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Abstract— PPFLMLLKGSTR peptide was crosslinked on the surface of solid lipid nanoparticles (SLNs) with entrapped nerve growth factor (NGF) and retinoic acid (RA) (RA-NGF-PPFLMLLKGSTR-SLNs) for guiding differentiation of induced pluripotent stem cells (iPSCs). SLNs prepared in microemulsion displayed appropriate size to entrap NGF and RA. High affinity of surface PPFLMLLKGSTR to iPSC α3β1 integrin facilitated uptake of RA-NGF-PPFLMLLKGSTR-SLNs. Immunochemical staining images showed that the ability of RA-NGF-PPFLMLLKGSTR-SLNs to differentiate iPSCs could considerably increase due to promoted internalization into iPSCs. RA-NGF-PPFLMLLKGSTR-SLNs are potential drug carriers to trigger neuronal production from iPSCs and can be effective in regeneration medicine for neural injury and neurodegenerative disease therapies.
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I. INTRODUCTION

  Solid lipid nanoparticles (SLNs) are biocompatible colloids that provide a stable structure. SLNs control medicinal targeting and drug release [1-3]. Hydrophobic pharmaceuticals can be entrapped in SLNs. We develop  an emulsification technique to enhance entrapment of hydrophilic nerve growth factor (NGF) in this study. Tricaprin (TC) and beeswax (BW) are applied to prepare a lipid phase to entrap retinoic acid (RA). Lecithin is employed to generate attraction to membrane of induced pluripotent stem cells (iPSCs) and to produce aqueous phase [4]. PPFLMLLKGSTR promotes cell attachment through targeting integrin on the cell surface. In fact, PPFLMLLKGSTR can bind to α3β1 integrin to support cell adhesion and spreading [5]. We construct NGF- and RA-entrapped SLNs (NGF-RA-SLNs) with surface PPFLMLLKGSTR to differentiate iPSCs. We investigate the influence of PPFLMLLKGSTR-grafted SLNs on recognizing α3β1 integrin to prolong interactive duration with iPSCs.
II. Materials and methods
A. Fabrication and Characterization of RA-NGF-PPFLMLLKGSTR-SLNs
Lecithin (Sigma-Aldrich, St. Louis, MO, USA), TC (Sigma-Aldrich) and BW (Sigma-Aldrich) were added to 10 µL of water at 75°C and 400 rpm for 1 min. Fluorescent nanoparticles were prepared with fluorescein isothiocyanate (FITC)-dextran (Sigma-Aldrich). Tween 80 (Fisher Scientific, Fair Lawn, NJ, USA) and taurocholic acid sodium salt hydrate (Sigma-Aldrich) in ultrapure water was added to the emulsion at 75°C and 400 rpm. 10 times of ultrapure water was mixed with the emulsion at 4°C and 1000 rpm for 5 min, centrifuged at 5906 × g with ultrafiltration for 15 min, and resuspended in tris(hydroxymethyl)aminomethane (Tris; Riedel-de Haen, Seelze, Germany) buffer at pH 7.4. The SLN suspension was frozen (Sanyo, Osaka, Japan) and lyophilized (Eyela, Tokyo, Japan) at -80°C. RA was added to the oil phase to prepare RA-SLNs. The RA-SLN suspension was mixed with methanol (J.T. Baker, Phillipsburg, NJ, USA) and was detected using a reverse phase BDS Hypersil C-18 column (Thermo Hypersil-Keystone, Bellefonte, PA, USA) in a high performance liquid chromatograph (Jasco, Tokyo, Japan). The mobile phase was 85% methanol and 15% sodium acetate (0.01 M at pH 5.2, J.T. Baker) solution, using a high-pressure pump (PU-2080 Plus, Jasco) at 1.5 mL/min. An ultraviolet (UV)-visible detector (UV-2075 Plus, Jasco) at 343 nm was used. 100 ng of human β-NGF (Alomone Labs, Jerusalem, Israel) was added to the aqueous phase during SLNs preparation. Ethanol (Tedia, Fairfield, OH, USA) was added to NGF-SLN suspension and stirred at 50°C and 400 rpm for 10 min. The NGF-SLN suspension was centrifuged at 5906 × g with ultrafiltration for 15 min. The RA-SLN suspension was subjected to a human β-NGF enzyme-linked immunosorbent assay (ELISA) kit (Abcam, Cambridge, MA, USA) at 450 nm. 1,2-distearoyl-sn-glycero-3- phosphoethanolamine-N-[carboxy(polyethylene glycol)- 2000] (DSPE-PEG(2000)-CA; Avanti Polar Lipid, Alabaster, AL, USA) was added to the oil phase. 1-(3-(dimethylamino)propyl)-3-ethyl-carbodiimide hydrochloride (Sigma-Aldrich) and N-hydroxysuccinimide sodium salt (Alfa Aesar, Ward Hill, MA, USA) were added to the DSPE-PEG(2000)-CA-NGF-RA-SLN suspension at 4°C and 100 rpm for 2 h. PPFLMLLKGSTR (Kelowna International Scientific, Taipei, Taiwan) were added to the mixture at 4°C and 100 rpm for 12 h. The mixture was centrifuged at 5906 × g with ultrafiltration for 15 min. The RA-NGF-PPFLMLLKGSTR-SLN suspension was mixed with 150 µL of the reaction reagent (Coomassie protein assay reagent; Thermo Fisher, Waltham, MA, USA) at room temperature for 10 min. The absorbance was measured at 595 nm using an ELISA spectrofluorometer (Bio-tek, Winooski, VT, USA). RA-NGF-PPFLMLLKGSTR-SLNs were examined using a transmission electron microscope (TEM; JEM-1400, Jeol, Tokyo, Japan).
B. Propagation of iPSCs 
iPSCs with sequence number of SC201A-1 was obtained from System Biosciences (Mountain View, CA, USA). iPSCs with an amount of 2 ( 105 were seeded in a tissue culture flask (Techno Plastic AG, Trasadingen, Switzerland) of 75 cm2 with porcine skin type A gelatin (Sigma-Aldrich), cultivated with 15 mL of ESGRO complete PLUS clonal grade medium (SF001-500P, Millipore, Billerica, MA, USA) at a medium-replacing rate of every 2 days, and cultured in a humidified CO2 incubator (NuAire, Plymouth, MN, USA) at 37°C for 18 days. iPSCs were washed with Dulbecco’s phosphate buffered saline (DPBS; Sigma-Aldrich), treated with ESGRO complete accutase (Millipore) to dissociate cells from the flask at 37°C for 1 min, and collected in a 15 mL of conical tube.  After addition of ESGRO medium, the cell suspension was centrifuged at 160 ( g for 5 min.  The bottom pellet was resuspended in ESGRO medium.  The viability of iPSCs was determined with trypan blue (Sigma-Aldrich) exclusion using a hemocytometer (Superior, Marienfeld, Germany) and a phase-contrast biological microscope (Motic, Richmond, BC, Canada).  These steps were repeated for the second and third passages, and were applicable for the passages beyond three with 4(106 cells for 10 days.  iPSCs were immersed in ESGRO medium containing 10% dimethyl sulfoxide (J. T. Baker, Phillipsburg, NJ, USA) and 10% fetal bovine serum (Sigma-Aldrich), refrigerated with decreasing temperature from 4°C, -4°C, -20°C to -80°C, and cryopreserved in liquid nitrogen.  iPSCs in liquid nitrogen were unfrozen at 37°C for 1 min, diluted with ESGRO medium, centrifuged in conical tube at 160 ( g for 5 min, and cultured with ESGRO medium containing 1% (v/v) antibiotic-antimycotic penicillin-streptomycin-glutamate solution (100X, Gibco, Carlsbad, CA, USA) in a humidified CO2 incubator. The morphology of iPSCs was visualized by an inverted phase-contrast fluoromicroscope (TE2000-U, Nikon, Tokyo, Japan).
C. Staining of α3β1 integrin on iPSCs treated with RA-NGF-PPFLMLLKGSTR-SLNs
iPSCs were cultured on a gelatin-coated tissue culture plate at a density of 2 × 105 cells/well and incubated in a humidified CO2 incubator at 37°C for 24 h. The culture was washed with DPBS, and treated with 2 mg/mL of FITC-RA-NGF-PPFLMLLKGSTR-SLNs in a humidified CO2 incubator at 37°C for 4 h. The medium was removed. The culture was washed with DPBS, treated with serum blocking solution (Zymed Laboratories, South San Francisco, CA, USA) for 1 h, and washed with DPBS. Anti-SSEA-1 (Millipore), diluted with antibody diluent solution (1:50, Zymed Laboratories) or anti-mouse α3β1 antibody (Abcam), diluted with antibody diluent solution (1:100), was added to iPSCs with FITC-RA-NGF-PPFLMLLKGSTR-SLNs at 4°C overnight, and washed with DPBS. The secondary antibody of rhodamine conjugate (1:200, Sigma-Aldrich) was added at room temperature for 1 h in the dark, and washed with DPBS. 4’,6’-diamidino-2-phenylindole (DAPI; Sigma-Aldrich), diluted with 0.1% (v/v) Triton X-100 (1:200, Acros Organics, Geel, Belgium) in DPBS, was added at room temperature for 3 min. iPSCs were washed with DPBS, mounted, and dried for 12 h. The fluorescence images were obtained using a confocal laser scanning microscope (CLSM; LSM 510, Zeiss, Oberkochen, Germany) with excitation wavelengths of red, green, and blue at 555 nm, 490 nm, and 350 nm, and emission wavelengths at 565 nm, 520 nm, and 475 nm, respectively.
III. Results and discussion
Figs. 1A and 1B show the SEM images of RA-NGF-PPFLMLLKGSTR-SLNs. The images revealed spherical shapes of RA-NGF-PPFLMLLKGSTR-SLNs, with the particle diameter ranging from 100 nm to 500 μm. SEM images of NGF-RA-SLNs (Fig. 1B) with PPFLMLLKGSTR-modified surface (Fig. 1A) exhibited a peripheral layer around the spherical particles. The SEM images of RA-NGF-PPFLMLLKGSTR-SLNs also showed an increased particle size with increasing PPFLMLLKGSTR concentration and slightly rough surfaces. The particle size increased with increasing PPFLMLLKGSTR concentration, and the peripheral layer increased as well. Hence, the SEM studies suggested modification of PPFLMLLKGSTR on the surface of NGF-RA-SLNs.
Figs. 2A and 2B show the images of multiplied iPSCs. As displayed in this figure, expanded iPSCs showed both solitary and clustered forms. The scattered cells next to the accumulated 5-day colonies might extend threadlike peripheries. Moreover, the sizes of the iPSC lump demonstrated a reasonable proliferation rate. An increase in cell-culture duration to 8 days enlarged the cell aggregate with few detached cells, indicating distinctive morphology of phenotypic iPSCs. This expanded cell number suggested that propagated iPSCs were suitable for differentiation. These images were consistent with the results in literature [6,7].
Figs. 3A-3C show the staining images of iPSCs. As indicated in Fig. 3A, the blue blocks were the stains of nuclei. Fig. 3B revealed anti-SSEA-1 staining, representing that the undifferentiated iPSCs maintained embryonic characteristics. SSEA-1 epitope structure implied that the mitosis of iPSCs preferred hyperplasia in the neighborhood of colonized cluster, and favored a spread of multiplied iPSCs.
Figs. 4A-4D show the immunofluorescence of iPSCs treated with RA-NGF-PPFLMLLKGSTR-SLNs. The blue, red and green stains were, respectively, iPSC nuclei, α3β1 integrin and RA-NGF-PPFLMLLKGSTR-SLNs. Surface modification of SLNs with PPFLMLLKGSTR could dock α3β1 integrin to trigger endocytosis of RA-NGF-PPFLMLLKGSTR-SLNs and facilitated internalization by iPSCs. Moreover, the attraction of surface PPFLMLLKGSTR to α3β1 integrin improved RA and NGF quantity in iPSCs for better neuronal differentiation. Surface PPFLMLLKGSTR might regulate attachment and promote differentiation of iPSCs [8].
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Fig. 1A. SEM images of RA-NGF-PPFLMLLKGSTR-SLNs.
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Fig. 1B. SEM images of RA-NGF-SLNs.
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Fig. 2A. Image of iPSCs cultured for 5 days.
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Fig. 2B. Image of iPSCs cultured for 8 days.
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Fig. 3A. Image of iPSCs stained with DAPI.
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Fig. 3B. Image of SSEA-1 expressed by iPSCs.
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Fig. 3C. Merged Image of SSEA-1 expressed by iPSCs.
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Fig. 4A. Immunofluorescence image of iPSC nuclei counterstained with DAPI (blue).
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Fig. 4B. Immunofluorescence image of α3β1 integrin expressed by iPSCs.
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Fig. 4C. Immunofluorescence image of FITC-RA-NGF-PPFLMLLKGSTR-SLNs.
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Fig. 4D. Merged immunofluorescence image.
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