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Abstract  Lipid nanoparticles have transformed the drug delivery field enhancing the thera-
peutic drug performance of small molecules and biologics with several approved drug prod-
ucts. However, in industry, these more complex drug delivery systems such as liposomes 
require more material and time to develop. Here, we report a liposome and lipodisk decision 
tree with model compounds of diverse physicochemical properties to understand how to 
resourcefully optimize encapsulation efficiency (EE) for these lipid-based drug delivery 
systems. We have identified trends with physicochemical properties such as Log P, where 
higher Log P compounds such as curcumin were able to efficiently load into the lipid 
bilayer resulting in high EE with altering the drug/lipid (D/L) ratio. Moderate Log P com-
pounds such as cyclosporine A and dexamethasone had significantly higher encapsulation 
in lipodisks, which contain higher amounts of PEG lipid compared to liposomes. The EE 
of negative Log P compounds, like acyclovir, remained low regardless of altering the D/L 
ratio and PEG concentrations. In this study, microfluidic techniques were employed to 
fabricate liposomes and lipodisks formulations allowing for a reproducible strategy for 
formulation development. Both liposome and lipodisk of curcumin demonstrated enhanced 
in vivo performance compared with a conventional formulation in the rat pharmacokinetic 
study. This combination of approaches with multiple model compounds and lipid-based 
drug delivery systems provides a systematic guidance to effective strategies to generate 
higher EE with minimal drug waste and expedite the process for preclinical development 
when applied to industry compounds.
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INTRODUCTION

As a revolutionizing carrier introduced by Bangham et al. 
in 1965, liposomes have exhibited favorable aspects in drug 
delivery by demonstrating their biocompatible features, 
enhanced pharmacokinetic profiles, and reduced off-target 
toxicity (1–7). Since then, liposomes and lipid nanoparticle 
formulations have led to 23 approved products in the USA 
and Europe over the past 30 years (8). In the late 1990s, most 
liposome formulations were dedicated to cancer therapy and 
administered intravenously (9, 10). Recently, the delivery 
approach of liposome or lipid nanoparticle formulation has 
shifted its paradigm from small molecule delivery to other 
therapeutic modalities, such as oligonucleotides (11, 12), 
CRISPR (13–15), and DNA/mRNA antigens (16–19), the 
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most prominent of which were used to develop and deliver 
COVID-19 vaccines (20, 21).

The self-assembly characteristics of a liposome results in 
a closed structure consisting of phospholipid bilayer mem-
branes composed of an amphiphilic structure of polar head 
groups and hydrophobic alkyl tails surrounding an internal 
aqueous core. These unique bilayer structures expand the 
versatility of liposomes as potential delivery carriers that can 
encapsulate hydrophilic compounds in the aqueous core and 
hydrophobic compounds in the lipid bilayers (5, 22). Multi-
ple factors impact the liposome design, and lipid composi-
tion is one of the critical aspects that govern the quality of 
liposome formulations (23, 24). In general, the formulation 
optimization of liposomes is based on the structure of each 
target molecule and is mostly performed on a case-by-case 
basis. The lack of a general decision tree or platform for-
mulation approach can lead to a lengthy development cycle 
with significant resource commitments. One of the main 
reasons most preclinical formulations shy away from novel 
formulations instead of the conventional formulations is to 
reduce drug material requirements and a prolonged devel-
opmental timeline. However, drug discovery is becoming 
increasingly more challenging, and if novel formulations 
are not partnered in the preclinical stage, promising drug 
candidates may be missed due to sub-optimal delivery of 
drug candidates. Therefore, it is critical to create an efficient 
and general approach to guide early liposome formulation 
development based on the physicochemical properties of 
drug compounds. This decision tree will enable liposome 
formulations to be more accessible during early discovery 
support by significantly reducing the resources during the 
formulation optimization.

This study evaluated five model compounds with vary-
ing physicochemical properties, including Log P, solubility, 
pKa, etc., to identify critical properties that influence lipo-
some performance. This design would provide a systematic 
discovery formulation scheme to facilitate the process of 
formulation development. Microfluidic technology has been 
employed to produce numerous nanoparticle systems includ-
ing liposomes (25, 26). The rapid and tunable system pro-
vides precise control of nanoparticle formation. As a result, 
the microfluidic technique was selected as the primary for-
mulation method to prepare the lipid-based nanoparticles 
in this study. Compared with the traditional techniques for 
liposome preparation, such as thin-film hydration (27, 28), 
membrane extrusion, and reverse-phase evaporation, the 
microfluidic method offers a more efficient and reproduc-
ible strategy of liposome formulations in a well-controlled 
manner at nanoliter to liters scale (27–30). Microfluidics 
has revolutionized the development and continuous manu-
facturing of liposomes enabling clinical scale production 
(31). Early clinical liposome formulations such as Doxil 
were prepared in a lengthy multistep extrusion process. The 

difficulties in scalability of the system lead to the develop-
ment of microfluidic technology that can overcome limita-
tions in traditional liposome preparation techniques (26).

Among all the final critical quality attributes, encap-
sulation efficiency (EE) and particle size distribution of 
liposomes were selected to assess the formulation process. 
The particle size of liposomes prepared by microfluidic 
methods was homogeneous with sizes between 115 and 
144 nm regardless of the model compounds tested. There-
fore, the main effort was to focus on the improvement of EE. 
Several formulation approaches were adapted to improve 
the EE, including altering drug to lipid (D/L) ratio (23, 32), 
leveraging remote loading (33, 34), and increasing poly-
ethylene glycol (PEG) ratios, which promotes the morphol-
ogy change from liposomes to lipodisks. Lipodisks consist 
of a disk-like structure where the phospholipids form a flat 
lipid surface, and the PEG-lipids are located at the highly 
curved rim (35–37). Many published results suggest that 
lipodisks are promising nanocarriers, and the rich contents 
of PEG may promote improved EE (38–41). This is the first 
report adopting microfluidic methods to prepare lipodisk for-
mulations to the best of our knowledge. Two microfluidic 
platforms, NanoAssemblr® Benchtop and NxGen Blaze™, 
were used to prepare liposome and lipodisk formulations in 
this study. The formulation parameters and quality attributes 
were translatable between these two platforms at various 
batch sizes. After optimizing the formulations, our work also 
provides the first example to have the head-to-head in vivo 
performance comparisons of conventional, liposome, and 
lipodisk formulations in the rat intravenous pharmacokinetic 
study.

MATERIALS AND METHODS

Materials

The lipids including 1,2-distearoyl-sn-glycero-3-phospho-
choline (DSPC), 1,2-distearoyl-sn-glycero-3-phosphoetha-
nolamine-N-[methoxy(polyethylene glycol)-2000] (DSPE-
PEG2000), and cholesterol were purchased from Avanti 
(AL, USA). Ethanol and DMSO were purchased from JT. 
Baker (PA, USA). PEG-400 was purchased from Spectrum 
(CA, USA). The model compounds cyclosporine A was 
purchased from Sigma (MO, USA), dexamethasone was 
purchased from TRC (SC, USA), acyclovir was purchased 
from Spectrum (CA, USA), and curcumin was purchased 
from Alfa Aesar (MA, USA). The dialysis cassettes were 
purchased from Fisher (NH, USA). The hollow fiber TFF 
cartridges (D02-E300-05-N) were purchased from Repligen 
(MA, USA).
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Liposome and Lipodisk Preparation

Liposomes with a diameter of ~ 120  nm were prepared 
through microfluidics with the NanoAssemblr® Bench-
top (Precision NanoSystems, BC, Canada) as previously 
described (29, 42, 43). Briefly DSPC, DSPE-PEG2000, and 
cholesterol (61.56%:18.8%:19.56% (w/w)) were dissolved 
at 30 mg/mL in ethanol. The hydrophobic compounds, dex-
amethasone, cyclosporine A, doxorubicin, and curcumin, 
were dissolved in the lipid ethanol solution. For hydropho-
bic model compounds, the D/L mixtures were prepared by 
varying model compound concentrations to achieve various 
D/L ratios, 0.01, 0.03, 0.1, and 0.2 (w/w). To achieve a D/L 
0.1 for doxorubicin, 6 mg/mL total lipids was prepared with 
0.6 mg/mL of doxorubicin due to the lower solubility of dox-
orubicin in ethanol. Aqueous soluble compounds, acyclovir, 
were added to the aqueous phase at 1 mg/mL. For aque-
ous soluble compounds, the D/L mixtures were prepared by 
varying total lipid concentrations (D/L 0.03, 0.1, 0.2 (w/w)). 
The organic ethanol solution was mixed with the aqueous 
phase at a 3:1 (aqu:org) flow rate ratio (FRR) through the 
NanoAssemblr at a total flow rate (TFR) of 10 mL/min.

Lipodisks were prepared with the same technique 
as described above with the exception of a lipid compo-
sition modification to DSPC:DSPE-PEG:cholesterol 
(18.8%:61.56%:19.56% (w/w)). Liposomes and lipodisks 
were purified by centrifugation (Beckman Coulter Allegra 
X-12 Centrifuge, CA, USA) at 2000 g for 10 min to remove 
precipitated hydrophobic drug, then dialysis (20-kDa 
MWCO Slide-A-Lyzer) was performed over 7 h with 3 
PBS buffer exchanges to remove the soluble unencapsulated 
drug, extra lipids, and organic solvent.

Doxorubicin remote loading was performed as previ-
ously described (44). Briefly, blank liposomes were pre-
pared with 300 mM citrate buffer pH 4 as the aqueous sol-
vent. Buffer exchange was performed through dialysis with 
10 mM [4-(2-hydroxyethyl)-piperazino]-ethanesulfonic acid 
(HEPES) buffer 140 mM NaCl pH 7.4 to replace the extra-
liposomal solution. Doxorubicin HCl was then added to the 
liposomes. Purification was performed as described above 
with centrifugation and dialysis.

Characterization of Model Compound‑Loaded 
Liposomes and Lipodisks

Particle size distribution and polydispersity index (Pdi) were 
characterized by dynamic light scattering (DLS) using a 
Wyatt DynaPro Plate Reader III (Wyatt Technology, CA, 
USA). Liposomes and lipodisks were diluted 5–tenfold 
depending on the starting concentration. Then 30 µL was 
placed in a 384 well black wall, clear bottom polystyrene 
microplate (Corning, NY, USA) and analyzed for particle 

diameter and polydispersity index. Each particle size meas-
urement consisted of 15 acquisitions with a 3 s acquisition 
time at 25 °C.

Curcumin liposome and lipodisk structures were ana-
lyzed by cryo-transmission electron microscope (cryo-
TEM). Briefly, an EMGP2 automatic plunge freezer (Leica 
Microsystems, IL, USA) system was used to prepare the 
samples. Samples were placed on a lacey carbon copper 
EM grid overlaid with graphene oxide (Electron Micros-
copy Sciences GOL200CU100, PA, USA). Excess liquid 
was blotted and grids were transferred to a Glacios 200-keV 
electron microscope (Thermo Fisher Scientific, OR, USA) 
for imaging.

Encapsulation efficiency and in vivo formulation dose 
check was determined for curcumin, dexamethasone, doxo-
rubicin, and acyclovir by a reverse-phase high-performance 
liquid chromatography (RP-HPLC) system (Agilent Tech-
nologies, Santa Clara, CA USA) with Waters RP18 XTerra 
column (4.6 × 50 mm, 3.5 µm particle size) (MA, USA) at 
254 nm detection wavelength. A gradient elution method 
was used with mobile phase A of 0.05% v/v TFA in water 
and mobile phase B of 0.05% v/v TFA in ACN at a con-
stant 1.25 mL/min flow rate. From 0 to 0.5 min, 98% mobile 
phase A and 2% mobile phase B equilibrated in the col-
umn. From 0.5 min to 3 min, mobile phase A was reduced 
to 35% and mobile phase B was increased to 65% and held 
for 1 min. Mobile phase A was then increased to 98% and 
mobile phase B decreased to 2% over 0.1 min, then this was 
held for 2.4 min. For CSA, a Waters C18 XBridge column 
(3.0 × 100 mm, 3.5 µm particle size) was used at 50 °C at 
210 nm detection wavelength. An isocratic method was run 
with 20% of 0.05% TFA in water and 80% of 0.05% TFA 
in methanol for 5 min at a flow rate of 1.25 mL/min. Total 
drug was measured prior to purification. After purification 
by centrifugation and dialysis, the encapsulated drug was 
measured. Encapsulation efficiency was based on the weight 
concentrations and calculated using the equation below:

In Vivo Formulation Preparation

Three groups of formulations for in vivo studies were 
prepared for this study, including liposome, lipodisk, and 
solution formulations containing 1 mg/mL curcumin con-
centrations. Liposomes and lipodisks were prepared under 
the microfluidic methods as described above at a D/L 0.01. 
The NxGen Blaze™ (Precision NanoSystems, BC, Canada) 
was employed to supply large-scale formulations and the 
formulation parameters were similar to the settings used 
in the NanoAssemblr. Purification was performed by cen-
trifugation at 2000 g for 10 min followed by tangential flow 

%EE =
EncapsulatedDrug

TotalDrug
× 100%
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filtration (TFF) (KrosFlo KR2i, Repligen, MA, USA) to 
remove unencapsulated drug and organic solvent. For TFF, 
the liposome or lipodisks were loaded onto the system and 
passed through a 300 kDa mPES Hollow Fiber Membrane 
for 8 diafiltration volumes (DVs) with PBS then concen-
trated to the target concentration. A solution formulation of 
curcumin was prepared in a 10% DMSO, 35% PEG400, 
and 55% water vehicle. The final dose check performed by 
RP-LC confirmed that the concentration of three dosing 
arms was all within the target concentration range.

In Vivo Intravenous Pharmacokinetic Study in Rats

Animal studies were approved by the Institutional Animal 
Care and Use Committee (IACUC) of Genentech and in 
accordance with federal guidelines. A total of 9 Sprague 
Dawley rats weighing ~ 250 to 310 g were acquired from 
Charles River Labs (Wilmington, MA, USA) and divided 
evenly into 3 treatment groups (2 females, 1 male per 
group). Each group was intravenously administered 5 mg/
kg of curcumin in either liposome, lipodisk, or solution form 
by IV bolus through a jugular vein cannula. Blood collec-
tion was performed at the following time points: predose, 
2 min (0.033 h), 5 min (0.083 h), 15 min (0.25 h), 30 min 
(0.5 h), and 1, 2, 4, 8, 24 and 48-h post-dose. All samples 
were collected through a femoral artery cannula by a Culex 
automated blood sampling machine (West Lafayette, IN, 
USA) and placed in tubes containing K2 EDTA. Blood 

samples were centrifuged for 5 min at 3700 rpm (2235 G’s) 
for plasma collection.

Drug plasma concentrations were quantified via LC/MS/
MS. For this analysis, plasma concentrations were meas-
ured by a liquid chromatographic-tandem mass spectrometry 
(LC/MS/MS) assay method with an internal standard.

Statistical Analysis

One-way analysis of variance (ANOVA) with a Dunnett 
multiple post-test comparison or t-test was used to determine 
significance between each group using GraphPad Prism 8.0. 
All plots express mean ± standard deviation (SD) where n.s. 
indicates not significant, * indicates p < 0.05, ** indicated 
p < 0.01, and *** indicated p < 0.001. Pharmacokinetic 
parameters from non-compartmental analysis were calcu-
lated using the trapezoidal rule and relevant pharmacokinetic 
equations.

RESULTS AND DISCUSSION

The Selection of Tool Compounds

Model compounds were chosen with various structures and 
physicochemical properties (Fig. 1 and Table I). Compounds 
were selected with a wide range of parameters to understand 
how the EE is influenced by properties such as molecular 

Fig. 1   Molecular structure of model compounds a curcumin, b dexamethasone, c doxorubicin, d acyclovir, e cyclosporine A
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weight, water solubility, and Log P. The molecular weights 
range over threefold, the water solubility ranges over 3,000-
fold, and the Log P values range over fourfold.

Due to complexity in synthesis as well as the investi-
gation of many different types of chemical matter, early 
compounds in industry generally are made on small scales 
potentially limiting extensive formulation development. 
When developing liposomes, low encapsulation efficacy can 
lead to significant waste of compounds. Investigating and 
optimizing encapsulation efficiency with model compounds 
can help inform strategies for encapsulating compounds in 
industry, limiting material requirements. Additionally, model 
compounds can help expedite the process for development 
of promising liposome encapsulated compounds. Utilizing 
various physicochemical properties will allow for applica-
tion across a wide variety of chemical matter.

Liposome Formulation and Characterization

Model compounds were encapsulated in liposomes through 
microfluidics. Microfluidic mixing is a scalable and repro-
ducible technology that can be applied to liposome manufac-
turing (45). TFR and FRR were selected based on previous 
studies to achieve the desired 100–150 nm size (29, 45). 
The size and polydispersity were measured through DLS 
(Table II). The blank liposomes (117 nm) and liposomes 
encapsulated with the model compounds at a 0.1 D/L (w/w) 
ratio remained consistent around 120 nm, indicating that the 
model compounds do not significantly influence the size of 
the liposomes.

Next, EE was measured by RP-LC to investigate the 
model compound encapsulation with various molecular 
properties. EE is an important parameter to understand the 

interaction of the model compounds and the liposomes. 
Optimizing encapsulation improves the efficiency of the 
process along with minimizing compound waste during 
the liposome formation process. To compare EE for the 
model compounds, the D/L ratio was constant at 0.1, which 
is in the range for literature values of drug encapsulation 
in liposomes (46, 47). EE was the highest for cyclosporine 
A (CSA) (21.96%) and decreased to 0.7% for acyclovir 
(Table II). Log P trended with EE where the higher Log P 
compounds curcumin (11.41%) and CSA (21.96%) lead to 
higher EE compared to lower Log P values, doxorubicin 
(5.80%), dexamethasone (1.49%), and acyclovir (0.7%) 
(Fig. 2). The findings with Log P and encapsulations are in 
line with what has been seen in literature. Log P has been 
shown to influence encapsulation of drugs in liposomes 
where the higher Log P compounds lead to higher encap-
sulation efficiency (48). Generally, the higher Log P com-
pounds entrap almost completely in the lipid bilayer while 
intermediate partition coefficient can partition between the 
lipid and aqueous phase leading to poor encapsulation at the 
D/L ratio 0.1 (49). However, the EE of all 5 tool compounds 
was still low, and further optimization was needed.

Formulation Approaches to Improve Encapsulation 
Efficiency

We next investigated strategies to improve EE, first altering 
the D/L ratio. Lipid amounts were kept constant while the 
drug amount was altered for the hydrophobic compounds 
(Log P > 1.89). In general, a nearly twofold increase of 
EE corresponded with decreasing D/L ratio for all 4 tool 
compounds (Fig. 2). Curcumin with the highest Log P in 
the model compounds has shown the most remarkable 

Table I   Physicochemical 
Properties of Model 
Compounds as Stated in 
PubChem

Model compounds Curcumin Dexamethasone Doxorubicin Acyclovir Cyclosporine A

MW (g/mol) 368 392 543.5 225 1202
Water solubility (µg/mL) 3.12 89 10,000 2500 27
Log P 3.29 1.89 1.27  − 1.56 2.92
pKa 7.8, 8.5, 9 12.42, − 3.3 8 2.27, 9.25 13.32

Table II   Average Particle 
Diameter and Encapsulation 
Efficiency of Liposome and 
Loaded with Model Compounds 
at Constant D/L Ratio 0.1 
and After Optimization. Data 
Represents Mean ± s.d., N = 3

Liposomes Particle size D/L 0.1 Optimized formula-
tion

Average diameter 
(nm)

Pdi EE% STD EE% STD

Curcumin 110.6 0.26 11.4 0.1 84.9 5.0
Dexamethasone 114.6 0.20 1.5 1.0 27.5 1.7
Doxorubicin 115 0.28 5.8 0.8 95.9 2.8
Acyclovir 127.2 0.25 0.7 0.3 3.65 1.7
Cyclosporine A 144.2 0.26 22.0 3.6 78.7 5.8
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improvement in EE with altering D/L ratios. With altering 
the D/L ratio of curcumin, the EE significantly increased 
where the encapsulation increased from 11.41% at a D/L 
ratio of 0.1 to 82.4% with a D/L ratio of 0.01 (Fig. 2). The 
low EE at the higher D/L ratios indicates that the amount 
of curcumin has saturated the lipid bilayer leading to the 
increased amount of free drug. The drug cargo can affect 
the stability and release kinetics in liposome systems. More 
hydrophobic drugs have been shown in vitro to result in 
faster release kinetics (50). In vivo release through lipid 
exchange would lead to faster drug release with the hydro-
phobic drugs saturated in the lipid bilayer compared to 
hydrophilic drugs in core (51). For compounds with moder-
ate or negative Log P, altering the D/L ratio improved the 
overall EE, but the impact was still limited. Since CSA, 
dexamethasone, and acyclovir only had modest changes in 

EE with altering D/L ratio, we investigated another strategy 
by altering the liposome structure to understand the effects 
of EE.

Liposome vs. Lipodisk

By increasing the PEG ratios from 18.8 to 62%, the lipid 
nanoparticle structures transform from liposomes to lipo-
disks. Lipodisks consist of a lipid bilayer in a discoidal 
shape that can encapsulate hydrophobic compounds within 
the lipid bilayer along with the potential to interact with 
compounds on the surface. Compared to liposomes which 
are ~ 150  nm in size, lipodisks are smaller at ~ 50  nm 
(Fig. 3a). Lipodisks have mainly been utilized as biomi-
metic membranes; however, there has been promising evi-
dence for application in the drug delivery field. Lipodisks 

Fig. 2   a Model compound’s 
Log P correlates to compound’s 
encapsulation efficiency with 
D/L ratio of 0.1. Altering drug/
lipid ratio impacts encapsula-
tion efficiency. b Curcumin. 
c Cyclosporine A. d Dexa-
methasone. e Acyclovir. Data 
represents mean ± s.d., N = 3. 
One-way ANOVA, * indi-
cates p < 0.05, ** p < 0.01, *** 
p < 0.001 w.r.t. D/L ratio of 0.1
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have been shown to be biocompatible, increase drug circu-
lation half-life, and increase tumor accumulation (36, 40, 
52). CSA, dexamethasone, curcumin, and acyclovir were 
encapsulated in lipodisks with the microfluidic system, the 
NanoAssemblr, utilizing a 0.03 D/L ratio for CSA and acy-
clovir and a 0.01 D/L ratio for dexamethasone and curcumin. 
For consistency, the TFR and FRR parameters in the micro-
fluidic method were maintained when making the lipodisks 
and liposomes. The difference in EE between liposomes 
and lipodisks was measured. The EE for CSA significantly 
increased to 80% when encapsulated in lipodisks compared 
to liposomes at 39.8% EE (Fig. 3b). Lipodisks increased EE 
of dexamethasone from 2.3 to 9.7% with a D/L ratio 0.03 
(Fig. S1). With decreasing the D/L ratio to 0.01, dexametha-
sone EE increased to 27.46% in lipodisks (Fig. 3c). The 
combination of the lipodisk strategy and altering D/L ratio 
led to a synergistic effect to optimize and increase EE. Cur-
cumin lipodisk and liposome EE remained constant while 
the acyclovir EE did not significantly increase in lipodisks 
(Fig. 3d,e). CSA and dexamethasone have moderate Log 
P values generally resulting in poor EE. Here, with lipo-
disks, we have shown promise to increase EE of these model 

compounds with moderate Log P values. Lipodisks did not 
improve the EE of acyclovir, an aqueous soluble compound 
with a low Log P (− 1.56). As the lipodisks lack an aqueous 
core, the minimal EE of acyclovir was expected. Since the 
EE was similar for the curcumin loaded in the liposomes 
and lipodisks, we further investigated the effects of these 
two delivery systems in vivo.

Remote Loading

Generally, the alteration of the D/L ratio improves the EE 
for most conditions and a similar trend was also observed 
from doxorubicin. EE increased from 5.8 to 39% when alter-
ing the D/L from 0.1 to 0.03 (Fig. 4). To further increase 
EE, another strategy, remote loading, was investigated. 
Remote loading utilizes a pH gradient to efficiently encap-
sulate drugs into the core of preformed liposomes (53). 
As a technique for active encapsulation, the remote load-
ing approach can result in high EEs and minimal waste of 
drugs (54). Doxorubicin is a weakly acidic compound as an 
ideal tool compound to demonstrate the concept of remote 
loading and the EE increased with remote loading from 39 
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Fig. 3   Altering DSPE-PEG (2000) amount in liposome composi-
tion. Increasing DSPE-PEG (2000) percent a decreases liposome 
size, b increases encapsulation of cyclosporine A with a D/L ratio 
0.03, c increases dexamethasone encapsulation with a D/L ratio 0.01, 

d no significant change with curcumin at a D/L ratio 0.01, e no sig-
nificant change with acyclovir with a D/L ratio 0.03. Data represents 
mean ± s.d., N = 3. One way ANOVA, n.s. indicates not significant, 
*** indicates p < 0.001 w.r.t. 18.8% DSPE-PEG (2000)
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to 95.9% at a 0.03 D/L ratio (Fig. 4). A synergistic effect is 
seen with altering D/L ratio and remote loading where EE 
can reach over 90%. For remote loading the external buffer 
of blank liposomes in citrate buffer at pH 4 was exchanged 
with HEPES buffer pH 7.4 to create a pH gradient across the 
liposome. Doxorubicin added to the external HEPES buffer 

in a nonionized state resulting in permeation across the lipid 
membrane. Once internalized, doxorubicin is ionized in the 
low pH buffer limiting doxorubicin from crossing the lipid 
membrane resulting in an accumulation of doxorubicin in 
the core of the liposome. These findings with high EE for 
doxorubicin are in line with literature where EE is close to 
100% utilizing the remote loading strategy (44, 53). How-
ever, this technique generally works best for amphiphilic 
weak acids and bases, limiting the application across differ-
ent chemical compounds (55).

In Vivo IV Pharmacokinetics of Liposome and Lipodisk 
of Curcumin in Rats

For larger scale studies, the Blaze instrument was utilized 
to make liposomes and lipodisks loaded with curcumin to 
understand the in vivo properties. Ethanol was removed and 
the liposomes and lipodisks were concentrated with TFF. 
Blaze and TFF allow for efficient scaling to generate repro-
ducibility and precise liposomes and lipodisks for further 
applications. Cryo-EM was used to visualize the structural 
difference between the liposomes and lipodisks (Fig. 5). The 
particle size distribution of liposome and lipodisk formula-
tions fabricated by NanoAssemblr and Blaze is comparable, 
and the formulation parameters between the two methods 
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were also translatable (Fig. S2). Liposome consisted of a 
lipid bilayer with an aqueous core. With the increase of 
DSPE-PEG, the cryo-EM depicted a dispersion of nanosized 
disk particles, lipodisks. The size of the liposomes and lipo-
disks remained stable over 8 days at 4 °C (Fig. 5).

To understand the influence of liposome and lipodisk 
encapsulation on the plasma circulation of drugs, a phar-
macokinetic study was performed. Sprague Dawley rats 
were divided into 3 cohorts and administered an equivalent 
dose of curcumin (5 mg/kg) in either solution, liposome, 
or lipodisk formulations. Curcumin was chosen from the 
5 test compounds based on the known rapid clearance in 
rats (56, 57) and encapsulation efficiency (~ 82.4%) in both 
liposomes and lipodisks (Fig. 3d). The plasma concentration 
time profiles for each cohort are presented in Fig. 6.

If curcumin were embedded in the lipid bilayers of lipo-
some or lipodisks, then it would likely be inaccessible to the 
endogenous clearance mechanism of freely soluble drug. 
The plasma concentration time profile of the liposome and 
lipodisk formulations (compared to the solution control) 
should then be enhanced due to the protection of curcumin 
from in vivo metabolism. From our in vivo results, we 

observe a trend of higher plasma concentrations in the lipo-
disk and liposome cohorts. The average measured plasma 
concentrations of curcumin were 1.5 to 2.5 fold greater than 
the free solution over the time course when given the same 
dose (Fig. 6). We next analyzed the plasma drug concentra-
tion time courses by non-compartmental analysis to esti-
mate the pharmacokinetic parameters of each cohort. These 
parameters are presented in Table III. Similar to the plasma 
concentration time profile, both liposomes and lipodisks for-
mulations showed higher AUCs than the solution control 
(1.56-fold and 1.38-fold, respectively). Additional pharma-
cokinetic parameters such as clearance and Vss change pro-
portionally to the AUC for each formulation but do not reach 
statistical significance (p > 0.05). Given the high encapsu-
lation efficiency of curcumin in the liposomes and lipo-
disks, a greater change in clearance was expected with the 
assumption that encapsulation would shield curcumin from 
metabolism. However, it is possible that encapsulation of 
curcumin can trigger alternative clearance mechanisms. For 
example, nanoparticles can accumulate in the liver through 
endocytosis by Kupffer cells (58). The subsequent lysoso-
mal degradation of liposomes or lipodisks could represent 
a distinct clearance mechanism not present in the solution 
cohort (59). Additional experiments to identify the distinct 
clearance mechanisms of liposomes or lipodisks are in con-
sideration but fall outside the scope of the current study. 
The average Vss of curcumin is much higher in the solu-
tion cohort compared to liposomes (4.1-fold) or lipodisks 
(2.8-fold), although significant variability is observed in the 
parameter estimation for the solution cohort. The reduction 
of curcumin Vss in liposomes or lipodisks aligns with our 
initial expectation as the encapsulated drug is restricted from 
passive distribution into peripheral compartments.

The focus of this report is to provide a systematic dis-
covery scheme to facilitate formulation development. The 
current work provides a foundation for the optimization of 
critical quality attributes and demonstrates the potential 
effect of encapsulation on the in vivo pharmacokinetics of 
curcumin. From our 5 test compounds, curcumin is the most 
lipophilic and expected to have the highest affinity for the 
lipid bilayers of the liposomes or lipodisks. However, the 
in vivo release of a drug from a nanoparticle carrier is not 
only a function of the drug’s affinity for the carrier but also 
the various interactions that occur in the biological milieu. 
In previous reports, it has been shown that hydrophobic 
drugs may exhibit a greater release from lipid-based nano-
particle carriers when compared to hydrophilic drugs (60). 
Hydrophobic drugs that reside on the surface of lipid bilay-
ers may interact with plasma proteins and lead to greater 
than expected in vivo release compared to in vitro measure-
ments. In contrast, hydrophilic drugs residing in the aqueous 
core of liposomes or the pegylated borders of lipodisks may 
have greater retention in the nanocarrier after interaction 
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Fig. 6   Plasma concentration versus time profile of curcumin (5 mg/
kg) administered IV in solution, liposome, or lipodisk formulation. 
From 0 to 8 h, a trend is observed with higher concentrations of cur-
cumin in plasma associated with liposome (dashed line, triangle ▲) 
and lipodisk formulations (dashed line, square ■) compared to the 
solution formulation (solid line, circle ●). Data represents mean ± s.d., 
N = 3

Table III   Noncompartmental Analysis of Curcumin (5 mg/kg) Given 
Intravenously in Solution, Lipodisk, or Liposome Formulation

Pharmacokinetic parameter Solution
(mean ± SD)

Lipodisk
(mean ± SD)

Liposome
(mean ± SD)

AUC​0 to t (ng*h/mL) 226.8 ± 38.5 315 ± 63.2 354.3 ± 86.4
CL (mL/min/kg) 377.7 ± 60.3 277.3 ± 63.7 247.7 ± 51.5
Vss (L/kg) 60.2 ± 53.3 21.8 ± 7.0 14.7 ± 2.7
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with plasma proteins. In the case of curcumin, there is a 
known interaction between free curcumin and human serum 
albumin and fibrinogen which may support this hypothesis 
(61) but further study is required. Additionally, in future 
studies, it would be of interest to investigate how further 
optimization of these attributes will translate in vivo for all 
five chemically diverse compounds. The integration of these 
data can facilitate novel formulations in the preclinical stage 
to develop the best drug candidates.

Decision Trees of Lipid Nanoparticle Formulations

In Fig. 7, we outline the decision trees to achieve the high-
est EE in lipid nanoparticle formulations for the model 
compounds. The workflow suggested by the decision tree 
represents the most effective approach for each compound 
category. For compounds with Log P greater than 3 (cur-
cumin), either altering the D/L ratio or increasing the DSPE-
PEG% significantly increased EE to > 80%. For compounds 
with moderate Log P (0 < Log P < 3), increasing the DSPE-
PEG% to generate lipodisks is the most effective approach 
to improve the EE. Remote loading is the most competent 
approach for weak acid or weak based compounds with an 
ionizable pKa. The combination of altering the D/L ratio 

with other methods could also achieve the synergistic effect. 
For hydrophilic compounds with high aqueous solubility and 
negative Log P such as acyclovir, altering the D/L ratio and 
encapsulating in lipodisks lead to low EE. Further develop-
ment would be necessary to understand the driving factors to 
increase EE for compounds that fall into this category. The 
selected D/L ratio for each tool compound can be found in 
Table SI. This decision tree offered a systematic approach to 
prepare liposome and lipodisk via the microfluidic method, 
which provides facile and reproducible formulations. Our 
formulation strategy is simply based on the Log P value to 
achieve the optimized EE and this approach could save time 
and resources when developing drug-loaded lipid nanopar-
ticles at the preclinical stage.

CONCLUSION

We have developed a systematic process outlined in a deci-
sion tree to determine the optimal strategy to generate lipid-
based nanoparticles with optimized encapsulation efficiency 
based on the compound’s physicochemical properties such 
as Log P and ionization. Furthermore, we have identified a 

Fig. 7   The liposome formulation decision tree of 5 model com-
pounds. The decision tree highlights the preferred technique to 
increase EE based on Log P utilizing microfluidic technology. The 

particle size range of all formulations is between 114.6 and 144.2 nm. 
WA, weak acid; WB, weak base
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novel and promising strategy via the microfluidic prepara-
tion method to increase the EE for moderate Log P com-
pounds through encapsulation with lipodisks. The in vivo 
PK studies exemplify the scalability and translatability of 
these promising lipodisks and liposomes delivery systems 
to increase drug circulation and retention. The optimization 
studies forming the decision tree will save significant mate-
rial and time in the future development of these lipid-based 
nanoparticle formulations.
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