofloxacin. The drug and HBS formed non-soluble ion pair complexes that 454 

precipitated inside the liposomes leading to improved drug retention [131]. The in vitro 455 

release studies showed that when the precipitates had formed, release was governed by zero 456 

order kinetics, but in the absence of intraliposomal precipitation the release followed first 457 

order kinetics (Figure 8). Also they suggested that if the dissolution rate of the drug is slower 458 

than the membrane diffusion rate of the unionised species, a biphasic release with a rapid 459 

initial loss of drug followed by slower linear zero order release will be observed. However if 460 

the membrane diffusion rate is slower than the dissolution of the precipitate, only a zero 461 

order release rate is observed.  462 

The formation of ciprofloxacin nanocrystals inside the liposomes after using the freeze-463 

thaw method was briefly discussed in section 5.4. In another study, addition of polysorbate 464 



32 
 

20 or Brij 30 during the preparation of liposomal ciprofloxacin before the freeze-thaw method 465 

was applied reduced the extent of ciprofloxacin nanocrystal growth inside the liposomes and 466 

hence allowed modification of the drug release profile [122]. It was also noted that the 467 

samples that had nanocrystals formed inside the liposomes post the freeze-thaw process 468 

showed slower drug release compared to liposomal ciprofloxacin in the absence of 469 

nanocrystals, regardless whether surfactant was added or not. This study suggests the 470 

potential possibilities of controlling the size of nanocrystal formation within the liposomes, 471 

which may be useful in developing future liposomal drugs with tailored drug release profiles.  472 

 473 

7 Future applications of nanocrystallised liposomes and conclusions 474 

Nanocrystalline precipitates formed within liposomes provide many potential benefits for 475 

liposomal drug formulation including higher drug retention, better formulation stability, and 476 

more efficient drug loading. However, the solid state properties of the precipitates have not 477 

been studied in a detailed and systemic way (as shown in Table 3). To date, only DOX-sulfate 478 

and DOX-citrate precipitates in liposomal DOX have been fully characterised and confirmed 479 

to show the precipitates are in a crystalline form. This greatly limits the investigation into the 480 

mechanism of drug crystallisation within liposomes as well as the assessment of additional 481 

benefits in drug delivery applications. From Table 3, some observations can be drawn from 482 

the drugs that form “nanocrystal like” fibrous bundles/precipitate inside the liposomes.  483 

Firstly, these liposomal formulations are prepared using an active loading method (as 484 

described in section 3) so the drug needs to be an amphiphilic base or acid. Also the selection 485 

of ion for the active loading method is crucial in generating insoluble drug-ion complexes, 486 

which promote precipitation. Secondly, these actively loaded liposomal formulations have 487 

achieved high drug loading efficiency and high drug retention properties. The high 488 

intraliposomal drug concentration means that more ionized drug molecules are able to form 489 

insoluble complexes with the ions inside the liposome. Lastly, these drugs have many 490 

aromatic rings in their structures that can form stacks through aromatic pi-pi interactions.  491 

For drugs that did not precipitate inside the liposome after active loading, the freeze-492 

thawing method which induced crystallisation of ciprofloxacin within liposomes [82, 122] 493 

could potentially be applied to enable crystallisation inside the liposome. This method may 494 
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be easily incorporated in the process to form drug nanocrystals inside the liposome. Although 495 

there is no definitive mechanistic understanding of the formation of drug precipitate within 496 

the liposome, the expansion and study of a wider range of compounds exhibiting this 497 

phenomenon would generate increased interest and experimental studies to support 498 

theoretical modeling of possible mechanisms. 499 

One possible future application for the liposomal drug nanocrystals may be in oral drug 500 

delivery. Traditionally, nanocrystals range from 10-1000 nm in particle size [154]. The smaller 501 

particle size of these nanocrystals would increase the apparent surface area, which, together 502 

with the enhanced solubility by virtue of the lipids being present, will increase the dissolution 503 

rate of the poorly water soluble drugs predicted from the Noyes-Whitney equation [155]. 504 

Hence, the nanocrystals present inside the liposome would provide a source for enhanced 505 

dissolution rate due to their small size. Liposomes, at least in theory, are inherently a lipid-506 

based formulation (LBF) [156]. During the digestion of LBF, bile salts can interact with 507 

liposomes forming mixed micelles [157, 158] and lipases and phospholipases have the ability 508 

to hydrolyse the phospholipid in the liposomes [159, 160]. In the case of liposomes with 509 

encapsulated nanocrystals, if the crystallised drug is weakly basic in nature, the hydrolysis of 510 

phospholipid into free fatty acid by the nature of the digestion process would interact with 511 

the oppositely charged weakly basic drug to form an amorphous drug salt [161]. This 512 

formation of the amorphous drug salt during digestion of liposomal drug nanocrystals could 513 

increase the drug dissolution rate in the GI tract, and enable enhanced absorption by 514 

providing an increased pool of non-crystalline drug.  515 

Another possible future application for liposomal drug nanocrystals is their use as a new 516 

formulation approach for current drugs formulated as nanosuspensions. Nanosuspensions 517 

are being developed for drugs whose low solubility in lipid or water precludes their 518 

solubilisation into conventional carrier systems for IV administration. Preparing intravenous 519 

nanosuspensions of drugs, such as Abraxane® for paclitaxel [162], requires a complex 520 

manufacturing process with dedicated facilities and onerous quality control. In the 521 

nanocrystal examples provided above, the confinement of the liposome appears to exclude 522 

external crystallization or growth through Ostwald ripening, leading to potentially greater size 523 

stability and thus increased safety for such products, while enabling the administration of a 524 

meaningful dose.  525 
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Liposomes, including conventional liposomes [163], highly deformable liposomes 526 

(transfersomes) [164, 165] and niosomes [166] have been explored to improve drug delivery 527 

through the skin [167, 168]. The phospholipid of the liposomal bilayer acts as a penetration 528 

enhancer by loosening the lipid structure of the stratum corneum and this impaired barrier 529 

function of the skin subsequently increases skin partitioning of the drug [169, 170]. There are 530 

currently three nanocrystalline-based products for topical drug delivery on the market and a 531 

few under clinical trials [171].  Drug nanocrystals with their larger surface area compared to 532 

for example micronized drug particles, increase the drugs’s dissolution rate and even 533 

saturation solubility [172, 173]. The increased saturation solubility helps to maintain the 534 

concentration gradient between the suspension and the target cell which improves drug 535 

absorption by diffusion [171]. Currently, drug nanocrystal suspensions are formulated in gels 536 

or creams for ease of application [174, 175]. Liposomal drug nanocrystals however, can be 537 

beneficial in these cases as the liposomal bilayer acts as the stabiliser for the drug 538 

nanocrystals as noted above. This may reduce the requirement for additional formulation 539 

development. The liposomal bilayer may also act as a penetration enhancer for the 540 

encapsulated drug nanocrystals.  541 

In conclusion, this review has explored the importance of the physical state of the drug 542 

encapsulated within liposomes and the role this state plays with respect to drug dissolution 543 

and release. The ability to modify the drug’s physical state inside a liposome may provide an 544 

opportunity to modify the pharmacokinetics of the drug to optimise the safety and efficacy 545 

of treatment with liposomal products. 546 
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