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 25 

Abstract 26 

We developed high functionality and quality (HFQ) lipids for facile and rapid preparation of ligand-grafted 27 

PEGylated liposomes. Because HFQ lipids are designed to exhibit good water dispersibility, ligand-grafted 28 

PEGylated liposomes can be easily prepared using the post-insertion method. The aim of this study is to 29 

develop novel VTWTPQAWFQWV (VTW) peptide-HFQ lipid to target human glioma cells. In order to 30 

disperse in water, VTW-(SG)5-lipid derivatives containing various amino acid residues with different 31 

charges were synthesized. Based on our previous work, (SG)5, a serine-glycine repeated peptide with a 32 

discrete molecular weight, was used as a spacer between the VTW and lipid. Of the derivatives tested, 33 

VTW-K3-(SG)5-lipid with three lysine residues showed the highest dispersibility in water, and VTW-K3-34 

(SG)5/PEGylated liposomes can be prepared using the post-insertion method. The sizes of PEGylated 35 

liposomes and VTW-K3-(SG)5/PEGylated liposomes were 69.5 ± 4.4 and 74.4 ± 5.0 nm, respectively. In 36 

addition, the zeta potentials of PEGylated liposomes and VTW-K3-(SG)5/PEGylated liposomes were -2.7 37 

± 1.6 and -1.3 ± 0.3 mV, respectively. We found that VTW-K3-(SG)5/PEGylated liposomes selectively 38 

associated with human glioma U251MG cells. We succeeded in developing water-dispersible VTW-K3-39 

(SG)5-lipids for the preparation of VTW-grafted PEGylated liposomes for glioma cell targeting. 40 

Keywords: liposomes; targeting; PEG; hydrophobic peptide; glioma 41 
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Introduction 52 

Ligand-targeted liposomes have been widely investigated for the selective delivery of therapeutic 53 

agents such as anticancer drugs, plasmid DNA or siRNA to cancer cells [1-4]. It is known that 54 

polyethyleneglycol (PEG) ylation of the carrier surface is key to steric stabilization and reducing 55 

recognition by the reticuloendothelial system (RES) to prolong blood circulation times [5]. 56 

PEG is also commonly used as a spacer between lipids and ligand moieties such as antibodies, 57 

peptides, folate and sugars. Peptides in particular are useful ligands because numerous cell-binding peptides 58 

have been identified by phage display and combinatorial screening over the past decade [6]. Peptide-59 

targeted carriers have therefore been developed as selective delivery vehicles for chemotherapeutic drugs 60 

and diagnostic agents [7]. However, the interaction between peptide ligands on the surface of carriers and 61 

their corresponding receptors can be affected by the steric hindrance of the PEG spacer, particularly in the 62 

case of hydrophobic peptides [8]. Moreover, conventional peptide-PEG-lipids show a broad molecular 63 

weight distribution. Because the dispersion of ligand peptide-PEG-lipids in water is dependent on their 64 

hydrophilicity/hydrophobicity balance, the post-insertion method may be infeasible if peptide ligands have 65 

hydrophobic properties.  66 

Recently, we have reported high functionality and quality (HFQ) lipids for the preparation of active 67 

targeted PEGylated liposomes, and demonstrated the advantage of using serine-glycine repeats (SG)5 68 

spacer for peptide ligand presentation on the liposomal surface [9-11]. HFQ lipids have a discrete 69 

molecular weight and can be synthesized by solid phase peptide synthesis (SPPS). We synthesized 70 

KCCYSL (KCC) and GRGDS (RGD)-grafted lipids (KCC-(SG)5-lipid and RGD-(SG)5-lipid) by SPPS. 71 

This total synthetic method by SPPS for peptide-lipid preparation has advantages over post-conjugation of 72 

peptides to PEG-lipids, which can show molecular weight distribution, because SPPS is highly 73 

reproducible and side-reactions can be suppressed.  74 

The preparation method used for peptide ligand-grafted liposome preparation is also important for 75 

clinical application. Microfluidic devices have recently been developed for the preparation of liposomal 76 

therapeutics under good manufacturing practice (GMP). Microfluidic devices enable simple, fast and highly 77 

reproducible preparation of liposomes by mixing lipids and drugs in a well-controlled manner. Ligand-78 
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grafted liposomes can therefore be easily and reproducibly prepared by mixing functional lipid and pre-79 

formed liposomes in a microfluidic channel [12], resulting in insertion of the functional lipid into liposomes 80 

if the lipid is highly dispersed in aqueous solution. A number of applications of microfluidic devices for the 81 

preparation of ligand-grafted liposomes have been reported, including transferrin and folic acid 82 

modification, which showed narrow size distribution and high reproducibility [12, 13]. There is therefore a 83 

distinct advantage to designing HFQ lipids that show good dispersibility in water. The KCC-(SG)5-lipid 84 

and RGD-(SG)5-lipid previously reported could be dispersed in water owing to the hydrophilic KCC and 85 

RGD ligand moiety; however, there are no reports of hydrophobic peptide ligands used in HFQ lipids, even 86 

conventional peptide-PEG lipids.  87 

In the present study, we designed peptide-lipid derivatives with a hydrophobic peptide ligand and 88 

(SG)5 spacer. We selected a hydrophobic peptide ligand, VTWTPQAWFQWV (VTW), which specifically 89 

binds to gp130 on human glioma U251MG cells (gp130 high expression), while showing low binding to 90 

human lung adenocarcinoma epithelial A549 cells (gp130 low expression) [14, 15]. We synthesized various 91 

VTW-(SG)5-lipid derivatives with amino acid residues of different charge to tune their dispersibility in 92 

water. Furthermore, we prepared VTW-grafted PEGylated liposomes and evaluated their ability to target 93 

human glioma U251MG cells. 94 

 95 

Material and methods 96 

Materials 97 

1,2-Distearoyl-sn-glycero-3-phosphocholine (DSPC), and rhodamine-DOPE were purchased from 98 

Avanti Polar Lipids (Alabaster, AL, USA). 1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy 99 

(polyethylene glycol)-2000] (mPEG2000-DSPE) was purchased from NOF (Tokyo, Japan). Rink Amide AM 100 

resin, the Fmoc-amino acids, N,N-dimethylformamide (DMF), 2-(1H-benzotriazol-1-yl)-1,1,3,3-101 

tetramethyluronium hexafluorophosphate (HBTU), trifluoroacetic acid (TFA) and triisopropylsilane (TIS) 102 

were purchased from Merck (Darmstadt, Germany). 1-Hydroxybenzotriazole (HOBt) was purchased from 103 

PEPTIDE INSTITUTE, Inc. (Osaka, Japan). N,N-Diisopropylethylamine (DIPEA) was purchased from 104 
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Tokyo Chemical Industry Co. Ltd. (Tokyo, Japan). Dichloromethane (DCM), palmitic acid and cholesterol 105 

were purchased from NACALAI TESQUE Inc. (Kyoto, Japan). Piperidine, acetic anhydride and diethyl 106 

ether were purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). All other chemicals were 107 

reagent grade products obtained commercially. 108 

 109 

 Synthesis of VTW-(SG)5-lipid derivatives 110 

Dipalmitoyl-lysine-KSS-(SG)5-K3-VTWTPQAWFQWV (VTW-K3-(SG)5-lipid), dipalmitoyl-111 

lysine-KSS-K3-(SG)5-VTWTPQAWFQWV (VTW-(SG)5-K3-lipid), dipalmitoyl-lysine-KSS-(SG)5-K2-112 

VTWTPQAWFQWV (VTW-K2-(SG)5-lipid), dipalmitoyl-lysine-KSS-(SG)5-VTWTPQAWFQWV (VTW-113 

(SG)5-lipid), and  dipalmitoyl-lysine-ESS-(SG)5-E3-VTWTPQAWFQWV (VTW-E3-(SG)5-lipid) were 114 

synthesized using SPPS as previously reported, with slight modifications [9]. The Fmoc deprotection was 115 

performed with treatment with 20% piperidine for 20 min. The coupling of Fmoc-amino acids was 116 

performed in the presence of HBTU/HOBt/DIPEA for 30 min. Unreacted amino groups were acetylated in 117 

each step of the synthesis. After the coupling of Fmoc-Lys (Fmoc)-OH and deprotection of the Fmoc 118 

groups, palmitic acid (10 eq.) was coupled to the amino groups of the Lys residue in the presence of 119 

HBTU/HOBt/DIPEA. A Kaiser test was performed to confirm completion of the reaction. Lipids were 120 

cleaved and deprotected with TFA/TIS/H2O (95/2.5/2.5) for 3 h. The crude products were precipitated in 121 

diethyl ether. The products were dispersed in water and dialyzed against water (MWCO: 6000-8000) for 4 122 

days to remove acetylated peptides, and then lyophilized. The compounds were analyzed by MALDI-TOF-123 

MS (Figure 1C-G). 124 

 125 

 Measurement of water dispersibility of VTW-(SG)5-lipid derivatives 126 

VTW-(SG)5-lipid derivatives were dispersed in water at a concentration of 0.3 mM. After sonication 127 

and heating at 65 °C, the solution was centrifuged (7000×g, 25 °C, 1 min), and the supernatant was 128 

carefully removed. The residue was dried and desiccated overnight. The concentrations (mM) in Table 1 129 

were calculated using the following formula:  130 
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Concentration (mM) = (total weight of lipid − (weight of tube with residue − weight of blank tube)/total 131 

weight of lipid) × 0.3 132 

 133 

 Preparation of liposomes 134 

PEGylated liposomes were prepared by the lipid hydration method. DSPC, cholesterol and 135 

mPEG2000-DSPE (55:35:10, molar ratio) were dissolved in methanol. 0.5 mol% rhodamine-DOPE was 136 

added to label the lipid membrane. A thin lipid film was formed by evaporation and vacuum desiccation 137 

overnight. The lipid film was hydrated at 65 °C in sterilized water, and sonicated for 3 min using a probe 138 

sonicator. VTW-K3-(SG)5/PEGylated liposomes were prepared by incubating PEGylated liposomes with 3 139 

mol% of VTW-K3-(SG)5-lipid micelles at 60 °C for 1 h. The isotonic properties of the liposomes were 140 

adjusted by the addition of 10×phosphate buffered saline (10×PBS, pH 7.4). The liposome suspensions 141 

were filtered through 0.45-μm filters. The particle size and zeta potential were measured using a Zetasizer 142 

Nano ZS instrument (Malvern Instruments Ltd., Worcestershire, UK). 143 

 144 

 Cell culture 145 

U251MG cells was provided from RIKEN Cell Bank (Tsukuba, Japan). A549 and MCF-7 cells 146 

were purchased from the European Collection of Cell Cultures (ECACC, Wiltshire, UK). Cells were 147 

cultured in DMEM supplemented with 10% heat-inactivated fetal bovine serum (FBS) (Bovogen, East 148 

Keilor, VIC, Australia), 100 U/mL penicillin and 100 ug/mL streptomycin (Wako, Osaka, Japan). The cells 149 

were maintained in an atmosphere of 5% CO2 at 37 °C. 150 

 151 

 Cell association experiments 152 

Cells were seeded in 24-well plates (5×104 cells/cm2). After 24 h, cells were incubated in serum-free 153 

DMEM containing 25 μM of liposomes. After incubation, cells were washed two times with PBS, 154 

trypsinized, centrifuged (800×g, 25 °C, 3 min) and resuspended in PBS. Cells were analyzed using an LSR 155 
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Fortessa System (BD Biosciences, San Jose, CA, USA). After 24 h incubation with blank liposomes, cell 156 

viability in U251MG cells was assessed by WST-8 assay (Figure S1). 157 

 158 

Confocal laser scanning microscopy 159 

2.0×105 cells were seeded in a 35-mm glass based dish (Iwaki, Chiba, Japan). After 24 h, cells were 160 

incubated with serum-free DMEM containing 25 μM of liposomes. After 1 h, cells were washed with PBS 161 

and incubated with 200 nM Lysotracker® Green DND-26 (Life Technologies) for 1 h. After fixing with 4% 162 

PFA for 20 min, nuclei were stained with DAPI (5 μg/mL), and cells were mounted. Confocal images were 163 

acquired using a Carl Zeiss LSM710 (Germany). 164 

 165 

 Endocytosis pathway study and blocking experiment 166 

U251MG cells were seeded in 24-well plates (5×104 cells/cm2). After 24 h, cells were pre-incubated 167 

with 0.4 M sucrose, 200 μM genistein, 50 μM 5-(N-ethyl-N-isopropyl)-amiloride (EIPA), or at 4 °C for 30 168 

min. Cells were then incubated with 25 μM of VTW-K3-(SG)5/PEGylated liposomes in the presence of 169 

inhibitors or at 4 °C for 90 min. In the blocking experiment, cells were pre-treated with peptides (200-fold 170 

of control peptide (SG)5 or 100, 200 and 500-fold of blocking peptides, the final concentration of DMSO 171 

1%) at 4 °C for 30 min. Cells were then incubated with 25 μM of liposomes at 4 °C for 60 min. After 172 

incubation, cells were washed two times with PBS, trypsinized, centrifuged (800×g, 25 °C, 3 min) and 173 

resuspended in PBS. Cells were analyzed using an LSR Fortessa System. After 24 h of pre-treatment with 174 

peptides, the toxicity of each peptide at a defined concentration was assessed by WST-8 assay (Figure S2). 175 

 176 

 Statistical analysis 177 

ANOVA was used to analyze the statistical significance of differences between groups. For 178 

comparison between two groups, unpaired Student’s t-test was used. Dunnett’s test was used for multiple 179 

comparisons between control and treatment groups. Difference with p<0.05 was considered significant. 180 
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 181 

 182 

Results and discussion 183 

Synthesis and evaluation of water dispersibility of VTW-(SG)5-lipid 184 

derivatives 185 

First, we synthesized VTW-(SG)5-lipid based on the structure of previously developed HFQ lipids 186 

[9] (Figure 1A), however, VTW-(SG)5-lipid could not be dispersed in water due to the hydrophobicity of 187 

the VTW peptide (Table 1). We therefore designed and synthesized VTW-(SG)5-lipid derivatives with 188 

amino acid residues of different charge (lysine and glutamic acid), and compared their dispersibility in 189 

water (Figure 1B). As shown in Table 1, dispersibility in water increased with increasing number of K 190 

residues, with VTW-K3-(SG)5-lipid showing the greatest dispersibility in water (100%, 0.30 mM) of all 191 

derivatives. Interestingly, the introduction of K3 behind the spacer (VTW-(SG)5-K3-lipid) reduced the 192 

dispersibility in water (68%, 0.20 mM). Introduction of E (VTW-E3-(SG)5-lipid) instead of K significantly 193 

reduced the dispersibility in water (25%, 0.07 mM). Islam et al reported the effects of short poly-amino-194 

acid tags on the solubility of proteins, and poly-Lysine showed a greater effect on solubility than poly-195 

Glutamic acid, owing to the higher isoelectric point of Lys [16]. This report supports our observations for 196 

VTW-(SG)5-lipid derivatives dispersibility in water. In addition, the position of the Lys residue is an 197 

important factor, suggesting that addition of K3 between the VTW and (SG)5 portions of the lipid may 198 

enhance dispersibility.  199 

 200 

Preparation and characterization of liposomes 201 

Next, we prepared VTW-grafted PEGylated liposomes by post-insertion of 3 mol% of VTW-K3-202 

(SG)5-lipid into pre-formed PEGylated liposomes. As shown in Table 2, this resulted in a slight increase in 203 

mean liposome diameter, from 69.5 ± 4.4 to 74.4 ± 5.0 nm. The zeta potentials were slightly negative for 204 
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PEGylated liposomes and VTW-K3-(SG)5/PEGylated liposomes. Therefore, post-insertion of 3 mol% of 205 

VTW-K3-(SG)5-lipid into PEGylated liposomes may have little effect on the size and zeta potential.  206 

 207 

Selective binding of VTW-K3-(SG)5/PEGylated liposomes to U251MG cells 208 

To evaluate the selectivity of VTW-K3-(SG)5/PEGylated liposomes, cellular association 209 

experiments with U251MG (gp130 high expression) and A549 and MCF-7 (gp130 low expression) cells 210 

[14, 17] were performed using flow cytometry. The mean fluorescence intensity of VTW-K3-211 

(SG)5/PEGylated liposomes in U251MG cells at 3 h was 13.6-fold greater than that of PEGylated 212 

liposomes (Figure 2A). By comparison, the change in mean fluorescence intensity in A549 and MCF-7 213 

cells at all time points was significantly lower than those observed for U251MG cells (Figure 2B and 214 

Figure S3). These results suggest that VTW-K3-(SG)5/PEGylated liposomes bind more selectively to 215 

human glioma U251MG cells than non-glioma cancer cells. 216 

 217 

Intracellular distribution of VTW-K3-(SG)5/PEGylated liposomes 218 

Intracellular distribution of VTW-K3-(SG)5/PEGylated liposomes in U251MG cells and A549 cells 219 

was evaluated by confocal microscopy. U251MG cells treated with VTW-K3-(SG)5/PEGylated liposomes 220 

showed greater fluorescence than those treated with PEGylated liposomes (Figure 3A). Negligible 221 

fluorescence was observed in A549 cells treated with PEGylated liposomes or VTW-K3-(SG)5/PEGylated 222 

liposomes (Figure 3B). These data support the findings of the cellular association experiment (Figure 2). 223 

VTW-K3-(SG)5/PEGylated liposomes (red fluorescence signals) were co-localized with the lysosome 224 

marker (green fluorescence signals) in U251MG cells, suggesting their rapid internalization and sorting to 225 

late endosomes/lysosomes. 226 

 227 
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Investigation of endocytosis pathway of VTW-K3-(SG)5/PEGylated 228 

liposomes 229 

Ligand-targeted nanoparticles are predominantly taken up by endocytosis pathways, including 230 

clathrin- and caveolae-mediated endocytosis and micropinocytosis [18, 19]. To clarify the internalization 231 

mechanism of VTW-K3-(SG)5/PEGylated liposomes in U251MG cells, we conducted cellular uptake 232 

experiments using different inhibitors  (Sucrose: clathrin-mediated endocytosis inhibitor; Genistein: 233 

caveolae-mediated endocytosis inhibitor; EIPA: macropinocytosis inhibitor). Sucrose, EIPA, and 4°C 234 

(inhibition of energy-dependent endocytosis) incubation significantly reduced the uptake of VTW-K3-235 

(SG)5/PEGylated liposomes (Figure 4A). Wu et al reported that VTW peptide may bind to gp130, a highly 236 

expressed receptor in human glioma cells [14]. A competition experiment using gp130 binding peptides 237 

[14] (VTWTPQAWFQWVKKK (VTW) and TWSPEAWKKK (TWS)) was therefore performed. As 238 

shown in Figure 4B, binding of VTW-K3-(SG)5/PEGylated liposomes to U251MG cells was significantly 239 

inhibited by treatment with gp130 binding peptides depending on the amount of peptides. However, 240 

binding of VTW-K3-(SG)5/PEGylated liposomes to U251MG cells was not completely inhibited by pre-241 

incubation of blocking peptides at a concentration of 500-fold molar excess of peptides, therefore, further 242 

experiments such as knockdown of gp130 gene would be needed to investigate their uptake mechanism in 243 

detail. These results suggest that VTW-K3-(SG)5/PEGylated liposomes bind to gp130 and are then taken up 244 

by U251MG cells via macropinocytosis or clathrin-mediated endocytosis. VTW peptide-mediated gene and 245 

protein delivery to human glioma cells has been reported [14, 15, 20], however, the endocytosis pathway 246 

was unclear. This is the first study reporting an internalization mechanism for VTW-grafted nanocarriers. 247 

 248 

 249 

Conclusion 250 

Total synthesis of HFQ lipids with a discrete molecular weight is possible using SPPS. In the 251 

present study, we designed and synthesized novel VTW-(SG)5-lipid derivatives containing various amino 252 

acids to tune their dispersibility in water. As a consequence, it was established that VTW-K3-(SG)5-lipid 253 
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has high water dispersibility. VTW-K3-(SG)5/PEGylated liposomes can be prepared using the post-insertion 254 

method. A cell association study revealed that VTW-K3-(SG)5/PEGylated liposomes were taken up by 255 

human glioma U251MG cells via VTW recognition. We succeeded in developing VTW-HFQ lipid to 256 

prepare VTW-grafted PEGylated liposomes for targeting glioma cells. Although further studies about in 257 

vivo targeting ability of VTW-K3-(SG)5/PEGylated liposomes, these findings will be valuable for the 258 

targeting system to glioma using VTW-HFQ lipid. 259 

 260 

Funding  261 

This work was supported by JSPS KAKENHI Grant Number 18H03535, Takeda Science 262 

Foundation and the Shin-Nihon Foundation of Advanced Medical Research.  263 

 264 

Acknowledgments 265 

We thank Sarah Dodds, PhD for editing a draft of this manuscript. 266 

  267 

Disclosure 268 

The author reports no conflicts of interest in this work. 269 

 270 

References  271 

1. G.T. Noble, J.F. Stefanick, J.D. Ashley, T. Kiziltepe, B. Bilgicer, Ligand-targeted liposome 272 

design : challenges and fundamental considerations, Trends Biotechnol. 32 (2014) 32–45. 273 

doi:10.1016/j.tibtech.2013.09.007. 274 

2. S. Kawakami, M. Hashida, Glycosylation-mediated targeting of carriers, J. Control. Release. 190 275 

(2014) 542–555. doi:10.1016/j.jconrel.2014.06.001. 276 



 12

3. P. Majumder, S. Bhunia, J. Bhattacharyya, A. Chaudhuri, Inhibiting tumor growth by targeting 277 

liposomally encapsulated CDC20siRNA to tumor vasculature: Therapeutic RNA interference, J. 278 

Control. Release. 180 (2014) 100–108. doi:10.1016/j.jconrel.2014.02.012. 279 

4. J.A. Reddy, C. Abburi, H. Hofland, S.J. Howard, I. Vlahov, P. Wils, C.P. Leamon, Folate-280 

targeted, cationic liposome-mediated gene transfer into disseminated peritoneal tumors, Gene 281 

Ther. 9 (2002) 1542–1560. doi:10.1038/sj.gt.3301833. 282 

5. A.L. Klibanov, K. Maruyama, V.P. Torchilin, L. Huang, Amphipathic polyethyleneglycols 283 

effectively prolong the circulation time of liposomes, FEBS Lett. 268 (1990) 235–237. 284 

doi:10.1016/0014-5793(90)81016-H. 285 

6. P. Molek, B. Strukelj, T. Bratkovic, Peptide phage display as a tool for drug discovery: Targeting 286 

membrane receptors, Molecules. 16 (2011) 857–887. doi:10.3390/molecules16010857. 287 

7. M. Hagimori, Y. Fuchigami, S. Kawakami, Peptide-based cancer-targeted DDS and molecular 288 

imaging, Chem. Pharm. Bull. 65 (2017) 618–624. doi:10.1248/cpb.c17-00098. 289 

8. J. Lehtinen, A. Magarkar, M. Stepniewski, S. Hakola, M. Bergman, T. Róg, M. Yliperttula, A. 290 

Urtti, A. Bunker, Analysis of cause of failure of new targeting peptide in PEGylated liposome: 291 

Molecular modeling as rational design tool for nanomedicine, Eur. J. Pharm. Sci. 46 (2012) 121–292 

130. doi:10.1016/j.ejps.2012.02.009. 293 

9. T. Suga, Y. Fuchigami, M. Hagimori, S. Kawakami, Ligand peptide-grafted PEGylated 294 

liposomes using HER2 targeted peptide-lipid derivatives for targeted delivery in breast cancer 295 

cells: The effect of serine-glycine repeated peptides as a spacer, Int. J. Pharm. 521 (2017) 361–296 

364. doi:10.1016/j.ijpharm.2017.02.041. 297 

10. T. Suga, N. Kato, M. Hagimori, Y. Fuchigami, N. Kuroda, Y. Kodama, H. Sasaki, S. Kawakami, 298 

Development of high-functionality and -quality lipids with RGD peptide ligands: application for 299 

PEGylated liposomes and analysis of intratumoral distribution in a murine colon cancer model, 300 

Mol. Pharm. 15 (2018) 4481-4490. doi:10.1021/acs.molpharmaceut.8b00476. 301 

11. M. Hagimori, Y. Chinda, T. Suga, K. Yamanami, N. Kato, T. Inamine, Y. Fuchigami, S. 302 

Kawakami, Synthesis of high functionality and quality mannose-grafted lipids to produce 303 

macrophage-targeted liposomes, Eur. J. Pharm. Sci. 123 (2018) 153–161. 304 



 13

doi:10.1016/j.ejps.2018.07.036. 305 

12. Y. Li, R.J. Lee, X. Huang, Y. Li, B. Lv, T. Wang, Y. Qi, F. Hao, J. Lu, Q. Meng, L. Teng, Y. 306 

Zhou, J. Xie, L. Teng, Single-step microfluidic synthesis of transferrin-conjugated lipid 307 

nanoparticles for siRNA delivery, Nanomedicine Nanotechnology, Biol. Med. 13 (2017) 371–308 

381. doi:10.1016/j.nano.2016.09.014. 309 

13. R. Ran, A.P.J. Middelberg, C.X. Zhao, Microfluidic synthesis of multifunctional liposomes for 310 

tumour targeting, Colloids Surfaces B Biointerfaces. 148 (2016) 402–410. 311 

doi:10.1016/j.colsurfb.2016.09.016. 312 

14. C. Wu, S. Loong, J. Boulaire, M. Li, W. Hong, H. Min, D. Siu, Y. Leung, S. Wang, A peptide-313 

based carrier for intracellular delivery of proteins into malignant glial cells in vitro, J. Control. 314 

Release. 130 (2008) 140–145. doi:10.1016/j.jconrel.2008.05.015. 315 

15. C. Wang, L. Ning, H. Wang, Z. Lu, X. Li, X. Fan, X. Wang, Y. Liu, A peptide-mediated 316 

targeting gene delivery system for malignant glioma cells, Int. J. Nanomedicine. 8 (2013) 3631–317 

3640. doi:10.2147/IJN.S44990. 318 

16. M.M. Islam, M.A. Khan, Y. Kuroda, Analysis of amino acid contributions to protein solubility 319 

using short peptide tags fused to a simplified BPTI variant, Biochim. Biophys. Acta - Proteins 320 

Proteomics. 1824 (2012) 1144–1150. doi:10.1016/j.bbapap.2012.06.005. 321 

17. N.A. Bonito, J. Drechsler, S. Stoecker, C.R. Carmo, M.J. Seckl, H.M. Hermanns, A.P. Costa-322 

Pereira, Control of gp130 expression by the mitogen-activated protein kinase ERK2, Oncogene. 323 

33 (2014) 2255–2263. doi:10.1038/onc.2013.159. 324 

18. K. Patel, R. Doddapaneni, V. Sekar, N. Chowdhury, M. Singh, Combination Approach of YSA 325 

Peptide Anchored Docetaxel Stealth Liposomes with Oral Antifibrotic Agent for the Treatment 326 

of Lung Cancer, Mol. Pharm. 13 (2016) 2049–2058. doi:10.1021/acs.molpharmaceut.6b00187. 327 

19. K. Un, S. Kawakami, R. Suzuki, K. Maruyama, F. Yamashita, M. Hashida, Development of an 328 

ultrasound-responsive and mannose-modified gene carrier for DNA vaccine therapy, 329 

Biomaterials. 31 (2010) 7813–7826. doi:S0142-9612(10)00838-0 330 

[pii]\r10.1016/j.biomaterials.2010.06.058. 331 

20. S. Safdar, L.J. Taite, Targeted diazeniumdiolates: Localized nitric oxide release from glioma-332 



 14

specific peptides and proteins, Int. J. Pharm. 422 (2012) 264–270. 333 

doi:10.1016/j.ijpharm.2011.11.008. 334 

 335 

336 



 15

Table 1. Dispersibility of VTW-(SG)5-lipid derivatives in water 337 

 338 

 339 

Table 2. Physicochemical properties of liposomes. Data represent mean ± standard deviation (n = 3). 340 

 341 

 342 

 343 

 344 

VTW-(SG)5-lipid derivatives  
Dispersed lipid% 

of total lipid 

Concentration 

(mM) 

Dipalmitoyl-lysine-KSS-(SG)5-VTWTPQAWFQWV 

 (VTW-(SG)5-lipid) 
0 0 

Dipalmitoyl-lysine-KSS-(SG)5-K2-VTWTPQAWFQWV

 (VTW-K2-(SG)5-lipid) 
45 0.13 

Dipalmitoyl-lysine-KSS-(SG)5-K3-VTWTPQAWFQWV

 (VTW-K3-(SG)5-lipid) 
100 0.30 

Dipalmitoyl-lysine-KSS-K3-(SG)5-VTWTPQAWFQWV

 (VTW-(SG)5-K3-lipid) 
68 0.20 

Dipalmitoyl-lysine-ESS-(SG)5-E3-VTWTPQAWFQWV

 (VTW-E3-(SG)5-lipid) 
25 0.07 

 
Particle size 

(nm) 

ζ-potential 

(mV) 

polydispersity 

index 

PEGylated liposomes 69.5 ± 4.4 -2.7 ± 1.6 0.273 ± 0.096 

VTW-K3-(SG)5/PEGylated liposomes 74.4 ± 5.0 -1.3 ± 0.3 0.261 ± 0.079 
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  345 

Figure 1. (A) Chemical structure of VTW-(SG)5-lipid. (B) illustration of VTW-(SG)5-lipid derivatives. (C) 346 

MALDI-TOF-MS spectrum of VTW-(SG)5-lipid. Expected mass 3175.7. Found mass 3215.838 [M + K]+. 347 

(D) MALDI-TOF-MS spectrum of VTW-K2-(SG)5-lipid. Expected mass 3432.1. Found mass 3435.978 [M 348 

+ 3H]+. (E) MALDI-TOF-MS spectrum of VTW-K3-(SG)5-lipid. Expected mass 3560.2. Found mass 349 

3560.945 [M + H]+. (F) MALDI-TOF-MS spectrum of VTW-(SG)5-K3-lipid. Expected mass 3560.2. Found 350 

mass 3588.341 [M + Na]+. (G) MALDI-TOF-MS spectrum of VTW-E3-(SG)5-lipid. Expected mass 3564.0. 351 

Found mass 3589.424 [M + Na]+. Size distribution of PEGylated liposomes (H) and VTW-K3-352 

(SG)5/PEGylated liposomes (I) measured by dynamic light scattering. 353 

 354 

 355 
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 356 

Figure 2. Selective binding of VTW-K3-(SG)5/PEGylated liposomes to U251MG cells. Cellular association 357 

time-course in vitro for 25 µM of PEGylated liposomes (filled triangles) and VTW-K3-(SG)5/PEGylated 358 

liposomes (filled squares) with U251MG cells (A) and A549 cells (B). Results are the mean ± standard 359 

deviation of triplicates. The values show the change in mean fluorescence intensity compared with 360 

PEGylated liposomes. An unpaired Student’s t-test was performed to analyze the significance (**p<0.01, 361 

***p<0.001). 362 
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 363 

Figure 3. Confocal microscopy images of U251MG cells (A) and A549 cells (B). Cells were incubated 364 

with 25 µM of PEGylated liposomes or VTW-K3-(SG)5/PEGylated liposomes for 1 h. Nuclei and late 365 

endosomes/lysosomes were stained with DAPI (blue) and LysoTracker Green (green), respectively. 366 

Liposomes are indicated by red fluorescence (rhodamine). 40× (A1-2 and B1-2) and 100× (A3 and B3) oil-367 

immersion objectives were used to visualize fluorescence (scale bar = 20 µm).  368 

 369 
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 370 

 371 

 372 

Figure 4. Endocytosis pathway study (A) and  blocking experiment with VTW and TWS peptide (B) in 373 

U251MG cells. After pre-incubation with the inhibitors and peptides, the cells were incubated with 25 µM 374 

of VTW-K3-(SG)5/PEGylated liposomes. A group treated with VTW-K3-(SG)5/PEGylated liposomes only 375 

was used as a control. Results are expressed as the mean ± standard deviation of triplicates. One-way 376 

ANOVA and the Dunnett’s test were performed to analyze the significance (**p<0.01, ***p<0.001). 377 

 378 


