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ABSTRACT

Microfluidic mixing is recognized as a convenient method to produce liposomes for its scalability and reproducibility. Numerous studies have described the effect of
process parameters such as flow rate ratios and total flow rate on size and size distribution of vesicles. In this work, we focused our attention on the effect of flow rate
ratios on the encapsulation efficiency of liposomes, as we hypothesized that different amount of residual organic solvent could affect the retention of lipophilic drug
molecules within the bilayer. In a further step, we investigated how the liposomes integrity and loading were impacted by different methods of solvent removal:
direct dialysis and dilution & dialysis. Liposomes were prepared by rapidly mixing an ethanolic solution of lipids and a model drug with buffer in a herringbone
micromixer, employing four different flow rate ratios (FRR, 4:1, 7:3, 3:2, 1:1). Quercetin, resveratrol and ascorbyl palmitate were used as model antioxidant drugs
with different lipophilicity. Data showed that liposomes produced using lower flow rate ratios (i.e., with more residual ethanol) had lower encapsulation efficiencies
as well as a more prominent loss of lipids from the bilayer following purification with direct dialysis. If the amount of residual ethanol was reduced to 5% (dilution &
dialysis method), the lipids and drug leakage was prevented. Such effect was correlated with the drug aggregation propensity in different ethanol/water mixtures
measured by molecular dynamics simulations. Overall, these results highlight the need to tailor the purification method basing on the molecular properties of the

loaded drug to ensure high encapsulation and limit the waste of material.

1. Introduction

Liposomes are well-known drug delivery vehicles with a long-
standing history of clinical success deriving from their peculiar prop-
erties, including biocompatibility, controlled drug release and ability to
incorporate both hydrophilic and lipophilic compounds (Yusuf et al.,
2023). Liposomes are composed of one or more phospholipid bilayers
organized to form closed vesicles with size ranging from a few dozens of
nanometers to several microns. Cholesterol is often added to the
composition to increase phospholipid packing, reducing the bilayer
permeability and improving the vesicle’s stability (Briuglia et al., 2015).
Many other molecules can be included in the liposomes’ structure to
achieve specific target product profiles. For instance, PEGylated lipids
are usually employed to endow the vesicles with long-circulating
properties (Gao et al., 2023; Pasut et al., 2015), co-solvents and edge
activators promote flexibility (Carreras et al., 2020), targeting agents of
different nature (from antibodies to small molecules) alter bio-
distribution and cell uptake (Agrawal et al., 2020; Cucca et al., 2018),
and stimuli-responsive molecules modulate the release in specific
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environmental conditions (pH, redox status, light irradiation) (Abri
Aghdam et al., 2019; Boruah and Chowdhury, 2022). In addition to the
composition, the manufacturing method has a significant impact on
critical quality attributes of liposomes, such as vesicle’s size and drug
encapsulation (Lombardo and Kiselev, 2022; Pisani et al., 2023). A vast
scientific and patent literature on liposomes production methods is
available, starting with the conventional and “historical” thin-film hy-
dration techniques, through the direct sonication method, to the most
modern approaches such as dual asymmetric centrifugation (Casula
et al., 2023; Massing et al., 2008; Shah et al., 2020). Each method has
different reproducibility, cost-effectiveness, and scalability: features
that are often overlooked at the laboratory scale, but that became crit-
ical for the clinical transition of successful formulations. The quest for a
continuous, reproducible, automatable, and robust production process
resulted in the conceptualization and subsequent widespread adoption
of microfluidic mixing to produce liposomes, as well as several other
nano and micro-particles (Chiesa et al., 2022, 2021; Manghnani et al.,
2022; Roces et al., 2019; Shah et al., 2020; Shepherd et al., 2021; Tiboni
etal., 2021). In its essence, this method is based on the rapid mixing of a
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water-miscible solvent containing dissolved lipids with an aqueous
buffer in a microfluidic channel. During the mixing, the polarity of the
fluid increases, reducing the solubility of lipids that spontaneously
assemble into vesicular structures to minimize the contact of their hy-
drophobic alkyl chains with water (Zook and Vreeland, 2010). Hydro-
philic and hydrophobic drugs can be efficiently entrapped in the forming
vesicles by simply adding them into the water or the organic phases,
respectively. One of the most important features of the microfluidic
mixing method is the possibility to finely tune its operational parame-
ters, including the total flow rate (TFR) and flow rate ratio (FRR). The
TFR is the volume of formulation obtained in an arbitrary time unit, and
the FRR is the volumetric ratio between aqueous and organic phases.
These parameters describe the movement of fluids —which are governed
by precision pumps- within the microfluidic channels (Carugo et al.,
2016; Cui et al., 2004). The full control over the fluid dynamics led
several research groups to explore the impact of FRR and TFR on
colloidal parameters of liposomes, including the average diameter and
polydispersity index (PDI) (Roces et al., 2020b, 2020a; Zhang and Sun,
2021). Some recent works also explored the possibility to predict those
properties through machine learning approaches (Di Francesco et al.,
2023; Rebollo et al., 2022). What emerged from experimental and
modeling studies is that TFR has little impact on the dimensions of li-
posomes while FRR plays a major role. Generally, FRRs that are more
markedly in favor of the aqueous phase led to the formation of smaller
vesicles with a lower polydispersity index, because of the faster pre-
cipitation of lipids. The FRR value also dictates the amount of residual
organic solvent after the microfluidic production: for example, a FRR of
3:1 (W/O) will result in liposomes with 25 % organic solvent. The
concentration of organic solvent (generally ethanol, methanol, or iso-
propanol) has an impact on liposomes size when produced by a bulk
method (ethanol injection) or by microfluidics, and its incomplete or
delayed removal might affect the stability of vesicles (Carugo et al.,
2016). Commonly used methods to remove alcohols from microfluidic-
produced liposomes are dialysis and tangential flow filtration (TFF)
(Table 1). In the dialysis method, a membrane of different materials and
pore size separates the sample dispersion from a bulk aqueous solution,
where the organic solvent can diffuse and be diluted to a non-critical
concentration. In the diafiltration method, the sample is forced to
circulate within a hollow fiber tubing that allows the diffusion of mol-
ecules smaller than a specific cutoff size. The solvents mixture filtered
out of the tubing is replaced with an equal volume of aqueous buffer, and
the process is continued until the organic solvent is completely removed
(Tehrani et al., 2023). With the rise of interest towards the microfluidic

Table 1
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fabrication of nanoparticles, some groups dedicated their effort to the
development of continuous, microfluidic-based versions of these widely
used purification methods (Hood et al.,, 2014; Shan et al., 2024).
Another option to quickly decrease ethanol concentration is to dilute the
liposomes mixture right after production. Different authors employed
this straightforward approach to remove the organic solvent, but its
impact on liposomes’ properties was not specifically investigated (Webb
etal., 2020, 2019). Conversely, it was demonstrated that a rapid dilution
allowed more precise size control of nucleic acid-loaded lipid nano-
particles (LNPs) compared to dialysis (Hou et al., 2021; Kimura et al.,
2020). As such, new microfluidic chips incorporating an in-line dilution
channel are being developed by academic labs and companies special-
ized in microfluidic systems, with the aim of reducing the structural
instability triggered by organic solvents (Shi et al., 2022).

Despite the huge interest around the microfluidic production of li-
posomes and the effect on colloidal properties, we realized that the
impact of the purification method (i.e., dilution or dialysis) on encap-
sulation efficiency of drugs was never specifically investigated. This is a
critical aspect especially when lipophilic compounds and low FRR are
employed since high levels of organic solvent might promote solubili-
zation rather than encapsulation of the drug.

In this work, we addressed this gap providing a head-to-head com-
parison between liposomes purified by dialysis with or without a pre-
liminary dilution step. To provide a more complete overview, liposomes
were prepared by microfluidics employing four different FRR, and
compared to vesicles obtained by thin film hydration. Quercetin,
resveratrol and ascorbyl palmitate were employed as model hydropho-
bic drugs with different lipophilicity. Finally, Molecular Dynamics (MD)
simulations enabled to elucidate the mechanistic coupling between the
behavior of the compounds in the different solvent mixtures and the
resulting encapsulation yield.

2. Materials and methods
2.1. Materials

P90G was purchased from Lipoid GmbH (the analytical data of the
batch employed for the experiments is reported in the Supporting In-
formation); Resveratrol (RESV) was purchased from Galeno; 18:1 Liss
Rhod PE was purchased from Avanti Polar; PBS salts, Cholesterol,
Quercetin (QUE) and Ascorbyl palmitate (ASCP) were purchased from
Merck. HPLC-grade solvents were purchased by Carlo Erba. All other
products were of analytical grade.

Workup strategies for removal of organic solvents after microfluidic production of liposomes. MeOH, methanol; EtOH, ethanol; iPA, isopropanol; PBS, phosphate
buffer saline; TRIS, 2-Amino-2-hydroxymethyl-propane-1,3-diol; FRR, flow rate ratio; TFR, total flow rate; TFF, tangential flow filtration; RC, regenerated cellulose;
mPES, modified polyethylenesulfone; HEPES, 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid; CE, cellulose ester.

Solvent Aqueous API Microfluidic Dilution Purification method Ref
phase parameters
MeOH, EtOH PBS pH 7.3, Ovalbumin FRR 1:1—5:1 YES (1:10) TFF (Webb et al.,
TRIS pH7.4 TFR 10-60 mL/min (mPES, 750 kDa) 2020)
MeOH, EtOH, PBSpH 7.3, Ovalbumin and propofol FRR 1:1—3:1 YES TFF (Webb et al.,
iPA TRIS pH 7.4 TFR 5——20 mL/min (1:8.06) (mPES, 300/750 kDa) 2019)
EtOH (NH4)2S04 Acridine Orange HCI, FRR 10:1 NO Custom chip dialysis (RC, 12—14 kDa), (Hood et al.,
pH 4.6 Doxorubicin HCI TFR 6 uL/min Dialysis (7 kDa) 2014)
EtOH (NH4)2S04 Doxorubicin FRR 1:1 -2:1 - YES (1:1) TFF (Roces et al.,
pH 4.6 3:1—5:1 (mPES, 500 kD) 2020b)
TFR 10—12- 20 mL/
min
EtOH TRIS pH 7.2 Propofol FRR 1:1—5:1 NO Dialysis (Kastner et al.,
TFR 0.5—6 mL/min (3.5 kDa) 2015)
EtOH TRIS pH 7.2 Propofol, Ovalbumin FRR 3:1 -1:1 NO TFF (Dimov et al.,
TFR 2 mL/min (RC, 10 kDa) 2017)
MeOH PBSpH 7.3 Ovalbumin FRR 1:1—3:1—5:1 NO TFF (Forbes et al.,
TFR 5—20 mL/min (mPES, 750 kDa) 2019)
iPA TRIS pH 7.4 None Not reported NO Dialysis (Roces et al.,
(cellulose, 3.5 kDa) 2016)
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2.2. Preparation of liposomes

2.2.1. Preparation by microfluidics

Liposomes were prepared using a Herringbone Micromixer Chip
(Microfluidic ChipShop) and a Syringe Pump (Chemyx Fusion 4000-x).
The organic phase was composed of P90G (24 mg/mL), cholesterol (6
mg/mL) and one of the following drugs (QUE 0.5 mg/mL or RESV 0.5
mg/mL or ASCP 5 mg/mL) solubilized in ethanol. PBS (pH 7.4) was used
as aqueous phase. Organic and aqueous phases were loaded in 5 mL
syringes and mounted into the syringe pump. For liposomes preparation
various flow rate ratios (FRR) were employed (4:1 - 7:3—3:2—1:1 W/
0), while the total flow rate (TFR) was kept constant at 2 mL/min. The
liposomal dispersions collected at the output of the microfluidic chip
were processed following two alternative methods, described in para-
graph 2.3.

2.2.2. Preparation by thin film hydration

Liposomes were also prepared by the thin film hydration method.
Briefly, P90G (24 mg/ml), cholesterol (6 mg/ml) and one of the model
drugs (QUE 0.5 mg/mL or RESV 0.5 mg/mL or ASCP 5 mg/mL) were
dissolved in ethanol. The solution (0.4 ml) was placed in a round bottom
flask and the solvent removed under vacuum. The thin film was hy-
drated with PBS (pH 7.4) for 30 min at 40 °C under mechanical stirring,
then subjected to ultrasonication using a Soniprep 150 disintegrator
(MSE, London, UK).

2.3. Liposomes post processing

Following production with microfluidic mixing, liposomes were
post-processed using one of the following protocols: Direct Dialysis
Method (DIR) or Dilution & Dialysis Method (DIL). Both methods served
the purpose of removing the organic solvent and the un-entrapped drug
from the formulations. In the case of DIR, liposomes were purified
immediately after the production by means of dialysis using Pur-a-Lyzer
(3.5 KDa) against 625x volumes of PBS (pH 7.4) for 2 h. In the case of
DIL, liposomes after preparation were first diluted with PBS (pH 7.4) to
reduce ethanol concentration to 5 % (v/v), then dialyzed as described
above. Liposomes obtained by thin film hydration were purified from
the un-entrapped drug using the DIR method.

2.4. Physico-chemical characterization

The average diameter and polydispersity index (PDI) of liposomes
were measured by dynamic light scattering (DLS) using a Zetasizer Nano
(Malvern Instrument, UK). Zeta-potential was determined using the
Zetasizer Nano by means of the M3-PALS (Phase Analysis Light Scat-
tering) technique. Liposomal dispersions were diluted 1:50 in MilliQ
water for both diameter and Z-potential measurements. Unless other-
wise stated, particle size, PDI and Z-potential are expressed as the
average + standard deviation (SD) of three experimental replicates.

2.5. Determination of the entrapment efficiency

Entrapment efficiency was determined measuring the absorbance of
drugs (RESV, QUE, ASCP) with a plate reader (BioTek Synergy 4 Hybrid
Multi-Mode Microplate Reader). Briefly, non-purified and purified li-
posomes were disrupted with EtOH to obtain a clear solution of the
components. Drugs were quantified measuring the absorbance at
defined wavelengths (Aggsy=310 nm, Aqug=370 nm, Apsc=250 nm) and
building calibration curves of drugs standard solutions in EtOH. The
entrapment efficiency (EE%) was calculated as follows:

EE%= drug amount in purified samples / drug amount in non-purified
samples * 100.
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2.6. Lipid and liposomes recovery efficiency

Lipid quantification was performed by HPLC coupled with evapo-
rative light scattering detector (ELSD). Liposomes processed by DIR
method were disrupted with MeOH (1:10 v/v) and centrifuged for 5 min
5000 rpm. The supernatant was collected and analyzed. Liposomes
processed through DIL method were frozen at —30 °C and lyophilized on
a Buchi L200. The lyophilizate was resuspended in MeOH and cen-
trifugated for 5 min 2380 G to yield a clear supernatant for analysis. The
lyophilization step was necessary to have analytes in the dynamic range
of the calibration curve. Aliquots (10 uL) of samples were injected into
the Agilent Technologies 1100 HPLC system equipped with an Agilent
Technologies Infinity 1260 evaporative light scattering detector (ELSD)
(Palo Alto, CA). An Inertsil ODS-2 column (Superchrom, Milan, Italy)
and MeOH as the mobile phase (at a flow rate of 1 mL/min) were used
for the analyses of the mixture of phospholipids and cholesterol (Rosa
et al., 2019). Recording and integration of the chromatogram data were
carried out through an Agilent OpenLAB Chromatography data system.
The identification of lipid components was performed using standard
compounds, dissolved in MeOH before injection. Calibration curves of
P90G phospholipids (mass on column: 5-25 ug) and cholesterol (mass
on column: 1-10 pg) were constructed using standards and were found
to be quadratic (with correlation coefficients > 0.995).

Liposome recovery was determined adding a fluorescent lipid (18:1
Liss Rhod PE) to the lipid mix at a concentration of 0.08 % (w/w) and
measuring the fluorescence following disruption of liposomes with
MeOH by microplate reader (Aex = 560, Aem = 585).

2.7. Solubility tests

Saturated ethanolic solutions of each drug were prepared and kept
under magnetic stirring at 25 + 2 °C for 24 h. The dispersions were
centrifugated for 20 min 19,000 G at 20 °C. The supernatant was then
collected, appropriately diluted to operate in the dynamic range of the
standard curves and analyzed by microplate reader as described above.

2.8. Computational simulation

For each of the three tested drugs (quercetin, resveratrol and
ascorbyl palmitate), initial systems configurations were prepared by
randomly placing 20 drug molecules along with ethanol and water
solvents mixed at various ratios (13:87, 33:66, and 70:30)ina7x7 x 7
nm cubic box using Packmol code (Martinez et al., 2009). Salt (0.15 M
NaCl) and counterions were also included. The same systems were also
prepared with an initial amount of 10 drug molecules and including 10
dipalmitoyl phosphatidylcholine (DPPC) molecules.

The Molecular Dynamics (MD) simulations were carried out using
Desmond as implemented in Schrodinger software (Release 2023-4) and
employing the OPLS4 force field parameters (Lu et al., 2021). The single
point charge (SPC) model was chosen for water (Berendsen et al., 1981).
Periodic Boundary Conditions (PBC) were applied in the three di-
mensions. After relaxation, all systems were simulated in an isothermal-
isobaric (NpT) ensemble for 100 ns, using a reversible reference system
propagator algorithms (RESPA) integrator (Tuckerman et al., 1992). A
temperature of 300 K was kept constant using the Nosé-Hoover ther-
mostat (Hoover, 1985; Nose, 1984), with a relaxation time of 1.0 ps. The
pressure was controlled using the Martyna-Tobias-Klein barostat
(Martyna et al., 1994). A cut-off radius of 9.0 A was used for short range
interactions. The MD trajectories were analyzed using standard GRO-
MACS tools (Van Der Spoel et al., 2005). Visual Molecular Dynamics
(VMD) software was used for visualization and snapshots generation
(Humphrey et al., 1996).

2.9. Statistical analysis

Results are expressed as the average + SD. Multiple comparisons of
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means (one-way ANOVA with post hoc Tukey HSD test) were used to
substantiate statistical differences between groups, while Student’s t-test
was used to compare two samples. Data analysis was carried out with
Excel (Microsoft, Redmond, WA, USA).

3. Results and discussion
3.1. Description of the production and workup phases

Liposomes loaded with the hydrophobic drug quercetin (QUE, logP
1.5) were prepared by microfluidic mixing in a staggered herringbone
chip. The staggered herringbone microchip has two inlet channels, one
for the organic phase containing lipids and one for the aqueous buffer,
which converge in one central channel where the mixing happens,
leading to the self-assembly of lipids into vesicular structures (Evers
et al., 2018). In our setup, the flow rate ratios (FRR) between the
aqueous buffer and the ethanolic phase containing lipids and QUE were
varied to obtain four different production methods (Fig. 1, Production).
Other process parameters such as total flow rate (TFR), lipid and drug
concentration in the organic phase were kept constant. More specif-
ically, FRR was set to the following values: 4:1, 7:3, 3:2 and 1:1 (PBS/
ethanol), so that the resulting product coming out from the microfluidic
chip consisted of lipid vesicles dispersed in PBS with 20, 30, 40 or 50 %
ethanol, respectively. Except for some specific cases, residual solvents
present at this stage must be completely removed to ensure stability of
formed vesicles and to comply with guidelines on residual solvents in
drug products (ICH, 2024). Such step can be defined as the workup
phase. In general, exhaustive dialysis or tangential flow filtration (TFF)
are employed to remove the organic solvent after microfluidic produc-
tion of liposomes (Table 1). In addition to solvent elimination, both
methods led to the removal of unentrapped drug from the sample.
Dialysis is particularly common at the lab scale for its low cost and ease
of use, while TFF allows for scalability and automatization (Dimov et al.,
2017; Roces et al., 2020b). In this work, the workup of liposomes was
carried out by two different methods (Fig. 1, Workup). The first method
consisted of direct dialysis (DIR) of crude liposomes against PBS, while
the second introduced a dilution step to reduce the amount of ethanol to
5 %, before proceeding with the dialysis (DIL). Among the literature
examined (Table 1) only a limited number of reports includes a dilution
step following the microfluidic process, but none addresses the impact of
such procedure on the quality of liposomes with a head-to-head
comparison.

In parallel to the microfluidic mixing, we also employed a conven-
tional thin film hydration/ultrasonication method to prepare QUE-

Production

l
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loaded liposomes. Such method served as a “zero-ethanol” control, as
the formation of liposomes and encapsulation of drug molecules hap-
pens in the absence of organic solvents. As such, dialysis of these sam-
ples is not strictly required for stability or safety issues but could be
employed to remove the unentrapped drug (i.e., to determine the
encapsulation efficiency).

3.2. Physico-chemical characterization of QUE liposomes

Liposomes obtained by microfluidic mixing and purified with the
DIR method showed hydrodynamic diameters ranging between
150-200 nm, with a trend towards larger vesicles when lower FRR was
employed, and relatively narrow PdI (Fig. 2A). A similar dimensional
trend could be observed for liposomes purified by the DIL method, that
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Fig. 2. Z Average (full columns) and polydispersity index (PdI, dashed lines)
(A) and C-potential (B) of QUE liposomes produced by microfluidic mixing
using different FRR and purified by DIR or DIL methods (average + SD, n = 4).
Data obtained from liposomes produced by film hydration/sonication method
(FH) and purified by dialysis are also reported (average + SD, n = 3). Symbols
indicate statistically significant difference with liposomes prepared by film
hydration (FH), or between groups linked by the lines (* p < 0.05; **p < 0.01,
One-way ANOVA with post-hoc Tukey Test).
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led to an increased polydispersity. The thin film hydration/ultra-
sonication process yielded slightly smaller vesicles (114 + 14 nm) with
comparable size distribution. All formulations showed a consistent
negative { potential in the range —20/-32 mV when purified by the DIR
method, while the dilution led to an apparent, non-significant shift to-
wards more neutral values (—6/-14 mV) (Fig. 2B). Results show that
FRR plays a critical role. When nanocarriers are manufactured using
high aqueous volumes, lipids tend to precipitate faster leading to smaller
vesicles, as reported in other works (Carugo et al., 2016; Roces et al.,
2020b). As regards the purification method, a previous report highlights
that dialysis can significantly alter size and PdI of vesicles, and specu-
lates that dilution can mitigate such effect (Roces et al., 2020a). Our
results show that the dilution does not have a significant impact on
hydrodynamic diameters but leads to an increase in polydispersity. This
can be at least partly attributed to the method of dilution, that was
performed by manual pipetting. The non-controlled, turbulent fluid
mixing during dilution probably disturbed the assembly process pro-
ducing a less homogenous sample. Considering a possible industrial
development of liposomes purified by the DIL method, it would be
important to optimize the dilution procedure to minimize the increase of
PdI and yield a monodisperse vesicles population.

3.3. Entrapment efficiency of QUE liposomes

Liposomes produced with different FRR and purified by the two
different workup processes were characterized in terms of QUE
entrapment efficiency. Briefly, QUE was spectrophotometrically quan-
tified after disruption of purified liposomes and results expressed as a
percentage of QUE present in unpurified formulations. In the case of
liposomes purified by the DIR method, the encapsulation efficiency
gradually and significantly decreased when lower FRR was employed
(Fig. 3). Lower FRRs mean that the crude mixture contains more ethanol
(e.g, 50 % for FRR 1:1 vs 20 % for FRR 4:1), that promotes the solubi-
lization of the hydrophobic drug rather than its incorporation in vesic-
ular structures. The solubilized drug was then free to diffuse out of the
dialysis bag, being removed from the formulation. On the other hand, in
the DIL method the amount of residual ethanol was reduced to 5 %
through the additional dilution step (Fig. 1, solvent removal). In this
case, the encapsulation efficiency of liposomes did not change with FRR,
confirming the role of the organic solvent in dictating the partition of the
drug (Fig. 3). Of note, the encapsulation efficiency of liposomes pro-
duced by the film hydration method was not significantly different (p >
0.05) from that of liposomes produced by microfluidic mixing and pu-
rified by the DIL method, further corroborating this hypothesis.
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Fig. 3. Encapsulation efficiency of QUE in liposomes prepared by microfluidic
mixing using different FRR and purified by DIR or DIL methods (average + SD,
n = 6). Data obtained from liposomes produced by film hydration/sonication
method (FH) and purified by dialysis are also reported (average + SD, n = 3).
Symbols indicate statistically significant difference between DIR and DIL pairs
at the same FRR, or between groups linked by the lines (* p < 0.05; **p < 0.01,
One-way ANOVA with post-hoc Tukey Test).
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3.4. Lipids recovery

The dependency of QUE encapsulation on the amount of residual
ethanol prompted us to also monitor the loss of structural components of
liposomes during the purification step. Both the mixture of phospho-
lipids and cholesterol are indeed soluble in ethanol, and we hypothe-
sized that lower FRR could be linked to a more pronounced loss of these
components. To test this hypothesis, phospholipids and cholesterol in
liposomal samples before and after workup were quantified by HPLC
coupled with an ELSD detector. Supplementary Figure 1 shows the
chromatographic profile, obtained by HPLC-ELSD analysis, of choles-
terol and phospholipids in liposomal samples. The chromatographic
region of lipid components was assigned using standards of cholesterol,
phosphatidylcholines, and P90G. The reversed phase mode allowed the
separation of phospholipids based on ECN (=CN-2n, where CN is the
number of acyl group carbons and n is the number of double bonds)
(Rosa et al., 2019). P90G, a mixture of various phospholipids, showed a
chromatographic profile characterized by two main peaks, correspond-
ing to polyunsaturated phospholipids (ECN 28 and 30), and three minor
peaks of phospholipids. The quantification of phospholipids in liposomal
samples was performed considering the sum of the areas of all peaks
(total area). As expected, the presence of large amounts of residual
ethanol were linked to a higher loss of both phospholipids (Fig. 4A) and
cholesterol (Fig. 4B), when liposomes are purified by the DIR method.
Conversely, the DIL method allowed to recover > 77 % of phospholipids
and > 82 % of cholesterol, without significant differences between
formulations obtained using different FRRs. No loss of phospholipids or
cholesterol was observed in the case of liposomes prepared by the thin
film hydration method (data not shown).

3.5. Liposomes recovery

From lipids and drug quantification, it is clear that the DIR method is
linked to a dramatic loss of components, especially when lower FRRs are
employed in the manufacturing step. Such loss could potentially lead to
a reduction in the number of liposomes present in suspension, or to the
rearrangement of the components to yield smaller vesicles. This point
was investigated by measuring the recovery of a fluorescently labelled
lipid incorporated in the bilayer, as a tracker of the number of liposomes
in suspension (Forbes et al., 2019). Although not suitable to obtain a
direct measure of the number of liposomes in suspension, this technique
can provide a reliable estimate of such value and was selected for its
straightforwardness and cost-effectiveness. As expected, lower FRRs led
to lower liposomes recovery when the formulations were subjected to a
direct dialysis (DIR) (Fig. 5). In this context, recovery as low as 52 %
could be observed when FRR 1:1 was employed. In line with what was
observed with the hydrophobic drug, ethanol dissolves part of the lipids,
diverting them from the self-assembly into vesicular structures and
allowing their diffusion across the dialysis membrane. Conversely, the
preliminary dilution (DIL) led to a drop in lipid monomer solubility,
pushing the lipids to aggregate and form liposomes that are unable to
cross the dialysis membrane. Therefore, the DIL method allowed a
liposome recovery always higher than 92 %.

Such observation was corroborated by dynamic light scattering data,
where the derived count rate of measures performed before/after dial-
ysis was employed as an indicator to estimate the number of suspended
vesicles (Supplementary figure 2). Finally, the dimensional analysis of
the same samples proved that the dialysis does not have a significant
impact on the average diameter of vesicles (Supplementary figure 3),
supporting the conclusion that the loss of lipids upon DIR purification
led to a reduction in the number of vesicles, rather than a reduction of
size.

3.6. Impact of workup method on the recovery of other payloads

Results described in the previous sections highlight how the amount
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Fig. 4. Phospholipids (A) and cholesterol (B) recovery after purification of QUE liposomes with the DIR or DIL method, expressed as residual phospholipids or
cholesterol detected by HPLC-ELSD (average + SD, n = 2). Symbols indicate statistically significant difference between DIR and DIL pairs at the same FRR, or
between groups linked by the lines (* p < 0.05; **p < 0.01, One-way ANOVA with post-hoc Tukey Test).
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cence spectroscopy (100 % = fluorescence of Rhodamine PE in liposomes
before dialysis) (average &+ SD, n = 3). Symbols indicate statistically significant
difference between DIR and DIL pairs at the same FRR, or between groups
linked by the lines (**p < 0.01, One-way ANOVA with post-hoc Tukey Test).
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of residual ethanol in the formulation at the beginning of dialysis
strongly influences the loss of lipids and QUE during purification. To
assess if such observation applies to other hydrophobic drugs, liposomes
with different payloads were produced and characterized. Specifically,
resveratrol (RESV) or ascorbyl palmitate (ASCP) were loaded in lipo-
somes, purified by the DIR or the DIL method. The physico-chemical
characterization of liposomal dispersions is reported in Fig. 6. Both
with RESV and with ASCP it was possible to observe a mild trend to-
wards larger hydrodynamic diameters when lower FRR were employed.
Conversely, the purification method did not have a significant impact on
such parameters, with the exception of RESV liposomes produced with
FRR 1:1, that were larger and more polydisperse when purified by the
DIR method.

As concerns the encapsulation efficiency, both drugs showed a
similar pattern to the one observed for QUE: (I) a direct correlation
between FRR and encapsulation efficiency for liposomes purified by the
DIR method, and (II) a constant encapsulation for liposomes purified by
the DIL method regardless of the FRR (Fig. 7A and B). However, some
differences in the behavior of the three drugs need to be highlighted.
First, in the case of RESV, there was no significant difference between
the DIR and DIL methods when FRR 4:1 and 7:3 were employed,
meaning that residual ethanol concentrations between 5 % (DIL) and 30
% (DIR, FRR 7:3) had the same impact on the encapsulation efficiency
(Fig. 7A). Second, vesicles prepared by the thin film method (0 %
ethanol) had a significantly higher encapsulation efficiency, suggesting
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Fig. 6. Z Average (full columns) and polydispersity index (PdI, dashed lines) (A) and {-potential (B) of RESV liposomes produced by microfluidic mixing using
different FRR and purified by DIR or DIL methods (average + SD, n = 3). Z Average and polydispersity index (PdI) (C) and {-potential (D) of ASCP liposomes
produced by microfluidic mixing using different FRR and purified by DIR or DIL methods (average + SD, n = 3). Data obtained from liposomes produced by film
hydration/sonication method (FH) and purified by dialysis are also reported (average + SD, n = 3). Symbols indicate statistically significant difference with lipo-
somes prepared by film hydration (FH), or between groups linked by the lines (* p < 0.05; **p < 0.01, One-way ANOVA with post-hoc Tukey Test).
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Fig. 7. Encapsulation efficiency of RESV (A) or ASCP (B) in liposomes prepared by microfluidic mixing using different FRR and purified by DIR or DIL methods
(average + SD, n = 3). Data obtained from liposomes produced by film hydration/sonication method (FH) and purified by dialysis are also reported (average + SD, n
= 3). Symbols indicate statistically significant difference between DIR and DIL pairs at the same FRR, or between groups linked by the lines (* p < 0.05; **p < 0.01,

One-way ANOVA with post-hoc Tukey Test).

that even a small amount of organic solvent had a strong impact on RESV
partition in the bilayers. This differs from what was observed for QUE
(Fig. 3) and could be partly due to the higher ethanol solubility of RESV
(76.68 + 8.45 mg/ml) compared to QUE (29.97 + 1.26 mg/ml). On the
other hand, the effect of the workup method on ASCP encapsulation
(Fig. 7B) was in line with what was observed for QUE. Also in this case,
the DIR method led to a progressive loss of drug in presence of higher
amounts of residual ethanol, while encapsulation efficiencies of lipo-
somes purified by the DIL method, and liposomes produced by film
hydration were similar (p > 0.05). As the solubility in ethanol of ASCP
was determined to be 104.07 + 19.24 mg/ml, this could not be the only
parameter dictating the encapsulation behavior of drugs in these con-
ditions. Other physico-chemical properties of the molecule, such as the
presence of a large, linear hydrophobic domain prone to interact with
alkyl tails of the phospholipids, are probably involved in dictating the
interaction with lipid bilayers (Table 2).

3.7. Computational simulation

MD simulations of hydrophobic drugs were performed to investigate
drug solution behavior in ethanol-water solvents mixed at different

Table 2

ratios. For all the three tested drugs, solubility decreased with an
increased percentage of water in the mixture, thereby favoring drug
aggregation (Fig. 8A). However, the aggregation propensity varied
among the three drugs, as shown by the average cluster size formed in
the different solvent mixtures (Fig. 8B). The aggregation propensity was
highest for ASCP, followed by QUE and by RESV, whose molecules were
not entirely aggregated even when the ethanol concentration in the
mixture was low (13 %). This observation explains the encapsulation
efficiency data of RESV liposomes: even a small amount of ethanol (5 %
in the DIL method) is capable to partially solubilize RESV, leading to
lower encapsulation in liposomes produced by microfluidic mixing
compared to liposomes prepared by thin film hydration.

In a second step, DPPC lipids (serving as a mimic for a lipid vesicle)
were added to the above ternary mixtures consisting of the API, ethanol
and water (Fig. 9A). The lipid tended to phase separate already at high
ethanol concentration, forming disordered and wide clusters. All the
three drugs showed a stronger tendency to co-localize with the lipid
phase at high water percentages compared to mixtures rich in ethanol,
where drugs appear more freely dispersed (Fig. 9B). In the latter case,
indeed, the drug interacts more with ethanol rather than with DPPC
lipids.

Physico-chemical properties of model drugs employed in this work. Molecular weights (MW), logP and topological polar surface area (TPSA) values were retrieved
from pubchem.ncbi.nlm.nih.gov. Data on solubility in water were obtained from literature. Solubility in ethanol was measured at 25 + 2°C (n = 3).

Drug logP MW TPSA Solubility in water Solubility in EtOH Structure
Quercetin 1.5 302.23 g/mol 127 A? < 60 pg/ml 29.97 + 1.26 mg/ml
(QUE) HO
Resveratrol (RESV) 3.1 228.24 g/mol 60.7 A2 < 30 ug/ml 76.68 + 8.45 mg/ml
HO
HO
Ascorbyl palmitate (ASCP) 6.3 414.5 g/mol 113 A? < 70 pg/ml 104.07 + 19.24 mg/ml OH
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Fig. 8. Drug distribution in solvent mixtures at three different ethanol/water ratios (70 %, 33 % and 13 % ethanol from the left to the right, respectively). Snapshots
were taken at the end of a 100 ns simulation. The drug is represented in red, ethanol molecules in green and water in blue. On the last column (B), the average drug
cluster size is plotted against the percentage of ethanol in the solvent mixture.
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Fig. 9. Drug distribution in solvent mixtures at two different ethanol/water ratios (70 % and 13 % ethanol on the left and the right, respectively) and in the presence
of DPPC lipids (in yellow). Snapshots were taken at the end of a 100 ns simulation. The drug is represented in red, ethanol molecules in green and water in blue (A).
2D distribution plotted as contour blue and red lines for the drug and DPPC lipids, respectively, at two different ethanol percentages in the solvent mixture (B).
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Results from computational simulations of the quaternary mixtures
support the description of the microfluidic mixing phases. In brief, li-
posomes are formed along the microfluidic mixer due to the rapid in-
crease in solvent polarity, which implies a loss of lipid solubility and
promotes the self-assembly of vesicles (Lim et al., 2020). The mixture at
the outlet of the chip could be described as composed of two phases: one
consists of phospholipid bilayers of newly formed vesicles, and one of
the ethanol/water solution. Hydrophobic drugs, when exposed to
increasing water concentrations along the mixing channel, tend to
localize within the lipid bilayer or remain dissolved in the ethanol/water
mixture. The partition coefficient for such equilibrium is influenced by
the composition of the second phase, where more ethanol promotes the
dissolution and more water disfavors it. The equilibrium is also depen-
dent on other factors, such as the temperature and the ionic strength of
the medium (i.e., environmental factors), or the drug physico-chemical
properties, including its solubility in ethanol and structure (Table 2).
What is interesting from the formulation development standpoint is that
this is a dynamic system that can be modified after liposomes are
formed. Indeed, the addition of water after the microfluidic mixing (as in
the DIL method) strongly promotes the partition of lipophilic molecules
in the bilayers. The obvious consequence of diluting the mixture is that
the final product will have a lower concentration of the active drug. A
lower concentration will in turn lead to less drug released per unit time
(Supplementary figure 4), with possible consequences on the thera-
peutic dosing regimen. If needed, a concentration step could be imple-
mented, but this would introduce an additional process with the relative
costs.

4. Conclusions

In this work, the impact of liposomes dilution after microfluidic
manufacturing on the encapsulation of hydrophobic drugs was system-
atically explored. Experiments using three different drugs showed that
including a dilution step before the dialysis could improve the encap-
sulation efficiency, although to a different extent depending on the drug
properties and on the amount of residual solvent. More specifically, li-
posomes manufactured at lower FRR (i.e., higher share of organic sol-
vent) benefited the most from the dilution, while the impact became less
relevant when higher FRRs were employed for the production. The same
effect could be observed for liposomes’ structural components, sug-
gesting that care should be put in selecting the optimal workup method
to avoid a significant loss of functional materials during the solvent
removal. Computational simulations provided additional insights on the
differences observed between the model drugs tested, showing that a
higher aggregation propensity in aqueous mixtures is correlated with
higher encapsulation efficiency, and that water-rich mixtures promote
co-segregation of drug and lipid molecules (i.e., encapsulation). Dilu-
tion, however, might not be acceptable in case of liposomal drugs
requiring a high dose in a limited volume (e.g., subcutaneous in-
jections), unless a subsequent concentration process is introduced. In
conclusion, the decision on whether to introduce a dilution step after
microfluidic manufacturing should be carefully taken basing on the
overall target product profile, including the sought encapsulation effi-
ciency, final drug concentration and process cost and duration.
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