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A B S T R A C T   

By direct deposition of the drug at the local site of action, injectable depot formulations – intended for treatment 
of a local disease or for local intervention – are designed to limit the immediate exposure of the active principle at 
a systemic level and to reduce the frequency of administration. To overcome known drawbacks in the production 
of some marketed phospholipid-based depots, here we propose to manufacture drug-loaded negatively charged 
liposomes through conventional technologies and to control their aggregation mixing a solution of divalent 
cations prior to administration. We identified phosphatidylglycerol (PG) as the most suitable phospholipid for 
controlled aggregation of the liposomes and to modulate the release of the anesthetic bupivacaine (BUP) from 
liposomal depots. In vivo imaging of the fluorescently-labelled liposomes showed a significantly higher retention 
of the PG liposomes at the injection site with respect to zwitterionic ones. In situ mixing of PG liposomes with 
calcium salts significantly extended the area under the curve of BUP in plasma compared to the non-depot 
system. Overall, controlling the aggregation of negatively charged liposomes with divalent cations not only 
modulated the particle clearance from the injection site but also the release in vivo of a small amphipathic drug 
such as BUP.   

1. Introduction 

Long-acting depot systems entered successfully the market in the 
early 2000s thanks to their tunable drug release kinetics ranging from 
days to months. Notable examples are the in situ forming implant system 
technology Atrigel® [1], the liquid crystalline phase technology Fluid-
Crystal® [2], and the multivesicular liposomes (MVL) technology 
DepoFoam™, which includes Exparel® (bupivacaine, BUP), DepoDur® 
(morphine) and DepoCyte® (cytarabine) [3–9]. While DepoDur and 
DepoCyt were discontinued from the market in US or Europe, new 
therapeutic indications are explored for Exparel [7–9], one of the most 
prominent examples among the lipid based-drug delivery systems. 

When designing a drug carrier for any route of administration, li-
posomes most certainly represent a carrier of choice thanks to their very 
low toxicity profile indeed [12]. Their high biocompatibility, their 

ability to encapsulate both hydrophilic and lipophilic drugs and the high 
variety of possible chemical modifications make them particularly 
suitable for depot formulations [13]. The DepoFoam multivesicular li-
posomes in Exparel, containing numerous internal aqueous compart-
ments divided by non-concentric lipid bilayer, features high 
encapsulation efficiency and extended-release profile of the local anes-
thetic BUP, with a consequent pain reduction lasting up to 3 days 
[12–15]. Regrettably, the production of DepoFoam vesicles (a two-step, 
water-in-oil-in-water double-emulsification process) requires organic 
solvent [16,17] - a serious limitation of this system - and, due to the large 
size of the MVL and their temperature sensitivity, the complete pro-
duction needs to be performed under aseptic conditions, resulting in a 
cumbersome and cost-ineffective process. 

To overcome these drawbacks, our group proposed to generate a 
liposomal depot injectable via bedside mixing of large unilamellar 
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vesicles (LUV) formulated with negatively charged phospholipids (NCP) 
and divalent cations (as calcium or magnesium) to prompt a controlled 
aggregation of the vesicles just before injection, due to the electrostatic 
interaction between the NCPs and cations. We identified, among several 
phospholipids screened, three depot-forming NCP candidates (1,2- 
dipalmitoyl-sn-glycero-3-phosphate (DPPA), 1,2-dioleoyl-sn-glycero-3- 
phosphate (DOPA) and 1,2-distearoyl-sn-glycero-3-phospho-(1′-rac- 
glycerol) (DSPG)) and their physicochemical characteristics evaluated in 
vitro [18]. In the current study, we explore the use of DSPG, DPPA and 
DOPA as building block for depot formulations to deliver BUP locally 
and we investigated the influence of the anesthetic drug on the aggre-
gation process. The in vitro studies showed that phosphatidylglycerol 
(PG) is the most suitable phospholipid to modulate the BUP release from 
liposomal depot injectables upon addition of divalent cations. In vivo 
imaging of fluorescently labelled liposomes administered subcutane-
ously and pharmacokinetics studies in rats of the BUP-loaded liposomal 
depots confirmed the results obtained in vitro and ex vivo: the aggrega-
tion of negatively charged liposomal formulations upon addition of 
divalent cations can control not only the clearance of the particles but 
also, and more interestingly, the release of a small amphipathic drug 
such as BUP. Overall, we could show that by generating liposomal ag-
gregates, drug diffusion can be slowed down and extended. Depot in-
jectables can be formed easily prior to injection, controlling the 
aggregation of NCP-liposomes through the interaction with divalent 
cations added at concentrations enabling a rapid fusion-free aggrega-
tion. A further advantage is that sterile injectable NCP-depots can be 
produced with existing technologies by using sterile filtered liposomes 
prior to the aggregation step, which may take place in a double chamber 
syringe. 

2. Materials and methods 

2.1. Materials 

1,2-dipalmitoyl-sn-glycero-3-phosphate (DPPA), 1,2-dioleoyl-sn- 
glycero-3-phosphate (DOPA) 1,2-dipalmitoyl-sn-glycero-3-phosphocho-
line (DPPC); 1,2-distearoyl-sn-glycero-3-phospho-(1′-rac-glycerol) 
(DSPG) (Lipoid, Ludwigshafen, Germany); cholesterol (Chol), brom-
phenolblue and sodium chloride (NaCl) (Sigma Aldrich, Schnelldorf, 
Germany); Bupivacaine (BUP) hydrochloride monohydrate was ob-
tained from Fagron (Glinde, Germany); Bupivacaine-d9 was obtained 
from Cayman Chemical Company, USA. LC/MS grade acetonitrile, 
water, and formic acid 98 % − 100 % were purchased from Merck 
(Darmstadt, Germany); 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindodi-
carbocyanine, 4-chlorobenzenesulfonate salt (DiD) (Invitrogen, Carls-
bad, USA); calcium chloride hexahydrate (CaCl2), magnesium chloride 
(MgCl2) hexahydrate and ammonium sulfate (NH4)2SO4 (Carl Roth, 
Karlsruhe, Germany); isoflurane (Attane™, Piramal Pharma, India); 
pentobarbital (Esconarkon®; Streuli Tiergesundheit SA, Switzerland). 
Gibco™ water for injection (WFI) Fischer scientific (Switzerland). 
Acetonitrile (ACN), methanol (MeOH), chloroform, tetrahydrofuran 
(THF) and trifluoroacetic acid (TFA) were obtained from Carl Roth 
(Karlsruhe, Germany); Purified and deionized water (H2O) was prepared 
with Smart2Pure3 (Thermo Scientific, Niederelbert, Germany). 

2.2. Liposome preparation 

Liposomes were prepared by film hydration method and subjected to 
freeze–thaw-cycles [19]. Appropriate amounts of lipid stock solutions in 
chloroform were transferred into amber glass vials and in the case of DiD 
labeled liposomes, the needed amount of dye stock solution (10 mg/mL 
in EtOH) was added together with the lipids so that the final DiD con-
centration being 0.02 % mol of DiD/mol total lipid. The organic solvent 
was removed by applying a nitrogen stream and keeping the film 
overnight under vacuum. After hydration with 150 mM (NH4)2SO4 
buffer and 6 freeze–thaw-cycles, liposome formulation was extruded 10 

times through 2x200 nm polycarbonate membrane. To form the 
gradient, a spin protocol was used. Sephadex G50 columns (swollen in 
150 mM NaCl overnight) were dried by centrifugation. Liposomes were 
loaded on the columns and elution was carried out by centrifugation (3 
min at 1000 g). The eluted liposomes were collected and further char-
acterized for lipid content by HPLC method [20]. In the case of drug- 
loaded formulations, the samples were incubated for 30 min at 70 ◦C 
with a BUP solution. The unencapsulated BUP was removed by SEC 
following a spin protocol (as described above) and the amount of 
encapsulated drug was quantified via HPLC (see Supplementary 
Methods). BUP-liposomes were concentrated by centrifugation using 
Amicon® Ultra-15 (regenerated cellulose, RC, Cut-off 10′000 MW; 
Merck Millipore, Massachusetts, USA). The osmolarity of liposomes was 
measured by a Knauer K-7400S semi-micro osmometer (Germany) and 
the obtained values were in the acceptable range for subcutaneous in-
jection (<600 mOsm/Kg). In case of formulation produced for in vivo 
studies, water for injection (Fischer Scientific, Switzerland) was 
employed for preparation of buffers. 

2.3. Dynamic laser light scattering measurements 

The mean hydrodynamic diameter, the polydispersity index (PDI) 
and the zeta potential of liposomes were measured using a Litesizer500 
(Anton Paar; Graz, Austria) with a 173◦ backscatter angle and a 633 nm 
helium–neon-laser. For size measurement, 100 μL of samples (10 mM) 
were diluted in 1 mL 150 mM NaCl (refractive index of 1.33 and a vis-
cosity of 0.89 mPa/s) to minimize multiple scattering events. After 
equilibrating the sample at 25 ◦C for 5 min, the measurement (30 runs ×
10 s) was performed. The intensity size distribution of the liposome was 
unimodal; therefore, the autocorrelation function was analyzed ac-
cording to the cumulant method by the Kalliope™-software. In the case 
of zeta potential measurements (100 runs with a voltage set at 200 V) 
the Smoluchowski approximation with a Debye factor of 1.5 was used to 
calculate the mean zeta potential value. 

2.4. Aggregation study 

To determine the extent of aggregation, 50 µL of BUP-loaded or 
unloaded liposomes formulations (total phospholipid concentration 
between 5 mM and 50 mM) were mixed in clear 96-well microtiter plates 
with 150 µL of calcium chloride or magnesium chloride solutions so to 
achieve a final cation concentration from 0 mM to 10/20 mM. After 2 
min incubation, the optical density at λ = 400 nm (OD400) was measured 
with a multimode microplate reader (Tecan Spark 20 M or Tecan Infinite 
M Pro 200F-PlexNano, Tecan, Männedorf, Switzerland). The ΔOD400 
was calculated by subtracting the absorbance of liposomes without 
cation addition from every absorbance value of the aggregated samples. 

2.5. Transmission electron microscopy 

Blank liposomes and BUP-liposomes (total phospholipid concentra-
tion 10 mM) in the aggregated or unaggregated state were morpholog-
ically characterized via transmission electron cryomicroscopy (cryo- 
TEM at the Electron Microscopy Center, University Hospital Jena, 
Friedrich-Schiller-University Jena, Germany). Liposomes were mixed in 
a 1:4 ratio with water, calcium chloride or magnesium chloride solutions 
(final cation concentration 10 mM) and 5 µL of each sample were 
applied to a copper grid covered by holey carbon film (R1/2, 300 mesh, 
Quantifoil Micro Tools GmbH, Jena, Germany) and excess of liquid was 
blotted automatically between two strips of filter paper. The grids were 
mounted on a plunger, blotted and vitrified in liquid ethane at –180 ◦C. 
A Gatan 626 cryo-holder (Gatan, Pleasanton, California) was used to 
transfer the frozen specimen to the Philips CM120 transmission electron 
cryomicroscope (Philips, Eindhoven, The Netherlands) equipped with a 
LaB6 cathode source and operated at 120 kV accelerating voltage. Im-
ages were recorded with a 2 k CMOS camera TemCam-F216 (TVIPS- 
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GmbH, Gauting, Germany). Depot liposomes aggregated in presence of 
calcium were imaged at the Microscopy Imaging Center (MIC), Uni-
versity of Bern, Switzerland. Quantifoil 200 mesh 2/1 grids were glow 
discharged for 20 min at 10 mA using a Balzers Union CTA010. Samples 
(3 µL) were applied to the grids and vitrified by plunging in liquid ethane 
using a FEI Vitrobot Mach4 at 100 % humidity at 21 ◦C. Samples were 
loaded onto a pre-cooled Gatan 626 cryoholder and transfered into a FEI 
Tecnai F20 microscope operated at 200 kV. Images were recorded with a 
4 k DED Falcon 3 as aligned frame averages at different magnifications 
using EPU. 

2.6. Differential scanning calorimetry 

The thermal behavior of unloaded and BUP-loaded liposomes and 
their aggregates was investigated using a DSC 250 (TA Instruments, New 
Castle, Delaware) with TRIOS software (TA Instruments). Multilamellar 
liposomes (MLVs) were produced by film hydration method in a con-
centration of 50 mM. BUP was encapsulated passively using a 5 mg/mL 
BUP solution. Additionally, LUVs were prepared, BUP actively encap-
sulated, centrifuged (20,000 × g, 1 h) and the pellet resuspended in a 
low volume to increase the concentration. The liposome samples with or 
without BUP (15 µL) were transferred in a TZero® aluminum pan (TA 
Instruments) and hermetically sealed. The aggregate formation was 
done in the pan by adding different amounts of calcium or magnesium 
chloride solutions. The liposomes were heated once above their phase 
transition temperature and afterwards three cycles with a heating rate of 
2 ◦C/min performed. The last cycle was used for the evaluation of the 
thermal profile and the calculation of the temperature and enthalpy of 
the phase transition. 

2.7. Release studies via “ex vivo dialysis” 

Porcine skin with subcutaneous tissue was used to mimic the phys-
iological conditions after in vivo subcutaneous injection of the formu-
lations. BUP-loaded liposomes were prepared and centrifuged, and the 
pellet resuspended to achieve higher concentrations. Liposomes were 
mixed with calcium or magnesium cations (cation concentration 10 
mM) and 80 µL of the aggregated or unaggregated BUP-liposomes or 80 
µL of a BUP solution (7.5 mg/mL) injected in the middle of the subcu-
taneous tissue of porcine skin discs (20 mm diameter, porcine excised 
skin with subcutaneous layer was obtained from the Institut für Ver-
suchstierkunde und Tierschutz, Jena, Germany). The skin disks con-
taining the samples were placed in dialysis inserts (Slide-A-Lyzer Mini 
Dialysis Devices, 2 mL, 3.5 kDa MWCO, Thermo Fisher Scientific) and 
incubated at 37 ◦C for 10 days under the conditions described above 
using TRIS buffer (50 mM with 200 mM NaCl) pH 7.4 with physiological 
concentrations of calcium chloride (2.5 mM) and magnesium chloride 
(1.5 mM) containing 0.02 % (w/v) of sodium azide. At several time-
points aliquots of the release medium were taken, lyophilized and after 
reconstitution the BUP amount quantified via HPLC (for details on the 
method: see Supplementary Material). 

2.8. In vivo experiments 

All animal experiments were performed on 12 weeks old Lewis rats 
(LEW/OrlRj, Janvier Laboratories, France) in accordance with institu-
tional and federal regulations governing animal care and use, according 
to the ARRIVE guidelines and were approved by the Cantonal Veterinary 
Office of Bern (Switzerland) (BE47/2021). Rats were housed in specific 
pathogen-free (SPF) conditions in compliance with the and Federation of 
European Laboratory Animal Science Associations (FELASA) guidelines. 
Up to 3 rats can be accommodated in autoclaved IVCs cages (Blue line, 
Tecniplast, Italy) with aspen wood bedding (J. Rettenmeier & Söhne 
GmbH, Germany) and cotton nestlets as nesting material; a black PVC 
tunnel (Plexx, Netherlands) and aspen wood stick (LAB & VET Service 
GmbH, Austria) are present in the home cages as enrichment. The 

housing conditions are controlled with a 12:12 light: dark cycle, room 
temperature in the range of 22+/-2◦C◦ and relative humidity in the 
range of 45 %-65 %. Autoclaved tap water and irradiated rodent chow 
(Mouse and Rat Maintenance 3432, Granovit, Switzerland) are provided 
ad libitumin. The rats had an acclimatization period of one week and 
were regularly handled by the personnel for gentling and habituating to 
the procedures. On the day of experiment, animals were randomly 
allocated in different treatment-groups. Each group, consisting of 3 
males and 3 females, received a different treatment and the sex was then 
imposed as blocking factor for the statistical analysis. The results are 
presented as mean ± σ (n = 6). Multiple comparison between the groups 
were performed by a non-parametric Kruskal-Wallis test and a post hoc 
correction for multiple comparison was done by using Dunn’ s test. The 
adjusted p-values are reported as: * 0.1; ** 0.05, *** 0.001 and **** 
0.0001. 

2.8.1. Clearance kinetics of liposome formulations from the injection site 
The clearance kinetics of the fluorescently labelled formulations 

(Depot-Liposomes: negatively charged liposomes aggregated with 10 
mM CaCl2; Non-Depot-Liposomes: negatively charged liposomes 
without CaCl2 and Neutral-Liposomes (DPPC/Chol 70/30 mol/mol) 
were determined by in vivo imaging. In vivo near-infrared fluorescence 
imaging was performed with an IVIS Spectrum scanner (IVIS Spectrum 
CT; PerkinElmer). Rats (6 animals/group) were anesthetized with 5 % 
isoflurane in 100 % O2 at 1 L/min for the induction and anesthesia was 
maintained with 1.2 minimum alveolar concentration via face mask, 
and injected subcutaneously in the plantar side of the right hind paw 
(using 1 mL insulin syringes with a 29G needle) with the DiD labelled 
formulations (150 μL; 40 mM lipid contrition and 0.02 % mol of DiD) 
and images of the injection site were acquired (under anesthesia) at 
different time points immediately before and after injection, at 0.5 and 
6 h, 1, 2, 3, 4, 7, 8 9, 10, 11 and 14 days). Animals were euthanized with 
a pentobarbital injection (150 mg/Kg intraperitoneal) under anesthesia 
after the last time point and organs were harvested to assess the for-
mulations biodistribution. The IVIS Spectrum scanner was set to fluo-
rescence imaging mode, time and an emission filter positioned at 650 
nm. The focus was kept stable using subject high of 1.5 cm whereases the 
temperature into the chamber was set at 37 ◦C. Analysis of images (set 
with a fixed counts scale from 1′000 to 40′000 and acquired with a 0.2 s 
exposure time) were computed by first define the regions of interest 
(ROI; a representative image with the ROIs are shown in SI) which was 
kept consistent across images and then the sum of all counts for all pixels 
inside the ROI (Total Fluorescence Counts- TFC; photons/second) 
recorded. The clearance kinetics profile was obtained by plotting the 
normalized percentage of TFC (as defined in Equation1) vs time (day). 

%TFC = (TFCt − TFCblank)/TFCt0 (1)  

Where TFCt, TFCblank and TFCt0 are the Total Fluorescence Counts inside 
the ROI recorded at different time point, before injections and imme-
diately after the injection, respectively. 

2.8.2. Pharmacokinetics (PK) 
Rats (6 animals/group) were injected subcutaneously in the plantar 

part of the right hind paw (using 1 mL insulin syringes with a 29G 
needle) with 150 μL of Depot, Non-Depot and Neutral liposomes, or free 
BUP. All the formulations had the same final BUP concentration (6.5 
mg/mL). For each animal, 100 μL of blood (in compliance with the 
guidelines provided by National Centre for the Replacement, Refine-
ment and Reduction of Animals in Research [21] was collected from the 
lateral tail vein at − 2 days, 0.25, 2 and 8 h, 1, 2, 3, 4, 7, 9, 11, and 14 
days after injection, with the conscious animals placed in a restrainer. 
Animals were euthanized after the last sampling point with CO2 (slow 
fill rate and organ harvesting performed after confirmation of death). 
Blood was collected and stored in K2-EDTA BD-Microtainer™ (Fisher 
Scientific AG, Switzerland), centrifuged at 4 ◦C, at 3000 g for 5 min and 
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the obtained plasma (25 μL) stored at − 20 ◦C. BUP was extracted from 
plasma by adding 125 μL of methanol (containing the deuterated 
bupivacaine; IS) and 100 μL of acetonitrile. After 1 h centrifugation at 
20′000 g (4 ◦C) BUP concentration was determined in the obtained clear 
supernatant using LC-MS/MS analysis. AUC0-14d were calculated ac-
cording to the trapezoid method. The data were furthermore analyzed 
by population PK modelling with the saemix package (v 3.0) in R (v 
4.2.0). One- and two-compartment models with intravascular or extra-
vascular administration as well as a model with a combination of two 
one-compartment models, one with intravascular and one with extra-
vascular administration to simulate two fractions of differently behaving 
BUP, were applied. The formulation and sex were tested as potential 
covariates. However, these analyses failed for the Depot and Non-Depot 
liposomes as not all parameters were sufficiently defined by the data. 

3. Results and discussion 

3.1. BUP encapsulation and liposomes characterization 

Our group recently showed how liposomes formulated with L- 
α-phosphatidylcholine from egg (EPC) comprising 25 mol% of various 
NCP form large aggregates not undergoing fusion upon addition of 
calcium and magnesium ions and we identified DSPG, DOPA and DPPA 
as the most suitable phospholipids to generate aggregates using physi-
ological concentration of divalent cations [18]. 

To encapsulate efficiently a small amphiphilic drug as BUP and to 
ensure a reduced drug leakage from the liposomes upon storage, our 
original EPC/NPC formulation was enriched with Chol to modulate the 
bilayer fluidity. Besides EPC, also the synthetic 1,2-dipalmitoyl-sn-glyc-
ero-3-phosphocholine (DPPC) was tested as alternative zwitterionic 
(overall neutral) component. The use of DPPC instead of EPC did not 
influence the hydrodynamic diameter or zeta potential (vide infra). As 
the EPC-based formulations turned out to be less stable in shelf-life 
studies and more prone to fusion than DPPC-based liposomes 
(Figure S1 and S2), here we report exclusively data on formulations 
using DPPC as main zwitterionic phospholipid. 

Following the established protocols to generate a transmembrane 
ammonium sulfate gradient [10,11,22–25], BUP was loaded into lipo-
somes composed by 25 mol% NCPs (DSPG, DOPA and DPPA), 30 mol% 
Chol and 45 mol% DPPC starting from various drug to lipid ratios (D/L 
= 1, 2, or 3) with high efficiency (Fig. 1a). A D/L ratio of 1 resulted in the 
highest amount of encapsulated BUP (up to 2.7 mg/mL) whereas an 
initial D/L ratio of 3 led to the highest final D/L ratio of 0.57 for DSPG 
based-liposomes, higher than other values reported in literature where 
only neutral liposomes were used [24,26]. We hypothesize that the 
electrostatic interactions between the negative surface charge of the li-
posomes and the positively charged drug remotely loaded in the core as 
sulfate salt might have enhanced BUP encapsulation. All the formula-
tions exhibit a mean hydrodynamic diameter of around 160 nm (Fig. 1b) 
with a low PDI (<0.15) indicating a homogenous size distribution 
independently of the NCP used. 

We observed an increase of the hydrodynamic diameter and PDI of 
the formulations after BUP encapsulation and a decrease of the lipo-
somes’ zeta potential (Fig. 1c), likely caused by the reported interaction 
of the amphiphilic BUP with the NCPs [28] that we further investigated 
via DSC (vide infra). Notably, all formulations were stable for at least one 
month either at 4 or 25 ◦C, meeting the requirements for a drug 
formulation with a long shelf-life (Figure S1 and S2). 

3.2. Aggregation study 

Although it has been already demonstrated that either the drugs or 
the cations are able to induce aggregation of NCP-containing liposomes 
[29–31], the influence of an encapsulated drug on the aggregation 
behavior of negatively charged liposomes with divalent cations has not 
been investigated so far. Thus, the aggregation profiles of liposomes 
encapsulating BUP were followed by turbidimetry, mixing the liposome 
dispersions with calcium or magnesium chloride and measuring their 
OD400 in high throughput fashion via a microplate reader. BUP-loaded 
and unloaded DSPG liposomes (+BUP vs -BUP, respectively) exhibited 
the highest threshold cation concentration for the start of the aggrega-
tion either with calcium or magnesium (Fig. 2a and 2d). The presence of 
BUP, likely associated with the bilayer as our DSC results suggested (vide 
infra), affected the DSPG liposomes aggregation profile with a higher 
amount of cation needed for the formation of the depot system with 
respect to unloaded liposomes. 

The two different cations and the presence of the drug did not affect 
the aggregation profile of DOPA liposome (Fig. 2b and 2e), whereas 
DPPA liposomes aggregates with slightly higher magnesium concen-
tration in the presence of BUP (Fig. 2c and 2f). The same results were 
obtained when BUP was loaded in highly concentrated liposomes 
(Figures S3). 

Despite the chain length match in the DPPA/DPPC formulation, only 
the combination of DPPC with DSPG did not induce any fusion at the 
explored experimental conditions (Figure S4). We decided to carry out 
all the subsequent in vitro and in vivo with the DSPG/DPPC formulation, 
since the existence of isolated, drug-loaded liposomes (without cochle-
ate structures) is essential for a predictable drug release profile to take 
place from the depot. 

A parallel morphological investigation, also aimed at excluding 
possible fusion processes derived from the cation-mediated aggregation, 
was carried out via cryo-TEM. Representative micrographs of the Depot 
BUP-liposomes are displayed in Fig. 3. 

All three formulations containing BUP showed LUV in the unag-
gregated state within a size range of around 150 nm. After the addition 
of cations (10 mM, NCP: cation ratio 1:16) large, overlaid aggregates 
could be detected. The individual liposomes in the DSPG and DPPA 
formulations retained their initial size and shape. Thanks to the inclu-
sion of Chol in the formulations and to the presence of the fully saturated 
DPPC, the flexibility of the membrane was reduced and we did not 
observe any deformed contact areas with a flat bilayer region [32]. The 
same results were obtained when DPPC Depot liposomes were 

Fig. 1. (a) Encapsulation of BUP obtained using different initial D/L ratios (represented as bars plot; left axis) and the final D/L ratio (represented as scatter plot; 
right axis). (b) Mean hydrodynamic diameter (represented as bars plot; left axis) and PDI (represented as scatter plot; right axis) and (c) zeta potential of the li-
posomes. Data are presented as mean ± STDV (n = 3). 
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aggregated with a lower NCP: cation ratio of 1:0.4 (Figure S5). 
Among other techniques, thermal analysis is a powerful tool to un-

derstand the interaction between drugs and excipients and, in this spe-
cific case, to elucidate why a higher cation concentration was needed to 
aggregate BUP-loaded formulations. BUP seems to perturb the mem-
brane at a higher extent than the divalent cations do and it has a 
fluidizing effect on the membrane, consistently with what reported in 
the literature for local anesthetics [28,33–38]. All BUP-loaded formu-
lations showed indeed a downshift of the Tm either in the case of lipo-
somes composed only by NCPs or in the case of mixed liposomes 
(Tables S1, S2 and S3; representative thermograms are reported 
Figure S6). It is indeed reported that the amphiphilic BUP interacts with 
the hydrophobic parts of the phospholipid bilayer [28], inducing a 
perturbation of the lipid bilayer order, weakening the molecular in-
teractions and fluidizing the membrane, with a resulting reduced Tm 
[36,39,40]. On the contrary, the addition of high concentrations of 
cations reversed this phenomenon and the Tm values almost raised at the 
same temperature of drug free liposomes. 

BUP-loaded DSPG (and DPPA) liposomes aggregated with the lowest 
NCP:cation ratio exhibits the same Tm as the respective formulation in 
absence of cations, confirming a concentration-dependent effect of the 
cations. The reduction of the Tm is particularly evident in the case of 
DPPA liposomes, where BUP interacts with the small negatively head-
group of the phospholipids promoting a better penetration of the drug 
into the hydrophobic region of the bilayer resulting in a modulation of 
the thermal behavior. On the contrary, this interaction seems to be 
sterically challenged with DSPG-based liposomes [26,41–43]. 

3.3. In vitro release study 

Conventional drug release analysis methods [44,45], using dialysis 
[46] or a flow-through cell [47] are not applicable to appreciate the 
long-sustained drug release offered by depot formulations intended for 
subcutaneous administration. A scientific and pharmacopoeial 
consensus on standard in vitro release tests for this administration route 
is still missing [48]. 

To mimic closely the in vivo conditions following subcutaneous 

injection, we decided to inject different liposome formulations encap-
sulating BUP in presence or absence of cations (10 mM, NCP:cation ratio 
1:0.4) into a modified dialysis setup, that we will name “ex vivo dialysis” 
(Fig. 4a). 

In this setup, a 20 mm disk of porcine skin rich of subcutaneous tissue 
is first injected with the sample, then placed in a dialysis insert and 
incubated at 37 ◦C for 10 days using TRIS buffer pH 7.4 with sodium 
azide and physiological concentrations of divalent cations. 

While all neutral liposomes (Fig. 4b) show an identical release profile 
with 80 % of the drug released after 10 days, the NCP liposomal for-
mulations show different release behaviors. DSPG-containing liposomes 
was the only NCP-formulation showing a difference in the release profile 
of BUP between the unaggregated and aggregated liposomes (Fig. 4c). 
The non-aggregated system released about 60 % of BUP over 10 days 
whereas the aggregated formulations released a maximum of 43 %. In 
case of DOPA and DPPA formulations, no difference between the 
aggregated and unaggregated formulations can be detected (cumulative 
release of < 40 % over 10 days) (Fig. 4d). 

We hypothesize that the initial non-aggregated DOPA and DPPA li-
posomes form aggregates in situ with the polyvalent cations intrinsically 
present in the subcutaneous tissue thus leading to similar release profiles 
compared to the depot formulations. These findings are consistent with 
the obtained aggregation results, where DSPG liposomes were less 
pronounced at physiological cation concentrations in comparison to the 
DOPA and DPPA formulations. 

All the NCP-based depot liposomes released only about 40 % of the 
initially loaded BUP, suggesting a strong compaction of the vesicles 
containing NCPs after aggregation. This might imply a delayed and 
hindered diffusion of BUP through the aggregated dispersions until 
reaching the release milieu. 

To confirm this hypothesis, a hydrophilic dye (bromphenolblue) was 
encapsulated into the liposomes to visualize its distribution in the skin 
discs during the in vitro release (Figure S7). In correspondence of the 
injection site of DSPG liposomes into the skin disc, a dark blue spot from 
the encapsulated bromphenolblue, still retained at the injection site 
after 10 days incubation either in the presence or in absence of cations, 
could be detected, whereas for DOPA and DPPA liposomes the colored 

Fig. 2. Aggregation profiles of DPPC liposome formulations containing 25 mol% NCP (DSPG, DOPA or DPPA), 30 mol% Chol and 45 mol% DPPC in presence (+BUP) 
or absence (-BUP) of BUP in direct comparison (PL concentration 5 mM): DSPG (a, d), DOPA (b, e) and DPPA (c, f). The aggregation was induced by addition of 
calcium chloride (panels a, b and c) or magnesium chloride (panels d, e and f) solutions (NCP:cation ratio 1:32) and measured after 2 min incubation. Data are 
presented as mean ± STDV (n = 3). 
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spot was only visible when the vesicles were aggregated prior to 
injection. 

Taken together, our in vitro investigations revealed the superiority of 
liposomes formulated with DSPG as NCP and DPPC as phospholipid to 
form depot upon addiction of cations and in absence of fusion and, most 
importantly, to release slowly the encapsulated BUP. The ex vivo dialysis 
assay showed that the presence of cations was decisive to modulate the 
BUP release only with the 25 mol% DSPG, 30 mol% Chol and 45 mol% 
DPPC formulation, and we thus decided to continue with this NCP- 
liposomes in our in vivo investigation. 

3.4. In vivo studies 

To produce suitable formulations for the in vivo studies, a scale-up 
process was performed to increase the BUP concentration in Depot, 
Non-Depot and Neutral liposomes (Supplementary Material). The for-
mulations prepared for the in vivo studies, for the preparation of which a 
D/L ratio of 5 was employed, were analyzed before administration and 
the concentration of either the lipids or the BUP was assessed, guaran-
teeing that the same drug dose (6.5 mg/mL) was used across the groups 

in the PK and the same lipid concentration (40 mM) was administer in 
the imaging study. Moreover, either the viscosity or the injection force 
required to administer the formulations were evaluated. Both values 
were close to that one obtained for NaCl solution thus the administration 
(through a 28G needle) guarantees minimal pain or distress for the an-
imal during the injection (Supplementary Material, viscosity and 
injectability studies and Figures S8 and S9). 

Firstly, the clearance kinetics of the fluorescently labelled formula-
tions (Depot-Liposomes: 25 mol% DSPG, 30 mol% Chol and 45 mol% 
DPPC aggregated with CaCl2; Non-Depot-Liposomes: 25 mol% DSPG, 30 
mol% Chol and 45 mol% DPPC without CaCl2 and Neutral-Liposomes 
30 mol% Chol and 70 mol% DPPC) were determined by noninvasive 
in vivo fluorescence imaging (IVIS®). Clinically, no local or systemic side 
or adverse effect occurred. The study (Fig. 5) demonstrated that depot 
formulation had a significantly slower clearance compared to neutral 
formulation at all timepoints tested and these differences are qualita-
tively visible in the imaging of the site of injection over time (Fig. 5A). 
On the other hand, no significant differences were observed between 
Depot and Non-Depot formulation. It is indeed worth mentioning that 
Non-Depot and Neutral formulations, as well as Depot and Neutral 

Fig. 3. Representative cryo-TEM micrographs of depot BUP-loaded liposomes (total phospholipid concentration 10 mM) containing 25 mol% NCP (DSPG top, DOPA 
middle, DPPA bottom row), 30 mol% Chol and 45 mol% DPPC. The first column shows the unaggregated drug-loaded liposomes, the following columns the ag-
gregates with 10 mM calcium cations or 10 mM magnesium cations respectively (NCP:cation ratio 1:16). Scale bar represents 500 nm. 
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formulations, showed a significantly different clearance profile and a 
different area under the curve (AUC, obtained from %TFC vs time pro-
file; Fig. 5C) highlighting the essential role of negatively charged lipo-
somes in the particle-clearance kinetics [49]. As we expected, the 
fluorescence of the internal organs was indeed negligible after 14 days 
(Figure S14). 

Although the preclinical and clinical properties of BUP are well 
documented [27,50], a pharmacokinetic (PK) study was conducted to 
determine the retention of the drug at the injection site after subcu-
taneous administration of free BUP, and compare it with the retention of 
BUP loaded in Neutral, Non-Depot and Depot liposomes. Similarly to the 
in vivo imaging, also the PK study was carried out for 14 days to follow 
either the drug systemic absorption or its complete clearance from the 
body. 

As hypothesized, the plasma concentration–time profiles of BUP 
solution and BUP loaded-formulations were different. Loading BUP in 
Depot and Non-Depot liposomes resulted in a significantly higher 
plasma concentrations, in particular at time points from 24 h to 14 d, 
where no BUP was detectable anymore after administration of BUP so-
lution or BUP in neutral liposomes. The AUC0-14d of BUP from Non- 
Depot and Depot liposomes were significantly higher than from solu-
tion or neutral liposomes. Comparing the Depot and Non-Depot for-
mulations, the AUC of the Depot formulation was higher by trend with p 
= 0.056. The PK analysis suggested that the Depot formulation, retained 

at the injection site for a prolonged time compared to neutral formula-
tion, hold also more efficiently the embedded drug. As it is evident from 
the PK parameters (Fig. 6), the Depot system resulted in a significantly 
higher AUC than free BUP, than the Neutral formulation, and remark-
ably, even than the Non-Depot. 

The similarities of the clearance kinetics of Depot and Non-Depot 
liposomes observed in the imaging studies correlated only partially 
with the PK parameters, which interestingly showed a difference be-
tween the two DSPG-based formulations, revealing a distinctive role of 
the divalent cations in modulating BUP release profile in vivo, as the ex 
vivo dialysis release already suggested. We can conclude that the pres-
ence of Ca2+ in the Depot formulation is not redundant as the brom-
phenolblue diffusion assay and the in vivo imaging of the injection site 
could have initially indicated: the controlled aggregation of negatively 
charged liposomal formulations upon addition of divalent cations can 
control not only the clearance of the particles but also, and more 
interestingly, the release of a small amphipathic drug such as BUP in 
vivo. 

Population PK analysis failed as the terminal phases of the Depot and 
Non-Depot liposomal formulations were not sufficiently defined by the 
data. The concentrations of the terminal phases did not significantly 
decrease over time. This would be in favor of the model assuming two 
states of BUP, one with fast liberation (burst effect) from the liposomes 
and injection site as observed for the neutral liposomes, and one fraction 

Fig. 4. Ex vivo dialysis setup (a) and cumulative 
release profiles of BUP after s.c. injection of liposomes 
(100 mM) composed of 25 mol% NCP, 30 mol% CHOL 
and 45 mol% DPPC into porcine skin: Neutral lipo-
somes deprived of aggregation behavior (30 mol% 
CHOL and 70 mol% DPPC) and a BUP solution (b), 
DSPG (c), DOPA (d), DPPA (e). The aggregation was 
induced by addition of calcium chloride (blue tri-
angles) or magnesium chloride (red triangles) solu-
tions (NCP: cation ratio 1:0.4). Data are presented as 
mean ± STDV (n = 3). (For interpretation of the ref-
erences to colour in this figure legend, the reader is 
referred to the web version of this article.)   
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of BUP with slow liberation from the liposomal membrane, to which the 
drug is strongly associated via electrostatic interactions. 

4. Conclusion 

We demonstrated that drug-loaded liposomal formulations contain-
ing NCPs are able to form injectable depots as a result of the aggregation 
with calcium cations. The cation-mediated aggregation of liposomes was 
investigated with different methods. It was evident that low concen-
trations of cations do not alter the fluidity of the bilayer but prolong the 
drug release in comparison to a non-depot liposome. The excellent 
injectability of the aggregated depot liposomes was confirmed by 
rheological characterisation in vivo studies during which the NCP-depots 
were administered subcutaneously. Independently from the pre-mixing 
with calcium, NCP containing-liposomes showed a significantly slower 
clearance from the injection site with respect to the control neutral 
formulation. The PK study revealed that Ca2+-aggregated BUP-loaded 
liposomes did not induce any burst release of the drug after the 
administration, as often observed with biodegradable polymers such as 
PLGA. Our depot injectable was instead characterized by an extended 
release of BUP over 14 days, as indicated by its AUC. A correlation 

between BUP plasma concentrations and its pharmacological efficacy 
has not been established yet, but the obtained results suggest the po-
tential of BUP-loaded depot liposomes as a possible new platform for a 
prolonged drug release. It has to be underlined that our LUV-based 
approach ensures a streamlined manufacturing process that can be 
first traditionally optimized for large-scale production in function of the 
drug to be delivered, and then followed by a final sterile filtration step 
prior to bedside mixing with cations and administration. This latter 
aspect represents a crucial and cost-effective difference with other 
existing technologies, such as DepoFoam, which (i) relies on a double- 
emulsification process requiring organic solvents and (ii) imposes to 
manufacture the large size MVV under aseptic conditions. 

Overall, our approach has the potential to overcome the production 
drawbacks linked to other vesicle-based technologies (such as Exparel) 
while enabling a prolonged retention of the depot at the site of injection 
and a sustained release of small hydrophilic molecules in vivo. 
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