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A B S T R A C T   

We demonstrated that phospholipid-free small unilamellar vesicles (PFSUVs) composed of TWEEN 80 and 
cholesterol (25/75, mol%) could be fabricated using a staggered herringbone micromixer with precise con-
trolling of their mean size between 54 nm and 147 nm. Increasing the temperature or decreasing the flow rate led 
to an increase in the resulting particle diameter. In zebrafish embryos, 120-nm PFSUVs showed 3-fold higher 
macrophage clearance compared to the 60-nm particles, which exhibited prolonged blood circulation. In mice, 
the 60-nm particles showed dominant accumulation in the liver hepatocytes (66% hepatocytes positive), while 
the 120-nm particles were delivered equally to the liver and spleen macrophages. Accordingly, in a murine model 
of acetaminophen-induced hepatotoxicity the 60-nm particles loaded with chlorpromazine reduced the serum 
alanine aminotransferase level and liver necrosis 2- to 4-fold more efficiently than their 120-nm counterparts and 
the free drug, respectively. This work showed that the intra-liver distribution of PFSUVs was largely determined 
by the size. Most other nanoparticles published to date are predominantly cleared by the liver Kupffer cells. The 
60-nm PFSUVs, on the other hand, focused the delivery to the hepatocytes with significant advantages for the 
therapy of liver diseases.   

1. Introduction 

Niosomes are unilamellar bilayer vesicles which can be formed by 
self-association of a nonionic surfactant and cholesterol (Chol) in an 
aqueous medium. A typical niosomal formulation must contain more 
than 50 mol% surfactant to disperse poorly soluble Chol into a bilayer 
structure [1,2]. Just like liposomes, niosomes can encapsulate both 
hydrophilic and hydrophobic drugs in their aqueous core and bilayer 
membrane, respectively. Niosomes offer several advantages over lipo-
somes. They are cost-effective, stable towards oxidative degradation and 
exhibit longer storage stability [3,4]. However, progress in systemic 
delivery of these high-surfactant (≥50 mol%) niosomes has been limited 
due to the high vesicle membrane permeability and rapid drug leakage 

in plasma [3]. Incorporating more Chol in niosomes to enhance the 
stability was largely not successful because Chol molecules tend to 
aggregate at a high concentration in aqueous media. Additionally, 
conventional methods for niosome preparation like thin film hydration 
cannot precisely control the particle size, resulting in a high size poly-
dispersity index (PDI ≥ 0.5) [5,6]. Further tedious size-controlling 
processes like extrusion or sonication are necessary to obtain mono-
dispersed niosomes. 

In a recent study, we employed a staggered herringbone micromixer 
(SHM) device to fabricate phospholipid-free formulations that contained 
only Chol and TWEEN 80 and successfully incorporated 75–83 mol% 
Chol in the formulation [7]. These unique particles displayed a mean 
diameter of ~80 nm, a small unilamellar vesicular (SUV) structure 
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under cryo-transmission electron microscopy, and were named 
phospholipid-free SUV (PFSUVs) [7]. The herringbone structure enabled 
ultrafast mixing of two input streams within milliseconds using 
microstructure-induced chaotic advection [8], which reduced precipi-
tation of Chol during the mixing process and facilitated formation of 
these particles containing an exceptionally high amount of Chol, leading 
to enhanced membrane stability compared to the typical niosomes. As a 
result, PFSUVs could hold a transmembrane gradient for active loading 
of drugs into the aqueous core and retain them for at least 6 days without 
burst release in the serum [7]. Although containing TWEEN 80, PFSUVs 
did not induce hemolysis even at a high concentration [7], making it 
attractive for systemic delivery, yet its therapeutic potential remains to 
be established. 

Particle size is widely recognized as one of the most important factors 
influencing the pharmacokinetics, biodistribution and cellular interac-
tion of various types of nanoparticles [9–14]. However, this relationship 
has not been established for surfactant-based nanoparticles. The SHM 
system allowed precise control of the microfluidic mixing processes, 
including lipid concentration, mixing temperature, flow rate and flow 
ratio. In this study, we investigated how these microfluidic parameters 
affected particle characteristics of PFSUVs, particularly the particle size, 
and how that in turn impacted the in vivo pharmacokinetics, bio-
distribution, cellular interaction and therapeutic efficacy in an acet-
aminophen (APAP)-induced hepatotoxicity model. 

2. Materials and methods 

2.1. Materials 

All chemicals were purchased from commercial suppliers and used as 
received without further purification. TWEEN 80® (proteomics grade) 
and methanol (HPLC grade) were purchased from VWR International 
(Radnor, PA). DiD (DiIC18(5); 1,1′-dioctadecyl-3,3,3′,3′-tetramethy-
lindodicarbocyanine, 4-chlorobenzenesulfonate salt) was purchased 
from Life Technologies Inc. (Burlington, ON, Canada). DiR (DiIC18(7); 
1,1′-dioctadecyl-3,3,3′,3′-tetramethylindotricarbocyanine iodide) was 
purchased from Biotium Inc. (Fermont, CA). CPZ hydrochloride, Chol, 
Fluoroshield® with DAPI (4′,6-Diamidin-2-phenylindol), Sephacryl 400- 
HR and trifluoroacetic acid (TFA, ~98%) were purchased from Sigma 
Aldrich (St. Louis, MO). Alexa Fluor® 488 Phalloidin was purchased 
from Thermo Fisher Scientific Inc. (Waltham, MA). All other general 
laboratory chemicals were purchased from Sigma Aldrich (St. Louis, 
MO) and VWR International (Radnor, PA). 

2.2. Preparation of PFSUVs 

PFSUVs were prepared by SHM microfluidics using a Nano-
Assemblr® Benchtop system (Precision Nanosystems Inc., Vancouver, 
BC, Canada). Chol and TWEEN 80 were dissolved in ethanol at a molar 
ratio of 1.5:1, 2:1, 3:1 or 5:1 and a total concentration of 19 mg/mL. For 
the fluorescent labeling, DiR or DiD was added to the lipid solution at 
1.1 mol%. The solution was mixed with ammonium sulfate (120 mM) in 
the mixing cartridge of the NanoAssemblr® at variable flow ratios 
(ethanol:water), total flow rates and temperatures. A total volume of 1.1 
mL per sample was collected, cooled down on ice for 20 s and subse-
quently dialyzed against HEPES buffered saline (HBS, 1 L, 25 mM, pH 
7.4) or sodium acetate buffer (100 mM, pH 4.75) for 48 h (molecular 
weight cut-off 10 kDa, Spectrum Chemical Mfg. Corp., NJ). The buffer 
was replaced after 4 h and 24 h. After dialysis, the samples were filtered 
through a sterile 0.22 μm membrane filter (Merck KGaA, Darmstadt, 
Germany). CPZ (0.6 mg) was loaded into PFSUVs (total lipid concen-
tration 3.2 mg/mL) at a drug to lipid ratio of 1:19 (w/w) in sodium 
acetate buffer (100 mM, pH 4.75, final volume 1 mL). The mixture was 
incubated for 1 h at 37 ◦C and then quenched on ice for 2 min. The drug- 
loaded particles were subjected to purification by dialysis as described 
above. 

2.3. Characterization of PFSUVs 

The size and PDI of PFSUVs were measured by DLS using a Malvern 
Zetasizer Nano ZS instrument (Malvern Instruments Ltd., Malvern, UK). 
All results were determined as the mean of 3 intensity-based average size 
measurements of the same formulation. The samples were diluted (1:49, 
v/v) in HBS and measured in a glass cuvette at 25 ◦C. The fluorophore 
concentration in DiR labeled samples was measured by absorbance at 
748 nm using a fluorescence microplate reader (Hidex Sense, Hidex, 
Turku, Finland). The samples were diluted (1:9, v/v) in ethanol and the 
measured intensity was compared with a calibration curve of DiR in 
ethanol. To determine the long-term storage stability, the PFSUVs were 
stored in sterile Eppendorf tubes at 4 ◦C. After different time points, the 
size and PDI were determined as described above. The morphology of 
PFSUVs was imaged by Cryo-TEM (FEI Titan Krios, Hillsboro, OR) 
following previously described methods [7,15]. The encapsulated con-
tent of CPZ was determined using ultra performance liquid chroma-
tography (UPLC). PFSUVs (20 μL) were dissolved by addition of ethanol 
(60 μL) and sonication (5 min). Samples were analyzed on an ACQUITY 
UPLC H-Class System (Waters, Milford, MA) coupled on-line to a 
photodiode array detector as described preciously [7]. CPZ was quan-
tified via absorbance at 254 nm. The encapsulation efficiency was 
calculated as a ratio of drug concentrations before and after dialysis of 
the freshly loaded particles. PFSUVs particle numbers were analyzed by 
Nanoparticle Tracking Analysis (NTA) performed using a Nanosight 
NS300 (Malvern Instruments Ltd.). PFSUVs were diluted 1:10000 (v/v) 
in PBS, and measurements were performed using the scatter mode under 
continuous flow using a syringe pump. 

2.4. In vitro drug retention 

PFSUVs-CPZ with 60 nm and 120 nm were each mixed with fetal 
bovine serum (FBS, Gibco Laboratories, Gaithersburg, MD) at 1:1 ratio 
(v/v) and incubated at 37 ◦C. After 30 min and 120 min, 200 μL of the 
sample was collected, and purified by size exclusion chromatography 
(SEC) on a Sephacryl packed gel to remove leaked drug. 45 μL of the 
sample before and after SEC was mixed with 300 μL ethanol, vortexed 
for 30 s, placed on ice for 30 min, and centrifuged twice at 12,500 rpm 
for 5 min. The supernatant (280 μL) was collected, lyophilized, and 
reconstituted in 45 μL of ethanol. 10 μL of the sample was injected into 
the UPLC for lipid and CPZ quantification. Drug release was calculated 
following Eq. 1, where D/Li and D/Lf, are the initial and final drug-to- 
lipid ratio, respectively. 

Drug Release =
(D/Li)–

(
D
/

Lf
)

(D/Li)
× 100 (1)  

2.5. Animal studies 

All animal protocols implemented in this study were approved by the 
Animal Care Committee of the University of British Columbia (Van-
couver, BC, Canada) in compliance with the policies established by the 
Guide to the Care and Use of Experimental Animals (Canadian Council of 
Animal Care, Ottawa, Canada). 

2.6. Biodistribution study in zebrafish embryos 

The study was performed using established protocols as previously 
described [16–19]. In brief, transgenic Tg (flk1:mCherry [20]; mpeg1: 
NTR-lanYFP) zebrafish embryos expressing mCherry in their vasculature 
endothelial cells and yellow fluorescent protein (YFP) in their macro-
phages were kept in E3 medium (5 mM NaCl, 0.17 mM KCl, 0.33 mM 
CaCl2 x 2H2O, 0.33 mM MgSO4) at 28 ◦C and pigment cell formation was 
suppressed using 1-phenyl 2-thiourea (PTU). Zebrafish embryos were 
embedded in 0.3% (w/v) agarose containing tricaine (0.01% tricaine, w/ 
v) and a calibrated volume of 3 nL of DiD-labeled PFSUVs were 
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intravenously injected via the duct of Cuvier. Injections were performed 
using a MM-33 micromanipulator (Sutter Instrument, Novato, CA), a 
PicoSpritzer III pressure injector (Parker Hannifin Corp, Pine Brook, NJ) 
and a Zeiss Axio Zoom.V16 Stereomicroscope (Carl Zeiss, Oberkochen, 
Germany). Injected zebrafish embryos were selected and imaged using a 
Leica TCS SP8 inverted confocal laser scanning microscope equipped 
with a 20× HC PL APO objective (NA 0.7, Leica, Wetzlar, Germany) at 1 
h post-injection. Image stacks were processed and analyzed using the Fiji 
ImageJ software [21]. Systemic circulation properties were analyzed 
based on mean fluorescence ratios between vascular signals and total 
fluorescence. Macrophage clearance of PFSUVs in the posterior (caudal) 
cardinal vein region was determined by colocalization analysis using the 
JaCoP plug-in [22]. To evaluate clearance by scavenger receptor 
expressing cells, fluorescence ratios between the dorsal aorta and pos-
terior (caudal) cardinal vein were calculated. 

2.7. Biodistribution study in mice 

Female CD-1 mice (31–39 g, 18–20 weeks old, Charles River Labo-
ratories, Senneville, QC, Canada) were i.v. injected with DiR-PFSUVs at 
a dosage of 0.3 μg/g. One day post injection, the mice were sacrificed, 
and the brain, liver, kidneys and spleen were harvested immediately, 
washed with phosphate buffered saline (PBS) and stored in 10% (v/v) 
formalin in PBS overnight at room temperature. The organs were then 
imaged using an IVIS® Imaging System (Caliper Life Sciences, Waltham, 
MA). The fluorescence efficiency was quantified using the Living 
Image® 3.1 Software (Caliper Life Sciences, Waltham, MA) in accor-
dance to the instructions of the manufacturer. Tissue sections with a 
thickness of 40 μm were prepared from the formalin-fixed livers using a 
vibratome (Precisionary Instruments LLC, Boston, MA). Sections were 
collected in PBS and subsequently incubated in 0.1% (v/v) Triton X-100 
in PBS for 5 min, washed with PBS three times and then incubated in 1% 
(v/v) bovine serum albumin in PBS for 10 min. After three more washes 
with PBS, the sections were incubated in Alexa Fluor® 488 Phalloidin 
(APh, 80 μL, 1 U/mL). Finally, excess staining solution was removed by 
washing with PBS and the tissue section was mounted on a glass slide 
with Fluoroshield® containing DAPI (Sigma Aldrich). The stained sec-
tion was imaged using a confocal microscope (Zeiss LSM 700) at 20×
magnification and analyzed with ZEN software (both Carl Zeiss, Ober-
kochen, Germany). 

2.8. APAP-induced hepatotoxicity in mice 

Female CD-1 mice (24–26 g, 10–12 weeks old, Charles River Labo-
ratories, Senneville, QC, Canada) were injected intraperitoneally (i.p.) 
with 500 mg/kg of APAP. After 1 h, 0.6 mg/kg CPZ in different for-
mulations was injected through the tail vein. Saline was injected as a 
control. At 6 h after APAP administration, blood was collected from the 
mice, followed by euthanasia. Serum was obtained by centrifuging 
(10,000 g, 5 min) the blood immediately after collection and stored at 
− 20 ◦C. Serum ALT was measured by IDEXX Reference Laboratories Ltd. 
(Delta, BC, Canada) and compared to the reference value provided by 
Charles River. The liver was collected immediately after euthanasia, 
washed with PBS, and stored in 10% (v/v) formalin in PBS for 48 h at 
room temperature. Paraffin-embedded liver section, haematoxylin and 
eosin (H&E) staining and microscopic imaging were performed by Wax- 
it Histology Services Inc. (Vancouver, BC, Canada). The microscopy 
images were examined by an independent veterinarian at the University 
of British Columbia in a blinded manner. The authors had no influence 
on sectioning, staining and examination of the histology images. 
Necrotic area (i.e. “too much pink on H&E") is featured with anuclear 
cells, nucleus disintegration, nucleus fragmentation, nuclear strinkage, 
and neutrophil infiltration. 

2.9. Statistical analysis 

All data are presented as mean ± SD. Statistical analysis was per-
formed with GraphPad Prism version 7.0 (GraphPad Software, San 
Diego, CA). Comparisons between groups were made by two-tailed un-
paired t-tests. A difference with p < 0.05 was considered to be statisti-
cally significant. 

3. Results and discussion 

3.1. Size-tuning of PFSUVs 

Previously, our group reported the synthesis and characterization of 
a TWEEN 80-based formulation with an exceptional high cholesterol 
content of >75 mol% (PFSUVs) using a SHM device [7]. The SHM 
technique offers the opportunity to precisely control the reaction envi-
ronment, i.e. temperature, flow ratio, lipid concentration and total flow 
rate during the microfluidic process (Fig. 1) [8]. In this study, we first 
investigated how these microfluidic parameters affected the character-
istics of PFSUVs, in particular the mean particle diameter and PDI. For 
the preparation of these particles, we mixed 120 mM ammonium sulfate 
(aqueous phase) with the lipids at a concentration of 5–50 mg/mL in 
ethanol (organic phase) at a flow ratio of 1:1–6:1 (aqueous/organic), a 
total flow rate of 2–18 mL/min and at temperatures between 30 and 
55 ◦C. Rapid microfluidic mixing is a technology that utilizes a micro-
environment to combine different flows in a controllable fashion 
achieving a rapid and thorough mixing by enhancing diffusion effects 
between flows. In a continuous flow through a microfluidic chamber, 
organic and aqueous phase are merged in a non-turbulent way creating a 
laminar side-by-side flow of both phases [23]. The resulting well- 
defined interface between the liquids is continuously disturbed by 
herringbone structures in the mixing channel of a microfluidic chip, 
which causes the fluids to gradually combine and “fold” multiple times. 
This increases the area of the interface between phases and thereby 
enhances diffusion effects. The ongoing rapid mixing of aqueous and 
organic phase increases polarity to the point where dissolved lipids and 
components in the solvent phase start to aggregate and orient them-
selves in a thermodynamically and energetically favored structure 
forming the final nanoparticles [24]. 

Chol and TWEEN 80 (3:1 M ratio) were soluble at a maximum total 
concentration of 50 mg/mL, and therefore, we examined lipid concen-
trations between 5 mg/mL and 50 mg/mL. As shown in Fig. 2A, varia-
tion of the lipid concentration between 5 mg/mL and the maximum of 
50 mg/mL produced consistent particle sizes of around 55 nm. However, 
the PDI increased to 0.15–0.2 when the concentration was above 20 mg/ 
mL. The results suggest that when the lipid molecules in ethanol were 
diluted with water to initiate the lipid bilayer nucleation (or self- 
assembly), the process was more homogenous at a low lipid concen-
tration compared to a high lipid concentration, leading to a decreased 
PDI. 

Another parameter that can be directly set using the SHM technique 
is the flow ratio. Nano-sized particles (around 55 nm) were only ob-
tained when the aqueous component of the micromixer was 75% or 
more (Fig. 2B). At a higher ethanol content, white precipitates were 
observed resulting in dynamic light scattering (DLS) peaks in the sub 
micrometer range. We suspect the precipitation was caused by ammo-
nium sulfate which has a low solubility in ethanol. While 75% of 
aqueous phase is required for the formation of nanoparticles, further 
dilution with water did not result in any difference of the particles size, 
but only diluted the final product. Thus, we concluded that a flow ratio 
of 3:1 (aqueous/organic) is optimal. 

We then varied the total flow rate of the microfluidic mixing in a 
range between 2 mL/min and 18 mL/min (Fig. 2C). Above 12 mL/min, 
PFSUVs showed consistent sizes around 55 nm while lowering the flow 
rate demonstrated a clear trend to increase the PFSUVs size up to 92 nm 
at 2 mL/min. We speculated that the slower mixing allowed the vesicles 
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Fig. 1. Schematic depiction of the microfluidic manufacturing process of PFSUVs by mixing of laminar flows in a staggered herringbone structure as well as summary 
of the critical process parameters that can be varied to control the desired quality attributes. The microfluidic channels have a diameter of ~100 μm [8]. 

Fig. 2. Dependence of PFSUV size and PDI 
on the (A) total lipid concentration, (B) the 
flow ratio of aqueous and organic phase, (C) 
the total flow rate and (D) the manufacturing 
temperature. Panel E shows PFSUVs size 
dependency on the temperature with or 
without lipophilic carbocyanine dye, DiR. 
Data were acquired using dynamic light 
scattering (DLS) and are displayed as mean 
± SD (n = 3). Panel F shows a cryo-TEM 
image of the 55-nm PFSUVs demonstrating 
the small unilamellar vesicular structure.   
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to grow for a longer period under a milieu of higher lipid concentration 
until dilution effects terminated the particle growth and consequently 
limited their final size. While the SHM device enables even lower flow 
rates, we did not exhaust this range completely, because the PFSUVs 
prepared with a low total flow rate displayed instability and batch-to- 
batch inconsistency. The result was resembled by a significant in-
crease of the PDI to >0.2 at a total flow rate 2 mL/min compared to a PDI 
of <0.1 at a total flow rate of 18 mL/min. Possibly, the typically slower 
aggregation events of Chol outran the bilayer formation at such a low 
total flow rate. Previous reports on other bilayer vesicles such as lipo-
somes containing 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine 
(DOPE) and 1 2-Dioleoyloxy-3-trimethylammonium propane (DOTAP) 
suggested that the total flow rate had no influence on the particle size 
[25], and this is the first report on microfluidic size tuning of a 
surfactant-based nanoparticle by manipulating the total flow rate. 

Another parameter that can be varied using this SHM device is the 
temperature within the microfluidic cartridge. As shown in Fig. 2D, the 
microfluidic temperature determined the resulting particle size of the 
PFSUVs, which increased from 55 nm to 147 nm at 30 ◦C to 55 ◦C. 
Moreover, the PDI stayed below 0.15, indicating high particle size ho-
mogeneity in all conditions. Overall, the more consistent quality of the 
particles and the wider size range that can be achieved by varying the 
temperature (55–147 nm) compared to the flow rate (55–92 nm) makes 
the former approach more desirable for size tuning of PFSUVs. We 
therefore continued in vivo studies on size-dependent biodistribution 
and cellular uptake using particles produced by the temperature- 
dependent size-tuning. For this purpose, we included fluorescent lipo-
philic dyes into the lipid bilayer by mixing them into the initial organic 
phase and examined their particle size. Loading 1.1 mol% DiR into the 
PFSUVs slightly increased the particle size by 5–10 nm under the same 
conditions (Fig. 2E). This could be due to the incorporation of DiR in the 
bilayer, affecting the assembly. Nevertheless, the results with DiR- 
PFSUVs were comparable to empty PFSUVs, displaying increased par-
ticle size with increasing temperature, and a range of sizes between 60 
nm and 153 nm of DiR- PFSUVs could be fabricated (Fig. 2E). These 
particles were highly reproducible with small standard deviations in the 
mean diameter and were stable at 4 ◦C storage for at least 1 month 
without changes in size and PDI (Supplementary Fig. S1). To the best of 
our knowledge, this is the first time that highly stable surfactant-based 
particles with the same composition could be fabricated with a range 
of particle sizes by altering the manufacturing temperature. 

The result of an increasing particle size with an increasing temper-
ature contradicts previous reports of temperature-dependent 
manufacturing of bilayer structures by microfluidics. Zook et al. [26] 
reported an inverse proportionality of the size of their produced lipo-
somes and the manufacturing temperature. When using lipids with a 
high transition temperature (the temperature promoting the lipid tran-
sition from the gel-like solid to liquid crystal state), an elevated tem-
perature during the manufacturing process results in a decreased 
elasticity modulus, i.e. less bending stiffness, leading to smaller parti-
cles. Above the transition temperature, the elasticity changes only 
minimal with an increase in temperature [26]. TWEEN 80, however, has 
a very low transition temperature and is liquid at room temperature, and 
Chol is known to completely abolish the gel to liquid phase transition in 
niosomes [27]. Therefore, the elasticity modulus of the PFSUVs is most 
likely temperature-independent and the mechanism proposed by Zook 
et al. for liposomes cannot be applied to surfactant-based particles such 
as PFSUVs. 

The observed relation between the PFSUV size and temperature 
could be explained by the molecular packing parameter [28]. For 
nonionic surfactants such as TWEEN 80, the steric repulsion between the 
head groups decreases with increasing temperature due to a decrease in 
hydration at higher temperatures [29,30], while simultaneously the tail 
volume increases due to thermal motion [31]. These effects would result 
in an increased packing parameter and subsequently an increased par-
ticle size. 

We confirmed the DLS results for the 55-nm particles using cryo- 
transmission electron microscopy (cryo-TEM) showing mean di-
ameters around the anticipated mean size (Fig. 2F). Additionally, this 
technique demonstrated the presence of a small unilamellar vesicular 
structure. The surface charge measured as zetapotential was generally 
neutral (within ±10 mV) for all produced particles in this study (Sup-
plementary Table S1). 

Overall, size tuning is one of the critical parameters to modify tissue 
targeting of nanoparticles in vivo. Membrane extrusion has been 
extensively employed to control the particle size of phospholipid-based 
liposomes through a defined pore size [32]. While membrane extrusion 
is time and resource consuming, microfluidics enables direct 
manufacturing of nanoparticles with a defined mean diameter obviating 
the need for extensive post processing. This report demonstrates this 
straight-forward fabrication method on a unique nanoparticle compo-
sition, i.e. PFSUVs [7]. Interestingly, the process parameters found to 
influence the size of phospholipid-based liposomes showed opposite 
effects on PFSUVs: an increased production temperature leads to a 
decreasing size of liposomes [26]. While the total flow rate has no 
impact on the size of liposomes, [25] PFSUVs with an increasing size can 
be produced by decreasing the flow rate. These findings highlight the 
importance of a systematic study evaluating the influence of each pro-
cess parameter on the physicochemical properties of different nano-
particles. As will be shown in the chapters below, among those 
attributes, the particle size, can have a significant impact on their in vivo 
delivery. 

3.2. Biodistribution in zebrafish embryos 

Previously, we have demonstrated that PFSUVs were stable in serum 
and able to retain a weak base drug doxorubicin for >6 days when 
incubated in serum. [7] Our capability of producing stable PFSUVs with 
a range of sizes allowed us to study the impact of the particle size on 
their biodistribution for the first time. In this study, we compared the 
systemic clearance and biodistribution in two in vivo models, including 
zebrafish embryo and mouse. The zebrafish embryo model is an 
emerging pre-clinical screening tool to assess the systemic circulation 
and blood clearance of nanomedicines in vivo [17,18,33]. We intended 
to use this non-vertebrate animal model to screen and prioritize different 
PFSUV preparations for further studies in mice. 

We intravenously injected fluorescently-labeled PFSUVs into genet-
ically engineered zebrafish embryos expressing mCherry in their 
vasculature endothelial cells and yellow fluorescent protein (YFP) in 
their macrophages. To enable detection of PFSUVs in double transgenic 
zebrafish embryos, DiD was selected as non-exchangeable, lipophilic 
carbocyanine dye due to the far-red fluorescent properties. Additionally, 
DiD is known to be stably retained in lipid membranes of nanoparticles, 
does not lead to premature cell staining and thus is a suitable marker for 
tracking the biodistribution [34]. Interestingly, we observed a clear 
difference in the biodistribution pattern at 1 h post-injection (Fig. 3A). 
With increasing size, the proportion of PFSUVs in blood circulation 
decreased significantly, indicating enhanced blood clearance. In line 
with this, the larger PFSUVs accumulated in distinct cells in the posterior 
caudal vein region indicative for macrophage sequestration. Next, we 
performed an image analysis to quantify the biodistribution within the 
blood vessel, which can be separated as systemic circulation (red fluo-
rescence within white blood vessels), macrophage sequestration (over-
lay of red and green), and clearance by scavenger endothelial cells 
(overlay of red and white) (Fig. 3B). PFSUVs with an average size above 
82 nm displayed significantly decreased systemic circulation compared 
to the 60-nm PFSUVs (Fig. 3C) indicating higher blood clearance. The 
blood concentration of the 153-nm PFSUVs 1 h post injection was 10- 
fold lower relative to that of the 60-nm particles. Co-localization ana-
lyses revealed a strong sequestration of PFSUVs by macrophages with 
increasing size (Fig. 3D). Macrophage clearance of the 120-nm PFSUVs 
was 3-fold higher than that of the 60-nm particles. This is in line with 
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previous studies evaluating the size-dependent effect of liposomal sys-
tems on macrophage clearance in the zebrafish embryo model [18]. 
Analyzing the PFSUVs accumulation in venous vasculature did not 
suggest an additional clearance by scavenger endothelial cells express-
ing stabilin-2 receptors (Fig. 3E) [35]. In conclusion, the data with 
zebrafish embryos revealed enhanced macrophage clearance with 
increasing size of PFSUVs, and small PFSUVs exhibited prolonged blood 
circulation and reduced macrophage clearance. Although the zebrafish 
embryo model provides insightful information about macrophage 
clearance, this model does not have developed organs to allow exami-
nation of tissue distribution. We then selected the 60-nm and 120-nm 
particles representing the low and high macrophage clearance formu-
lations, respectively, and compared their biodistribution in mice. 

3.3. Biodistribution and intra-liver distribution of PFSUVs in mice 

Female CD-1 mice received an i.v. dose of 60-nm or 120-nm fluo-
rescently labeled PFSUVs (PFSUVs-DiR) at 0.3 μg DiR/g (for lipid and 
particles number doses, please refer to Supplementary Table S2), and 
were evaluated by fluorescence imaging at different time points (Sup-
plementary Fig. S2). Both particles resulted in signals exclusively around 
the upper abdomen, suggesting predominant liver uptake. At 2 h or 24 h, 
mice were euthanized and dissected for tissue imaging. As shown in 
Fig. 4, at 2 h, the liver, kidney and spleen displayed measurable uptake 
of both PFSUVs, while the accumulation occurred mainly in the liver, 
and uptake by the kidney and spleen was only minimal. The other organs 
did not show significant fluorescence (data not shown). Fluorescence in 
the liver was 8- to 10-fold higher than that in the spleen and kidney for 
both PFSUVs. The plasma clearance for both PFSUVs occurred rapidly, 
and within 2 h, only 2.5% of the initial concentration was detected in the 

Fig. 3. Biodistribution of PFSUVs in zebra-
fish embryos. PFSUVs with different sizes 
(red) were intravenously injected into dou-
ble transgenic zebrafish embryos expressing 
mCherry in their vasculature endothelial 
cells (white) and YFP in their macrophages 
(green). (A) Confocal micrographs were ac-
quired in the tail region at 1 h post-injection. 
Yellow color represents colocalization of 
PFSUVs (red) with macrophages (green). (B) 
Schematic representation of systemic circu-
lation and clearance mechanisms of PFSUVs. 
Quantitative image analysis of (C) systemic 
circulation, (D) sequestration by macro-
phages, and (E) clearance by endothelial 
cells. Data are displayed as mean ± SD (n =
3). *p < 0.05, **p < 0.01. (For interpretation 
of the references to color in this figure 
legend, the reader is referred to the web 
version of this article.)   
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plasma. The data were consistent with our previous report [7], indi-
cating a short plasma half-life of PFSUVs and rapid uptake by the liver 
within 2 h. Free DiR was included in this study as a control, and dis-
played different pharmacokinetic and biodistribution profiles compared 
to PFSUVs. Free DiR was undetectable in the plasma 2 h after injection, 
and the kidney uptake of free DiR was significantly lower than that of 
PFSUVs. The results at 24 h were consistent with that at 2 h except that 
the spleen uptake of PFSUVs increased at 24 h (Supplementary Fig. S3). 

The livers treated with free DiR and two preparations of PFSUVs 
were collected after 2 h or 24 h, sectioned, stained and imaged for 
comparison of their intra-liver biodistribution. As shown in Fig. 5, after 

2 h, PFSUVs with a mean diameter of 60 nm were detected in 66% of the 
hepatocytes representing 6-fold higher hepatocyte-uptake compared to 
the 120-nm particles (11%). On the other hand, particles with a mean 
diameter of 120 nm were accumulated in 68% of the sinusoidal cells (i.e. 
Kupffer cells), while 60-nm PFSUVs could only be detected in 29% of all 
sinusoidal cells, representing a 2.3-fold higher sinusoidal cell-uptake of 
120-nm PFSUVs. We further examined the sinusoidal cellular uptake of 
the 120 nm PFSUVs by staining the liver section using an F4/80 anti-
body for the Kupffer cells. As shown in supplementary Fig. S4, 79% of 
DiR labeled 120 nm PFSUVs was found associated with F4/80+ Kupffer 
cells. Together with the results in Fig. 5, our data indicate that the vast 

Fig. 4. Biodistribution of the PFSUVs with 
different sizes. (A) Ex vivo images of organs 
collected from CD-1 mice 2 h after injection 
with free DiR or DiR labeled PFSUVs (mean 
diameter = 60 nm or 120 nm). (B) Quanti-
fied fluorescence signal of organs collected. 
(C) Fluorescence concentration measured in 
plasma. The fluorescence efficiency was 
calculated from the ex vivo IVIS® images 
using the Living Image® 3.1 Software. Data 
are displayed as mean ± SD (n = 3). *p <
0.05, **p < 0.01, ***p < 0.001. The injected 
doses are reported in supplementary infor-
mation (Table S2) as DiR dose, lipid dose and 
particle number.   
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majority of the 120 nm PFSUVs was cleared by the Kupffer cells in the 
liver sinusoids. 

Free DiR was exclusively delivered to the sinusoidal cells (25%) 
without any hepatocyte uptake. The intra-liver uptake data at 2 h were 
consistent with that at 24 h. Free DiR, a highly hydrophobic compound, 
might rapidly bind with the serum proteins after i.v. administration and 
then be efficiently recognized by the Kupffer cells via the scavenger 
receptors for rapid clearance. Our data show that 60 nm PFSUVs mainly 
accumulated in the hepatocytes while 120 nm PFSUVs were cleared by 
the Kupffer cells. This could be due to that 60 nm PFSUVs were able to 
penetrate the liver sinusoidal fenestrae (100–150 nm) [36,37] or 60 nm 
PFSUVs exhibited an increased affinity for the hepatocytes. Further 
mechanistic studies will be pursued in the future. 

The need for efficient hepatic delivery of drugs is significant. Liver 
diseases like hepatitis B, liver cirrhosis and hepatocellular carcinoma are 
global health problems accounting for 2 million deaths per year 
worldwide [38,39]. Both Kupffer cells as well as hepatocytes are 
crucially involved in these disorders. Kupffer cells are responsible for the 
release of pro-inflammatory markers and cytokines during infection or 
inflammation, while hepatocytes are the major parenchymal cells and 
form up to 80% of the liver volume [40]. Among all the reported 
nanoparticles in the literature, liver uptake remains the major clearance 
pathway [11], and while the vast majority showed significant elimina-
tion by the Kupffer cells [41,42], only a few displayed selective delivery 
to the hepatocytes [43,46]. Being able to selectively target those two 
different cell types with the same delivery platform by only changing the 
manufacturing temperature represents a major advantage of PFSUVs 
over other nanoparticle systems. In particular, the 60-nm PFSUVs 

displaying rapid and highly efficient targeting to the hepatocytes hold 
significant promise for the therapy of many liver disorders. 

3.4. Effect on APAP-induced hepatotoxicity in mice 

To demonstrate a medical utility for PFSUVs and how the particle 
size would affect the effectiveness, we encapsulated chlorpromazine 
(CPZ) to treat APAP-induced hepatotoxicity in a murine model. CPZ has 
been extensively studied as a hepatoprotectant in mice models for de-
cades: Saville et al. [44] were the first to report that an i.p. dose of 6 mg/ 
kg CPZ injected 1 h prior APAP (800 mg/kg, s.c.) protected mice from 
developing signs of liver necrosis and normalized the phosphorylase α 
activity compared to the untreated control group. The activity of CPZ 
protecting against hepatotoxicity relies on modulating the autophagy 
and c-Jun N-terminal kinase activation in the mouse liver [45]. Most 
recently, Li et al. [45] showed that CPZ was therapeutically effective in 
reducing the liver injury by i.p. administration (6 mg/kg) 2 h post APAP 
injection (500 mg/kg). 

We previously reported the encapsulation of a weak-base drug 
doxorubicin into PFSUVs using the active loading approach via an 
ammonium sulfate gradient [7]. Accordingly, we loaded CPZ, also a 
weak base, into the PFSUVs at a drug-to-lipid ratio of 1:19 (w/w). The 
drug loading value measured by UPLC was 1.84 w% (encapsulation ef-
ficiency ~37%). We performed cryo-TEM measurements to visualize 
encapsulated CPZ molecules, appearing to form electron dense struc-
tures within the core (Fig. 6A). The size and PDI of PFSUVs remained 
unchanged after loading. PFSUVs-CPZ could be stored at 4 ◦C for at least 
one month without drug leakage and change in particle properties, 

Fig. 5. Intra-liver distribution of PFSUVs. (A) Confocal microscopy images of liver sections collected from CD-1 mice 2 h after injection with free DiR or DiR labeled 
PFSUVs (mean diameter = 60 nm or 120 nm). Sections were stained with DAPI (blue) and Alexa Fluor® 488 Phalloidin (APh, green). The fluorescence signal from 
DiR is displayed in red color. (B) Total number of DiR-positive hepatocytes and sinusoidal cells per microscopy images. (C) Corresponding percentage of DiR-positive 
of each cell type. Scale bar represents 50 μm. Arrow 1 indicates hepatocyte. Arrow 2 indicates sinusoidal cell. Data are displayed as mean ± SD (n = 3). **p < 0.01. 
Additional zoomed-in images of the Merge panes are available in the supplementary information Fig. S5. (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.) 
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including size, PDI and zeta potential (Supplementary Fig. S6). 
We examined CPZ release from PFSUVs by incubating the particles in 

50% fetal bovine serum (FBS) at 37 ◦C for a period of 2 h, at which time 
point vast majority of PFSUVs had left the blood compartment and 
accumulated in the liver. CPZ release from PFSUVs in the presence of 
serum was low to moderate (Supplementary Fig. S7) depending on the 
particles size. Approximately 5% and 7% CPZ was released from 60-nm 
and 120-nm PFSUVs at 0.5 h, respectively, and 5% and 20% at 2 h, 

respectively. 
Female CD-1 mice received a dose of APAP (500 mg/kg, i.p.), and 1 h 

later, CPZ formulated in saline, 60-nm, or 120-nm PFSUVs were i.v. 
administered at a low dose of 0.6 mg/kg (for lipid and particles number 
doses, please refer to supplementary Table S3), followed by serum 
collection, euthanasia and liver harvest at 6 h (Fig. 6B). As shown in 
Fig. 6C, the serum aminotransferase (ALT) levels signifying the liver 
damage, were significantly reduced to 160 ± 24 and 227 ± 17 U/L for 

Fig. 6. Delivery of CPZ protecting against 
APAP-induced liver injury. (A) Cryo-TEM 
images of 60 nm PFSUVs-CPZ and 120 nm 
PFSUVs-CPZ demonstrating the small uni-
lamellar vesicular structure and the electron 
an electron-dense core structures of encap-
sulated drug. (B) Schematic illustration of 
APAP treatment and PFSUVs-CPZ post- 
treatment in vivo. Mice were injected with 
APAP (500 mg/kg, i.p.) and after 1 h with 
60-nm or 120-nm PFSUVs-CPZ, free CPZ or 
saline. The CPZ dose was kept consistent at 
0.6 mg/kg. The doses of injected lipids and 
the particle number are reported in the 
supplementary information (Table S3). The 
serum and livers were collected 6 h after 
APAP treatment. (C) Serum ALT levels at 6 h. 
(D) Representative images of haematoxylin 
and eosin-stained sections of the liver at 6 h. 
Dashed line encloses necrotic area. Arrows 1 
and 2 indicate examples of apoptotic bodies 
and infiltrating inflammatory cells, respec-
tively. Additional representative pictures for 
each group can be found in the supplemen-
tary information (Fig. S9). (E) Percentage of 
necrotic area based on the whole liver sec-
tions. Data are displayed as mean ± SD (n =
3). *p < 0.05, **p < 0.01, **p < 0.001. u.t. 
denotes untreated mice.   
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the 60-nm and 120-nm PFSUVs-CPZ, respectively, compared to the 
untreated control (693 ± 281 U/L). Interestingly, free CPZ was not 
effective at this low dose in reducing the ALT level (556 ± 165 U/L) 
demonstrating that the PFSUVs improved CPZ delivery to the liver. 
Between the two preparations of PFSUVs, the 60-nm particles displayed 
enhanced activity compared to the 120-nm counterpart. This is likely 
caused by the 60-nm PFSUVs delivering predominantly to the hepato-
cytes and the 120-nm formulation displaying increased sinusoidal cell 
uptake. The liver histology results are consistent with the ALT data 
(Fig. 6D). The APAP-damaged liver showed severe zonal necrosis with 
29% area necrotic indicated by structural changes of cells and deep red 
color of the affected zone. The liver treated with free CPZ showed a 
comparable area of necrotic zones (26% of total area), but many 
appeared as early stage with cells only showing morphology changes 
without degradation of the nuclei. Both preparations of PFSUVs-CPZ 
significantly minimized zonal necrosis showing only spotty necrosis 
indicated by red-colored apoptotic bodies (arrow 1 in Fig. 6D) and 
infiltration of inflammatory cells (arrow 2 in Fig. 6D). The 60-nm 
PFSUVs-CPZ group showed reduced liver necrosis (6% total area) 
compared to the 120-nm PFSUVs-CPZ (14% total area). Again, it is in 
line with the intra-liver biodistribution results indicating that the 60-nm 
particles enabled an improved accessibility to the hepatocytes. Addi-
tionally, the enhanced CPZ retention with the 60-nm PFSUVs in the 
serum compared to the 120-nm PFSUVs could lead to increased CPZ 
delivery to the liver and improved efficacy. Empty 60 nm and 120 nm 
PFSUVs did not cause any toxicity. No serum ALT elevation (22–32 U/L) 
nor abnormal liver histology (Supplementary Fig. S8) was observed, 
suggesting that the formulation itself was safe. 

4. Conclusion 

We demonstrated that stable surfactant-based PFSUVs with an 
exceptional high Chol content (75 mol%) could be fabricated using a 
SHM device, and that the particle size could be fine-tuned by controlling 
the temperature during the manufacturing. Moreover, we showed that 
the biodistribution of PFSUVs was highly dependent on the particle size. 
Larger PFSUVs (82–153 nm) displayed significant interaction with 
macrophages and the 120-nm PFSUVs were mainly cleared by the si-
nusoidal cells in the liver after i.v. administration. Small PFSUVs with an 
average size of 60 nm displayed reduced clearance by the sinusoidal 
cells and could penetrate the liver sinusoidal fenestrae to interact with 
the hepatocytes. Consequently, the smaller 60-nm PFSUVs more effi-
ciently delivered a hepatoprotectant to treat APAP-induced liver injury. 
Our work transformed PFSUVs into a potential drug delivery platform 
that can be systemically administered for targeting different cell pop-
ulations in the liver to treat liver diseases. 
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