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Abstract 

Precise engineering of nanoparticles with systematically varied properties (size, charge surface 

properties, targeting ligands, etc.) remains a challenge, limiting the effective optimization of 

nanoparticles for particular applications. Herein we report a single-step microfluidic 

combinatorial approach for producing a library of single and dual-ligand liposomes with 

systematically-varied properties including size, zeta potential, targeting ligand, ligand density, 

and ligand ratio. A targeting ligand folic acid and a cell penetrating peptide TAT were 

employed to achieve the optimal synergistic targeting effect. In 2D cell monolayer models, the 

single-ligand folic acid modified liposome didn’t show any enhanced cellular uptake, while the 

incorporation of TAT peptide “switched on” the function of folic acid, and induced significant 

elevated cellular uptake compared to the single ligand modified liposomes, showing a strong 

synergistic targeting effect. The folic acid and TAT peptide dual-ligand liposome also 

demonstrated enhanced tumor penetration as observed using 3D tumor spheroid models. The 

in vivo study further confirmed the improved tumor targeting and longer tumor retention (up 

to 72 hours) of the dual-ligand liposomes. Our work not only proved the versatility of this 

microfluidic combinatorial approach in producing libraries of multifunctional liposomes with 
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controlled properties but also revealed the great potential of the optimized liposome 

formulation for synergistic targeting effects. 

Key words: Dual-ligand liposomes, microfluidics, folic acid, cell penetrating peptides, 

synergistic effect, tumor targeting 

 

Introduction 

Liposomes are spherical vesicles with an amphiphilic lipid bilayer enclosing an aqueous core[1, 

2]. Due to the advantages such as good biocompatibility and good stability, liposomes have 

gained an intense interest in various fields ranging from vaccine, drug delivery to diagnostics 

and imaging. From the first FDA-approved nano-drug Doxil[3] to those latest liposome 

formulations under clinical development[4, 5], we have witnessed significant advances in 

developing lipid-based drug delivery systems for cancer diagnosis and treatment over the past 

decades. Recently, a lot of effort has been made to develop multifunctional liposomes[6-8]. 

Through a synergistic manner, these liposomes might address two or more challenges at the 

same time, such as overcoming multiple barriers to deliver drugs to specific sites, enhancing 

targeting specificity or increasing circulation time and tumor retention capability. 

To achieve desired biological functions, liposomes are usually prepared with some specific 

ligands. Their biological function can be further enhanced by incorporating two or more ligands 

at the same time, such as using two targeting ligands or using an active targeting ligand and a 

cell-penetrating peptide. Ying et. al[9] developed dual-ligand liposomes using two active 

targeting ligands for transporting the drug across the blood-brain barrier and then targeting 

brain glioma. Takara et. al[10] used a specific ligand NGR and a cell-penetrating peptide 

oligoarginine to improve the cellular uptake efficiency through a synergistic effect. These dual-

ligand liposomes[11] are promising candidates to achieve advanced properties and functions 

such as triggered release, better tumor targeting, and more efficient drug delivery. However, 

traditional methods for preparing liposomes are mainly based on bulk methods such as thin-

film hydration, freeze-drying, detergent depletion and alcohol injection[12]. These methods 

always require post-processing steps to homogenize the size, thus often resulting in big batch-

to-batch variations and poor quality control. To prepare more complex multifunctional 

liposomes, traditional methods might require further steps to conjugate or incorporate 

functional groups into the liposomes[13-15], thus leading to increased difficulties in controlling 

the properties and reproducibility of such liposomes, as well as the associated high manufacture 
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cost and time consumed. In addition, as there are so many factors which can affect the in vitro 

and in vivo properties of multifunctional liposomes, it is essential to prepare a library of 

liposomes with varied compositions, thus allowing the systematic screening and evaluation. 

Therefore, it is critical to developing a new platform technology for investigating 

multifunctional liposomes in a simple, efficient, and reproducible way.  

Microfluidic technology is a newly emerging method for the preparation of various 

nanoparticles due to its better manipulation of the synthesis process[16-18]. To prepare 

multifunctional liposomes in a single step, a microfluidic hydrodynamic flow focusing (HFF) 

approach has been developed[19, 20]. This method can provide a well-controlled mixing of the 

organic solvent which contains the lipids and the aqueous buffer in the microfluidic device, 

thus precisely controlling the properties of the liposomes such as size, charge, and surface 

chemistry[21]. The method also allows combinatorial synthesis of libraries of liposomes with 

systematically-varied properties, which has been considered as an effective way to discover 

new drugs through high-throughput screening in the pharmaceutical industry. Moreover, this 

“micro-” preparation process can be easily scaled-up by using high aspect ratio or parallel 

integrated microfluidic devices[22, 23], which is suitable for massive clinical applications and 

industrial production. 

In this study, we used the hydrodynamic flow focusing method to generate a library of 

liposomes with varied properties, including different particle size, single ligand, dual-ligand 

and different ligand densities in a one-step manner. We employed a targeting ligand folic acid 

(FA) for active tumor targeting and a cell penetrating peptide (TAT) for efficient cell 

membrane translocation of the liposomes. Their biological functions were evaluated using two-

dimensional (2D) cell monolayer, three-dimensional (3D) tumor spheroid models, and a tumor-

bearing mouse model. The work offers a new strategy for preparing libraries of multifunctional 

liposomes, and the screening of them via various models allows the identification of the best 

formulation with the optimal biological functions. This strategy could pave the way for the 

liposome-based pharmaceutical applications.  

 

Materials and methods 

Materials 
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TAT peptide with a terminated cysteine (Cys-TAT, CYGRKKRRQRRR, MW 1663) was 

synthesized by GenScript Corporation (Piscataway, NJ, USA). 1,2-dimyristoyl-sn-glycero-3-

phosphocholine (DMPC), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-

[methoxy(polyethylene glycol)-2000] (ammonium salt) (DSPE-PEG2000) were obtained from 

Avanti Polar Lipids (Alabaster, AL, USA). 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-

N-[folate(polyethylene glycol)-2000] (DSPE-PEG2000-Folate) and 1,2-distearoyl-sn-glycero-3-

phosphoethanolamine-N-[maleimide(polyethylene glycol)-2000] (DSPE-PEG2000-Mal) were 

obtained from Nanocs (New York, NY, USA). Cholesterol (CHO), histology mounting 

medium and Accumax solution were purchased from Sigma-Aldrich (St. Louis, MO, USA). 

Mouse anti-human folate binding protein antibody was purchased from Abcam (Cambridge, 

UK). Alexa Fluor® 488 conjugate goat anti-mouse IgG secondary antibody, Hoechst 33342 

and Alexa Fluor® 647 Phalloidin were purchased from Invitrogen (Carlsbad, CA, USA). Other 

chemicals and reagents were of analytical grade. 

 

Synthesis of DSPE-PEG2000-TAT 

DSPE-PEG2000-TAT was synthesized by conjugating TAT to the DSPE-PEG2000-Mal through 

the Michael reaction. Briefly, DSPE-PEG2000-Mal and Cys-TAT (molar ratio = 1:1.5) were 

mixed in chloroform/methanol (v/v = 2:1), and triethylamine was added as the catalyst. The 

reaction mixture was protected by nitrogen and then stirred in dark at room temperature for 24 

h. The reaction process was monitored by thin-layer chromatography (TLC). After the DSPE-

PEG2000-Mal disappeared based on the TLC, the reaction mixture was evaporated by a rotary 

evaporation under vacuum. The residue was redissolved in chloroform and filtrated to remove 

the excess TAT peptide. The purified product was stored at -20 °C. 1H-NMR and MALDI-TOF 

mass spectrometry were used to verify the successful synthesis of the product. 

 

Preparation of liposomes 

To prepare PEG-Lip (55 mol% DMPC, 40 mol% CHO and 5 mol% DEPE-PEG2000), FA-Lip 

(55 mol% DMPC, 40 mol% CHO,  4 mol% DEPE-PEG2000 and 1 mol% DSPE-PEG2000-FA) , 

TAT-Lip (55 mol% DMPC, 40 mol% CHO,  4 mol% DEPE-PEG2000 and 1 mol% DSPE-

PEG2000-TAT) and FA-TAT-Lip (55 mol% DMPC, 40 mol% CHO,  3 mol% DEPE-PEG2000, 

1 mol% DSPE-PEG2000-FA and 1 mol% DSPE-PEG2000-TAT), different lipid materials were 
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dissolved in CHCl3. After mixing, the chloroform was removed by the rotary evaporator and 

the lipid film was then re-dissolved in anhydrous isopropanol (IPA). For the fluorescence-

labeled liposomes, DiI or DiR was added to the IPA solution together with the lipids at a density 

of 5 µg and 50 µg/mL, respectively. The final lipid concentration was adjusted to 2.5 mM. For 

some cell experiments, liposomes with different single- and dual-ligand densities were also 

prepared, such as 0.5 mol% FA modified liposomes (0.5% FA) or 0.5 mol% FA and 1 mol% 

DSPE-PEG2000-TAT modified liposomes (0.5% FA 1%TAT) which will be explained in the 

relevant figure captions.  

Liposomes were formed by injecting the lipids into the microfluidic device where this lipids 

stream was intersected by PBS buffer from side channels. A total flow rate of 28.8 µL/min 

(corresponding to 0.4 m/s) was used, and flow rate ratios were varied from 3:1 to 16:1 for 

liposome preparation. The preparation process was conducted at room temperature. 

 

Characterisation of liposomes 

Dynamic light scattering (DLS)  

The size, polydispersity index (PDI) and zeta-potential of the liposomes synthesized were 

determined using a Zetasizer Nano ZS (Malvern Instruments, Worcestershire, UK).  

Transmission electron microscopy (TEM) 

The morphology of FA-TAT-Lip was observed using a transmission electron microscopy (Jeol, 

Tokyo, Japan). Samples were dropped onto a copper TEM grid with a carbon film and air-dried 

at room temperature followed by negative-staining using 1% uranyl acetate. 

In vitro stability in fetal bovine serum (FBS) 

Liposomes in 96 well plate were incubated with an equal volume of FBS at 37 ˚C. At different 

time points (0, 1, 2, 4, 8, 12, 24, 48 h), the absorbance (A) at 680 nm was measured using a 

microplate reader. The relative turbidity at 0 h was set to be 1 and at other time points was 

calculated as Asample/A0 h. 

Quantification of FA on liposome surface 

The amount of FA was quantified using a fluorescence spectrophotometer. FA-Lip or FA-TAT-

Lip were concentrated using centrifugal filters (4000 g, 10 min, 25 ˚C) to about 200 µL 
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followed by the addition of the same volume of 1% Triton X-100 to de-emulsify the liposomes. 

Then the absorbance at 380 nm was recorded by UV-VIS. The amount of FA was calculated 

using a standard curve. The FA incorporation efficiency (FA IE) was determined as follows: 

𝐹𝐴 𝑖𝑛𝑐𝑜𝑟𝑝𝑜𝑟𝑎𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =  
𝑇ℎ𝑒  𝐹𝐴 𝑎𝑚𝑜𝑢𝑛𝑡 𝑑𝑒𝑡𝑒𝑟𝑚𝑖𝑛𝑒𝑑 𝑏𝑦 𝑠𝑝𝑒𝑐𝑡𝑟𝑜𝑝ℎ𝑜𝑡𝑜𝑚𝑒𝑡𝑒𝑟

𝑇ℎ𝑒 𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝐹𝐴 𝑎𝑚𝑜𝑢𝑛𝑡
  

Quantification of TAT on liposome surface 

TAT peptide on the surface of the liposomes was quantified by RP-HPLC. Briefly, TAT-Lip 

or FA-TAT-Lip were concentrated by centrifugation (4000g, 10 min, 25 ˚C) to about 250 µL 

followed by the addition of the same volume of 1% Triton X-100 to de-emulsify the liposomes. 

The RP-HPLC was equipped with a Jupiter C18 column (5 µm, 300 Å, 150 mm × 4.6 mm) 

(`Phenomenexe, Torrance, CA, USA) and connected to an LC-10AVP series HPLC system 

(Shimadzu, Kyoto, Japan). The mobile phase A was 0.1% (v/v) trifluoroacetic acid (TFA) in 

water and mobile phase B was 90% (v/v) acetonitrile, 0.1% TFA in water. A linear gradient 

from 12 to 37% phase B in 12 min at a flow rate of 1 mL/min was used. The detector 

wavelength was set at 214 nm. The TAT incorporation efficiency (TAT IE) was determined as 

follows: 

𝑇𝐴𝑇 𝑖𝑛𝑐𝑜𝑟𝑝𝑜𝑟𝑎𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =  
𝑇ℎ𝑒  𝑇𝐴𝑇 𝑎𝑚𝑜𝑢𝑛𝑡 𝑑𝑒𝑡𝑒𝑟𝑚𝑖𝑛𝑒𝑑 𝑏𝑦 𝑅𝑃−𝐻𝑃𝐿𝐶

𝑇ℎ𝑒 𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑇𝐴𝑇 𝑎𝑚𝑜𝑢𝑛𝑡
  

 

Cell lines and cell culture 

Murine macrophage cell line (RAW264.7), human ovarian adenocarcinoma cell line (SKOV3) 

and human breast adenocarcinoma cell line (MCF-7) were purchased from American Type 

Culture Collection (ATCC). Cell lines were cultured in high glucose DMEM medium 

supplemented with 10% FBS, 100 U/mL penicillin and 100 U/mL streptomycin at 37 ˚C in a 

humidified 5% CO2 atmosphere.  

 

2D cell uptake study 

Macrophage cell uptake 

RAW 264.7 cells were seeded into a 24 well plate at a density of 2.5 × 105 cells/well and 

allowed for attachment for overnight. The next day, DiI labeled liposomes with different ligand 

densities were added into the corresponding wells at a final lipid concentration of 31 µM. After 
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4 h incubation at 37 ˚C, cells were collected, washed three times with PBS, and then 

resuspended in 0.5 mL PBS. The fluorescent intensity was measured using Accuri C6 flow 

cytometer (BD, New Jersey, USA) with the excitation and emission wavelength at 549 and 565 

nm, respectively.  

Quantitative cell uptake measurement by flow cytometry 

SKOV3 or MCF-7 cells were seeded into 24 well plates at a density of 2.5 × 105 cells/well. 24 

h later, DiI labeled liposomes with different ligand density were added to the corresponding 

wells at a final lipid concentration of 31 µM. For competitive inhibition group, 0.5 mg/mL free 

FA was added to the wells one hour before the addition of liposomes. 4 h later, cells were 

collected, washed 3 times with PBS and resuspended in 0.5 mL PBS for flow cytometry. The 

excitation and emission wavelengths of 549 and 565 nm, respectively. 

Qualitative analysis using confocal laser scanning microscopy (CLSM) 

SKOV3 or MCF-7 were seeded into 24 well plates at a density of 1 × 105 cells/well with a 12 

mm diameter of round glass coverslips in each well. 24 h later, DiI labeled PEG-Lip, FA-Lip, 

TAT-Lip and FA-TAT-Lip were added to the corresponding wells at a final concentration of 

31 µM and incubated for 4 h. Then cells were washed with PBS and fixed with 4% 

paraformaldehyde for 10 min. After fixing, Alexa Fluor® 647 Phalloidin and Hoechst 33342 

were used to stain the cytoskeleton and cell nucleus, sequentially. At last, the coverslips were 

taken out from the wells, mounted to glass slides and observed using CLSM (Zeiss 710, Jena, 

Germany).   

 

3D tumor spheroid uptake study 

Formation of 3D tumor spheroids 

5×103 cells/well SKOV3 or MCF-7 were seeded into 96 well plate in which each well was pre-

coated with 50 µL 2% low melting point agarose to prevent adherence of the cells. Plates were 

incubated at 37 ˚C in a humidified 5% CO2 atmosphere. After about 7 days, spheroids with 

uniform size were selected for experiments. 

Tumor spheroid uptake using CLSM 

Tumor spheroids were incubated with DiI labeled PEG-Lip, FA-Lip, TAT-Lip and FA-TAT-

Lip (synthesized with a flow rate ratio of 8:1) for 4 h. Then the spheroids were collected, 
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washed 3 times with PBS and immersed in 4 % paraformaldehyde for CLSM analysis. A layer-

by-layer scanning was used to detect the fluorescent signal of the tumor spheroids in each layer 

and a Zen (blue edition) software was used to analyze and create the 3D images. 

Tumor spheroid uptake using flow cytometry  

Tumor spheroids were incubated with DiI labeled PEG-Lip, FA-Lip, TAT-Lip and FA-TAT-

Lip (synthesized with an FRR of 8:1) for 4 h. Then 10 spheroids for each group were gathered 

and treated with 200 µL Accumax solution for 30 min at 37 °C. After dissociation, cells were 

washed three times with PBS and then analyzed using a flow cytometry with the excitation and 

emission wavelength at 549 and 565 nm, respectively.  

 

Biodistribution and tumor targeting study 

To establish a tumor model, nude Balb/C mice weighing around 18 grams were injected with 

1 × 107 of SKOV3 cells subcutaneously at the left armpit. Biodistribution study begins when 

tumor size reached about 0.5 cm in diameter.  

The tumor-bearing mice were randomly divided into 4 groups with 8 mice for each group. DiR 

loaded liposomes were intravenously injected through the tail vein at a dose of 100 µg DiR/kg. 

At the time points 2, 6, 12, 24, 48 and 72 h after injection, mice were imaged using an in vivo 

MS FX Pro instrument (Bruker Corporation, Billerica, MA, USA), fluorescent signal and X-

ray signal were obtained. On the other hand, one mouse from each group at time points 6, 12, 

24, 48 and 72 h was euthanized, and organs (hearts, livers, spleens, lungs and kidneys) and 

tumors were collected for ex vivo imaging. The mean fluorescent signal intensity at the tumor 

site in the whole animal biodistribution results was semi-quantified using Image-J. The ex vivo 

tumor-to-liver fluorescent signal intensity ratio was performed as the mean fluorescent signal 

intensity of the tumor (whole tumor fluorescent signal intensity semi-quantified by Image-J 

divided by the weight of the tumors) divided by the mean fluorescent signal intensity of the 

liver (whole liver fluorescent signal intensity semi-quantified by Image-J divided by the weight 

of the livers). 

 

Statistical analysis 
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Statistical analysis was performed by the one-way ANOVA for multiple groups, and p value 

<0.05, <0.01 and <0.001 were marked as *, ** and ***, respectively. 

 

Results and discussion  

We used a one-step process to prepare liposome libraries of PEGylated liposomes, single-

ligand liposomes (FA modified liposomes and TAT modified liposomes), and dual-ligand 

liposomes (FA and TAT co-modified liposomes), with different size, the same charge, and 

different ligand density. We used 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and 

cholesterol as the basic liposome components and DSPE-PEG2000 as the PEGylated lipid, 

DSPE-PEG2000-FA and DSPE-PEG2000-TAT were incorporated to make surface-modified 

liposomes. In modern nanocarrier design, PEGylation is indispensable as it prolongs in vivo 

circulation time by reducing the reticuloendothelial system (RES) clearance[24]. FA is able to 

recognize those cells with elevated expression of the folate receptor, which is expressed on the 

surface of many cancer cells[25]. TAT is a short cationic peptide derived from the 

transactivator protein of human immunodeficiency virus and has been demonstrated capable 

of efficiently translocating cargoes across cell membranes such as nucleic acids, siRNA, 

protein, chemotherapy agents, and nanosized drug delivery vesicles[26].  

 

Synthesis of DSPE-PEG2000-TAT 

TAT peptide is covalently conjugated to the distal end of DSPE-PEG2000 through the Michael 

addition reaction between cysteine and maleimide[27, 28]. The reaction process was monitored 

by a thin-layer chromatography. 4.5 mg of DSPE-PEG2000-Mal was reacted with 5.3 mg of 

Cys-TAT and produced 6.4 mg of DSPE-PEG2000-TAT with a yield of 75%. In the 1H NMR 

spectra (Fig. S1), the peak 1 (1.013-0.756 ppm) and peak 2 (1.317-1.215 ppm) correspond to –

CH3 and –CH2– of DSPE, respectively, and the peak 5 (3.793-3.525 ppm) for –CH2– of PEG2000. 

The peak 3 and peak 4 which belong to TAT are still observed in DSPE-PEG2000-TAT, 

confirming the successful conjugation of TAT to DSPE-PEG2000 .The mass spectrometer shows 

that the observed molecular weight (4578 Da) is in accordance with the theoretical molecular 

weight (4605 Da), confirming the successful synthesis of DSPE-PEG2000-TAT (Fig. S1). 
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Liposome preparation in microfluidic devices 

Fig. 1A shows the microfluidic synthesis of liposomes. The microfluidic device has a 

nanoprecipitation channel with a width of 20 µm, a height of 60 µm and a length of 1 cm. The 

lipid-containing isopropanol is injected into the central channel of the microfluidic device and 

is squeezed by PBS buffer at the junction from two sides. During the nanoprecipitation process, 

the solubility of the lipids decreases and the lipids will gradually precipitate and self-assemble 

into liposomes. The morphology of the liposomes synthesized was imaged using TEM; 

liposomes are observed as hollow and spherical shape vesicles (Fig. 1B). To systematically 

investigate the biological functions of the liposomes, we not only synthesized dual-ligand 

liposomes (FA-TAT-Lip) but also PEGylated liposomes (PEG-Lip), single-ligand FA modified 

liposomes (FA-Lip) and single-ligand TAT modified liposomes (TAT-Lip) as comparisons 

(Fig. 1C). 

 

Fig. 1. (A) Snapshot of the synthesis of liposomes by nanoprecipitation. Liposomes are self-

assembled when the lipid stream is intersected by the aqueous buffer from the side channels. (B) 

TEM image of the FA-TAT-Lip synthesized by microfluidic method, observed as round hollow 

spherical vesicles. Scale bar represents 100 nm. (C) Liposomes varied with tunable functional groups 

by grafting designed chemical groups on lipids, representing PEG-Lip, FA-Lip, TAT-Lip and FA-TAT-Lip. 

PEG-Lip (55 mol% DMPC, 40 mol% CHO and 5 mol% DEPE-PEG2000), FA-Lip (55 mol% DMPC, 40 mol% 

CHO,  4 mol% DEPE-PEG2000 and 1 mol% DSPE-PEG2000-FA), TAT-Lip (55 mol% DMPC, 40 mol% CHO,  4 

mol% DEPE-PEG2000 and 1 mol% DSPE-PEG2000-TAT) and FA-TAT-Lip (55 mol% DMPC, 40 mol% CHO,  3 

mol% DEPE-PEG2000, 1 mol% DSPE-PEG2000-FA and 1 mol% DSPE-PEG2000-TAT).  
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Tuneable liposome size and surface properties 

We control the size of the liposomes in order to achieve the best blood circulation time and 

tumor accumulation. The liposome’s diameter of around or below 100 nm has been proved to 

be the optimal size for more effective blood-to-tumor transfer and longer retention in tumor 

tissue[29]. Microfluidic technology is able to tune the size of liposomes by simply adjusting 

one of the key parameters - the flow rate ratio (FRR, defined as the volumetric flow rate of the 

PBS to the volumetric flow rate of the lipid stream). We tune the FRR from 3:1 to 16:1 while 

the flow velocity of the fluid stream in the liposome nanoprecipitation channel is kept at 0.4 

m/s, corresponding to a total volumetric flow rate of 28.8 µL/min. As shown in Fig. 2A, the 

sizes of the FA-TAT-Lip smoothly decrease from ~180 to ~60 nm as the FRR increases from 

3:1 to 16:1. At the same time, the polydispersity index (PDI) could keep relatively low during 

this process (Fig. S4), indicating the uniformity of the liposomes. PEG-Lip, FA-Lip, and TAT-

Lip also show the same trend as the FRR increases (Fig. S2, Fig. S3). A non-equilibrium kinetic 

model could explain the formation of the liposomes through a two-step process in the 

microfluidic device, i.e. the self-assembly of lipid into planar lipid bilayers, and the bending 

and closing of the disc to form spherical vesicles. Therefore, the liposome size is dominated by 

two parameters, i.e. the lipid disc growth time and the lipid disc closure time. When the FRR 

is high, the alcohol stream quickly mixes with PBS, leading to both a shorter growth time[30] 

and decreased closure time[31], and thus a smaller liposome size.  
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Fig. 2. (A) The correlation between the size and the FRR (flow rate ratio, defined as the volumetric 

flow rate of the aqueous buffer to that of the organic phase). The size of the liposomes decreases as 

the high FRRs decrease the lipid disc growth time and the lipid disc closure time. (B) The zeta-

potentials of FA-TAT-Lip under different FRRs. The incorporation efficiency of the ligand of FA (C) and 

the ligand of TAT (D), defined as the ligand recovery rate after the nanoprecipitation process. (E) The 

variation of transmittance of liposomes in the presence of FBS up to 48 h, indication a good serum 

stability. (F) Flow cytometry result of the RAW 264.7 uptake of DiI labeled liposomes, showing a low 

macrophage capture compared to non-pegylated liposomes. 

 

Zeta-potential plays a critical role in regulating nanoparticles’ circulation time and cellular 

uptake. Strong negative or positive zeta-potential might lead to elevated macrophage uptake 

and thus shortened blood circulation time[32]. The zeta-potential variation of FA-TAT-Lip is 

shown in Fig. 2B. As can be seen, although the liposome sizes are different (different FRR), 

the zeta-potential could keep constant at slightly negative. Other liposomes such as PEG-Lip, 

FA-Lip, and TAT-Lip also show a slightly negative zeta-potential despite their different lipid 

compositions (Fig. S3). This result suggests that the charge remains stable independent of the 

flow rate ratios (FRRs). So the FRR exhibits a negligible effect on the surface properties of the 

liposomes. The surface properties can be controlled by using different initial lipid compositions 

such as anionic or cationic lipids to prepare liposomes with negative or positive zeta-potential, 

respectively, which has been achieved in our previous study [33]. Notably, TAT-Lip shows 
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less negative zeta-potential than other liposomes, demonstrating the incorporation of the 

cationic TAT peptide onto the liposome surface. The introduction of PEG to the liposomes 

might shield some original charges of the lipids or the functional materials, leading to a more 

neutralized or slightly negative surface close to PEG. Therefore, although the incorporation of 

a cationic peptide TAT, the zeta-potential of TAT-Lip and FA-TAT-Lip remains 

approximately zero or slightly negative.  

Another critical surface property is the ligand density on the surface of the liposomes as it will 

directly affect the cellular uptake efficiency. We quantified the ligand density on the surface of 

the liposomes after microfluidic synthesis. The incorporation efficiencies of FA and TAT were 

measured by UV-VIS and HPLC, respectively[34, 35] (Fig. 2C and Fig. 2D). FA has an 

average efficiency of ~62.7% for FA-Lip, and ~61.8% for FA-TAT-Lip, respectively (which 

means ~62.7% and ~61.8% of the initial DSPE-PEG2000-FA added are successfully 

incorporated to the surface of FA-Lip and FA-TAT-Lip, respectively). Compared to FA, the 

TAT peptide has a higher incorporation efficiency (~75.9% for TAT-Lip and ~74.1% for FA-

TAT-Lip). The incorporation efficiency of either FA or TAT could keep constant despite how 

the liposome size (FRR) varies. We also find that although the initial lipids composition for 

synthesizing FA-Lip and FA-TAT-Lip are different, the final FA incorporation efficiencies 

remain very similar, which might imply that the incorporation efficiency is only depended on 

the innate property of the ligand itself. This is also true for TAT peptide. It should be noted that 

liposomes have an inner and an outer- lipid layer, so the ligands are not 100% on the outer-

layer of the liposome surface [36, 37]. Considering the formation process of liposomes in 

microfluidics through the formation of lipid bilayer discs, on which the ligands, as well as other 

lipid materials, are evenly distributed, when these discs grow and eventually form liposomes, 

the ligand density on the inner- or outer- layer of the liposome surface should be the same. So 

theoretically, 50% of all the ligands would be on the outer-layer of the liposome surface (which 

could mediate cell binding and uptake), while the other 50% would be on the inner-layer of the 

liposome surface towards the water core. Therefore, the accessible ligands on the liposome 

outer surface should be half of the total ligand density we quantified. In our following in vitro 

and in vivo experiments, the ligand density represents the total density. The ligands 

incorporation efficiency test may help us to better understand the interactions between different 

lipid components when self-assembling into liposomes, and serve as a guide for novel ligand 

modified liposome design. 
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The liposomes synthesized using the FRR of 8:1 have a diameter of ~70 nm (67.9 ± 2.0, 72.8 

± 1.8, 66.0 ± 0.7 and 73.2 ± 1.6 nm for PEG-Lip, FA-Lip, TAT-Lip, and FA-TAT-Lip, 

respectively), and therefore are selected for the following in vitro and in vivo studies. These 

liposomes also possess a good serum stability as they do not form aggregates up to 48 h (Fig. 

2E). The macrophage uptake experiments of (Fig. 2F) show that these PEGylated liposomes 

have a lower macrophage capture compared to non-PEGylated liposomes (Plain-Lip)[33], 

indicating a good immune evasion, which is a prerequisite for in vivo application. 

 

2D tumor cell monolayer uptake 

We used folate receptor (FR) overexpressed SKOV3 cells (as proved by antibody binding 

experiments, shown in Fig. S5A) for the screening of the liposome formulations. As a 

comparison, FR negative MCF-7 cells were also employed. The enhanced uptake efficiency of 

dual-ligand liposomes with 1% FA and 1% TAT co-modified surface (FA-TAT-Lip) is shown 

in Fig. 3A. We observe that FA-TAT-Lip had a 66% increased uptake than 1% TAT modified 

TAT-Lip, and 3.2 times increased uptake than 1% FA modified FA-Lip. A detailed systematic 

screening of the uptake efficiency of liposomes is shown in Fig. S6. 1 mol% FA and 1 mol% 

TAT modified liposomes have an obvious higher cellular uptake efficiency while a further 

increase of the FA no longer promotes the cellular uptake efficiency. Therefore liposome 

formulated with 1 mol% FA and 1 mol% TAT is identified (FA-TAT-Lip) as the optimized 

formulation and is used for the following experiment. The involvement of free FA decreases 

the uptake efficiency of FA-TAT-Lip to the level of TAT-Lip, indicating the FR mediated cell 

internalization pathway. This result illustrates that the PEGylation of liposomes, which is 

essential for long circulation time and in vivo applications, decreases the uptake significantly 

because of the steric effect of the PEG hindering the interaction between the liposomes with 

the tumor cells. PEGylation even hinders the interactions between FA-Lip and the cells as FA-

Lip could not show an increased cellular uptake when using 1 mol% FA. In fact, our previous 

study demonstrated that further increasing the FA density to 4 mol% could obviously enhance 

the cellular uptake[33]. Notably, although 1 mol% FA alone seems insufficient in elevating the 

cellular uptake, the addition of TAT not only promotes the unspecific cell entry but also 

“switches on” or reinforces the ability of FA, showing a strong synergistic effect. The uptake 

efficiency was also qualitatively observed using confocal laser scanning microscopy (CLSM) 

(Fig. 3B). Consistent with the flow cytometry results, both PEG-Lip and FA-Lip do not show 
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much cellular uptake by SKOV3 cells, as indicated by the low fluorescence intensity. In 

contrast, the TAT-Lip displays a much stronger fluorescent intensity, which is further enhanced 

when using FA-TAT-Lip, demonstrating the synergistic effect. The DiI signal of the FA-TAT-

Lip is mainly distributed in the cytoplasm and the perinuclear region, indicating that the 

liposomes are preferably accumulated in the cytoplasm. However, some fluorescent signal 

could also be observed in the cell nuclei, showing that TAT peptide can facilitate the entry of 

liposomes into the nucleoplasm, which is in consistent with some previous studies[38]. As a 

comparison, the uptake of the liposomes on the FR negative MCF-7 cells is shown in Fig. 3C 

and Fig. 3D. We could observe that the uptake efficiency of FA-TAT-Lip is similar to that of 

the TAT-Lip, further proving that the synergistic effect is FR mediated. The results prove that 

the TAT peptide is very effective in improving cell internalization, but it is unspecific. 

Therefore, the combination of FA and TAT takes advantage of the unique properties of these 

two ligands, i.e. enhancing the liposomes’ targeting capability and increasing the cellular 

uptake efficiency, and at the same time reducing the ligand density required, through a 

synergistic effect. 
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Fig. 3. (A) Optimized cellular uptake of FA-TAT-Lip on SKOV3 cells measured by flow cytometry. (B) 

Confocal microscopy observations of the uptake of DiI labeled liposomes by SKOV3 cells, showing a 

higher intracellular accumulation of FA-TAT-Lip. Hoechst, Phalloidin, DiI represent cell nuclei, 

cytoskeleton, and liposomes, respectively. (C) Cellular uptake of DiI labeled liposomes on MCF-7 cells 

measured by flow cytometry and (D) the corresponding confocal images of the cellular uptake on 

MCF-7 cells. Scale bars represent 20 µm. *** represents statistically significant difference (p < 

0.001), N.S. represents no statistically significant difference. (Mean ± SD, n = 3) 

 

3D tumor spheroid uptake and penetration 

To recapitulate the 3D cell structure of solid tumors, we created a cost-effective 3D tumor 

spheroid model by cultivating cells in the non-attachment environment. Compared to 2D cell 

model, these tumor spheroids possess a 3D structure with the extracellular matrix, spatial 
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geometry and hypoxic or necrotic regions[39] that can better mimic the real in vivo solid tumors. 

It is an alternative platform to evaluate the in vivo performance of the liposomes.  The FR 

expression on the tumor spheroids was also detected, which confirms the difference of the FR 

expression on SKOV3 and MCF-7 tumor spheroids (Fig. S5B). 

PEG-Lip, FA-Lip, TAT-Lip, and FA-TAT-Lip were incubated with SKOV3 or MCF-7 tumor 

spheroids for 4 h and then observed using CLSM. In consistent with the 2D cellular uptake, 

PEG-Lip has very limited SKOV3 and MCF-7 tumor spheroid uptake and internalization as 

indicated by the very low fluorescent signal (Fig. 4A). Adding the targeting ligand FA could 

not obviously increase the uptake while using the cell penetrating peptide TAT could 

dramatically increase the tumor spheroid accumulation. The combination of FA and TAT 

further promotes the tumor spheroid accumulation capability. Flow cytometry results show a 

37% and 98% increase of the tumor spheroid uptake of the FA-TAT-Lip by the SKOV3 

spheroid cells compared to the single ligand TAT-Lip and FA-Lip, respectively (Fig. 4B). 

However, this further increase only occurs on the FR positive SKOV3 spheroids but not the 

FR negative MCF-7 spheroids as shown in Fig. 4C and Fig. 4D. The results prove that the 

receptor-mediated synergistic effect also takes place in this 3D model.  

A quantitative determination of the penetration capability of the liposomes was performed by 

analyzing the distribution of PEG-Lip, FA-Lip, TAT-Lip, and FA-TAT-Lip within the SKOV3 

tumor spheroids at the depth of 80 µm. As shown in Fig. 4E, PEG-Lip and FA-Lip only display 

limited fluorescence intensity on the edge of the spheroid, indicating their low penetration 

capability. In contrast, TAT-Lip and FA-TAT-Lip penetrate much deeper as demonstrated by 

the much wider fluorescence distribution from edge to the center with a gradual decrease. Some 

of the fluorescence signal is even observed at the center area of the spheroids, indicating a high 

tumor spheroid penetration capability. Effective penetration of drugs or nanoparticles into solid 

tumors is critical for cancer treatment, but remains a challenge, especially for nanoparticles, 

due to the compact 3D structure of solid tumors as well as the elevated pressure at the center 

of tumors[40, 41]. As there is no much difference between the penetration pattern of FA-TAT-

Lip and TAT-Lip although FA-TAT-Lip has increased overall tumor spheroid uptake, we 

attribute the penetration capability mainly to the TAT peptide, which is in accordance with the 

previous study[42].  
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Fig. 4. (A) CLSM observation of overall and layer-by-layer images of DiI labeled liposomes in SKOV3 

tumor spheroids. (B) Flow cytometry results of DiI labeled liposome uptake by SKOV3 tumor 

spheroids after dissociating the spheroids into single cells. The FA-TAT-Lip shows 37% and 98% 

increased uptake compared to the single ligand TAT-Lip and FA-Lip, respectively. (C) CLSM 

observation and (D) flow cytometry results of cellular uptake of DiI labeled liposomes in MCF-7 

tumor spheroids. There is no significant difference between the FA-TAT-Lip and the TAT-Lip group. 

(E) Tumor spheroids penetration efficiency test by analyzing the DiI fluorescence intensity 

distribution along the line across the center of the SKOV3 tumor spheroids at the depth of 80 µm 

(shown as a white line in Fig. 4A) of PEG-Lip, FA-Lip, TAT-Lip and FA-TAT-Lip. Scale bars represent 200 

µm. **, *** represents statistically significant difference p < 0.01 and p <0.001, respectively. N.S. 

represents no statistically significant difference (Mean ± SD, n = 3). 
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In vivo tumor targeting and ex vivo tumor accumulation 

To evaluate the in vivo targeting efficacy of the dual-ligand liposomes, the SKOV3 xenograft 

tumor model was established using nude mice. A near-infrared fluorescent dye DiR was 

utilized to track the liposomes as DiR could avoid the interference of the fluorescent signal 

from the body part of the mice. The time elapsed whole animal images of the liposomes 

biodistribution is shown in Fig. 5A. TAT-Lip and FA-TAT-Lip start to accumulate at the tumor 

site from 6 h. At 24 h, all of the four liposomes display the maximum tumor accumulation 

while the PEG-Lip and FA-Lip show weaker fluorescent signals than that of the TAT-Lip and 

FA-TAT-Lip. After 24 h, the fluorescent signal starts to decrease. However, the fluorescent 

signal of FA-TAT-Lip decreases much slower than the other three liposomes and remains 

relatively strong even at 72 h. Excised tumors from the mice are also imaged (Fig 5B). We 

could directly observe the prolonged tumor retention capability of FA-TAT-Lip. A quantitative 

comparison of the tumor site accumulation of the four formulations at different time points 

based on the fluorescence intensity is summarized in Fig 5C. Consistent with the images of the 

whole animal and the excised tumors, FA-TAT-Lip possesses sustained accumulation in the 

tumor site although it could not enhance the maximum tumor accumulation. At 72 h, FA-TAT-

Lip has 140%, 136% and 62% higher tumor accumulation than that of the PEG-Lip, FA-Lip, 

and TAT-Lip, respectively. The similar conclusion could also be drawn from the tumor to liver 

ratio analysis, shown in Fig. S7. Moreover, the biodistribution of the PEG-Lip, FA-Lip, TAT-

Lip and FA-TAT-Lip in the major organs (heart, liver, spleen, lung, kidney) and tumor at 6, 

12, 24, 48 and 72 h were summarized in Fig. S8. We found that these four liposome 

formulations accumulated rapidly in the liver and spleen, and reached the maximum 

accumulation at 6 or 12 h. In contrast, they accumulated gradually in the tumors and exhibited 

the maximum accumulation at 24 h. Interestingly, although both the FA-TAT-Lip and TAT-

Lip (Fig. 5C) had similar accumulations in the tumor at 24 h, the FA-TAT-Lip formulation’s 

signal decreased much slower than the other three liposomes, implying a prolonged retention 

in the tumor site. The longer retention time of FA-TAT-Lip could be attributed to both FA and 

TAT. TAT increases the cell entry and the tumor penetration, leading to a higher and quicker 

accumulation than PEG-Lip and FA-Lip. FA provides sustained and strong interaction with the 

FR overexpressed tumor cells, therefore it takes a longer time to clear out theses liposomes 

from the tumors, compared to the TAT-Lip without FA. This in vivo result fully validates the 
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advantage of utilizing the synergistic effect of the dual-ligand liposomes (FA-TAT-Lip) for 

enhanced targeting and prolonged retention in tumors. 

 

The size and surface properties of the drug carrier have been well recognized as the most 

important factors affecting tumor accumulation in vivo. Circulating liposomes with a proper 

size could take advantage of the leaky vascular structure at the tumor site and extravasate into 

tumor tissue[43], which is referred as the EPR (enhanced permeability and retention) effect[44]. 

In our study, a proper size (~70 nm), PEGylated surface, and slightly negative zeta-potential 

ensure a prolonged circulating time of the dual-ligand liposome (FA-TAT-Lip) in the blood, 

which is confirmed by the in vitro macrophage uptake test. Although the cationic peptide TAT 

may favor their clearance by the immune system[45], the major area of the liposomes is covered 

by PEG, which will shield some of TAT’s positive charge and give FA-TAT-Lip a zeta-

potential comparable to PEG-Lip, thus ensuring a long blood circulation time. For the PEG-

Lip and FA-Lip, although they could also accumulate at the tumor site to a certain extent, they 

could not be internalized into tumor cells efficiently and therefore be gradually drained away. 

This is in consistent with the finding that PEGylated liposomes preferentially accumulate in 

the perivascular areas and adjacent extracellular space[46].  
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Fig. 5. (A) In vivo whole animal fluorescent images of the SKOV3 tumor-bearing mice at different 

time points after systemic administration of DiR-loaded liposomes. The dotted circles indicate the 
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location of the tumors. Images show the fluorescent radiant intensity from the sample, and bars 

represent numeric radiant intensity analyzed by Image-J. FA-TA-Lip showed increased tumor 

accumulation before 24 h yet an obviously slowed decrease compared to other groups. (B) 

Fluorescent images of the excised SKOV3 tumors at different time points after injection of DiR-

loaded liposomes. Images show the fluorescent radiant intensity from the sample, and bars 

represent numeric radiant intensity analyzed by Image-J. FA-TAT-Lip still had a strong signal even 

after 72 h. (C) Semi-quantified analysis of the mean fluorescent signal intensity of the tumor site in 

the whole animal images using Image-J, the background signal was exempted using the images at 0 

h. *, ** represents statistically significant difference p < 0.05 and p <0.01, respectively. (Mean ± SD, 

n = 3).  

 

Conclusion 

A library of single-ligand and dual-ligand liposomes incorporating an active targeting ligand 

FA or/and a cell penetrating peptide TAT are synthesized using a combinatorial one-step 

microfluidic method. By adjusting the key parameter of the microfluidic method – flow rate 

ratio (FRR), the liposome size can be precisely controlled while the surface properties such as 

zeta-potential and ligand density remaining constant. The dual-ligand liposomes show 

increased monolayer cellular uptake and enhanced 3D tumor spheroid penetration due to a 

synergistic effect of FA and TAT. The animal study directly proved the increased tumor 

accumulation and prolonged retention of the dual-ligand liposomes. This one-step microfluidic 

method that synthesizes liposomes in a controlled manner in combination with using 2D, 3D 

and animal model has provided an attractive platform technology for accelerating the 

translation of functional liposomes into practical use and promoting the discovery of 

personalized treatment. 
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