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Abstract:



Anisotropic assembly of nanoparticles (NPs) has attracted extensive attention because of the potential applications in materials science, biology, and medicine. However, assembly control (e.g., the number of assembled NPs) has not been adequately studied. Here, the growth of anisotropic gold NP assemblies on a liposome surface is reported. Citrate-coated gold NPs adsorbed on liposome surfaces were assembled in one dimension at temperatures above the phase transition temperature of the lipid bilayer. Growth of the anisotropic assemblies depended on the heating time. Absorption spectroscopy and transmission electron microscopy revealed that the gradual growth was attributed to liposome fusion, which was strongly affected by the size of the gold NPs. This method enabled us to precisely control the number of NPs in each anisotropic assembly. These results will enable the fabrication of functional materials based on NP assemblies and enable investigations of cell functions and disease causality.
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1. Introduction


When light interacts with a metal nanoparticle (NP), a unique surface plasmon resonance (SPR) frequency is observed [1]. The SPR strongly depends on the NP size and shape [1,2,3,4], its composition [3], and the nature of the dialectic materials surrounding the NPs [5,6,7]. Assembling NPs into desired dimensions or shapes is important for material science, bioscience, and medical applications [8,9,10,11,12,13].



Two- and three-dimensional NP assemblies have been made by solvent evaporation, Lagmuir–Blodgett transfer, self-assembled monolayers and multilayers, and layer-by-layer assembly. There are several excellent reviews [8,9,10,11]. However, anisotropic one-dimensional NP assemblies have been seldom reported because of preparation difficulties that arise from the isotropic structure and morphology of zero-dimensional NPs. The unique inter-NP electronic, photonic, and energy transfer properties of one-dimensional NP assemblies [14,15] are essential not only for the production of novel devices but also for the understanding of fundamental phenomena at the nanometer-scale as well as processes in living organisms [16,17].



Anisotropic assembly of NPs has been achieved with selective modification methods [18], liquid–liquid or gas–liquid interface systems [19], and templating systems [20,21]. Zhang et al. [9] produced one-dimensional assemblies of citrate-coated gold NPs (cAuNPs) by controlling electrostatic interactions and repulsion [22]. Partial exchange of protecting agents on cAuNP surfaces increased the dipolar interaction potential, which induced anisotropic interactions. Anisotropic cAuNP self-assembly on sphere-shaped vesicles of phospholipid bilayers (liposomes) was recently reported [23]. cAuNPs adsorbed on liposome surfaces were initially fixed and did not self-assemble below the phospholipid phase transition temperature (Tm). However, anisotropic cAuNP self-assembly did occur when the phospholipids became fluid above Tm. The decomposition of the citrate layer on the AuNP surface might have induced dipolar interactions between AuNPs, and thus enabled anisotropic assembly. However, the control of anisotropic NP assembly (e.g., control of the number of assembled NPs) has not been sufficiently examined.



Here, the growth of anisotropic cAuNP assemblies by liposome fusion is reported. The relationship between assembly growth and liposome fusion was investigated with time-dependent ultraviolet–visible (UV–vis) absorption, transmission electronic microscopy (TEM), and cryogenic TEM (cryo-TEM). The effect of cAuNP size on liposome fusion was also investigated. Finally, control of the number of cAuNPs in each assembly via regulation of liposome fusion was demonstrated.




2. Results and Discussion


2.1. Growth of Anisotropic cAuNP14 Assemblies on Liposome Surfaces


cAuNPs with average diameters of 14 nm (cAuNP14, as determined by TEM (JEOL Ltd., Tokyo, Japan) were prepared by a modified method reported by Frens [24,25]. Liposomes composed of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC, Tm = 41.5 °C) were prepared by extrusion as reported previously [23]. The DPPC liposomes and the cAuNP14s were mixed at the ratio [cAuNP]/[liposome] = 1.67 at 25 °C in water to induce cAuNP14 adsorption on the liposomes. cAuNP14 adsorption and anisotropic assembly were confirmed by UV–vis absorption spectroscopy and cryo-TEM, as previously reported [23].



The time-dependent UV–vis absorption spectrum (SHIMADZU CORPORATION, Kyoto, Japan) of the cAuNP14–DPPC composite solution at 50 °C is plotted in Figure 1a. The intensity of the 516 nm plasmon band slightly decreased and a new absorption peak at 605 nm increased over time. The two peaks indicated formation of an anisotropic cAuNP14 assembly [23]. The 605 nm absorbance, which was characteristic for anisotropic assembly of cAuNPs [22,23,26,27,28], increased with heating time and became almost saturated after 3 days (red squares in Figure 1b). Furthermore, the 516 nm peak did not shift after 7 days at 50 °C. This indicated that the cAuNP14 assemblies maintained anisotropic structures; a red-shift would have indicated an isotropic assembly. When the cAuNP14–DPPC composite solution was incubated at 25 °C for 7 days, the 516 nm plasmon band red-shifted slightly and broadened, and there was no peak at 605 nm (Figure S1). These results indicated that anisotropic cAuNP14 assemblies gradually grew on the DPPC liposomes by long-term heating above Tm. To confirm the cAuNP14 assemblies, TEM images of the cAuNP14–DPPC composites were recorded before heating and after 10 min, 1, 24 h, 3, and 7 days heating at 50 °C (Figure 1c–h, respectively). Before heating, the average number of cAuNPs in each assembly ([image: ]n) was 1.12, which indicated that individual cAuNPs were isolated on the DPPC liposomes (Figure 1c). After 10 min of heating at 50 °C, anisotropic cAuNP assemblies were observed in the TEM images (Figure 1d) and [image: ]n = 1.76 for each assembly (Figure 1b). When this sample was incubated at 25 °C for 1 week, [image: ]n = 1.72, indicating that cAuNP assemblies were stable and did not grow below Tm. The number of cAuNPs per liposome in the mixed solution was 1.67, indicating that almost all of the cAuNPs on each liposome assembled within 10 min. However, [image: ]n increased to 1.81 and 2.15 after heating for 1 h and 24 h, respectively, and saturated in 3 days (Figure 1b). Hence, almost 1.3 times as many cAuNPs assembled during heating for more than 24 h. This suggested that cAuNP14 first assembled on intra-liposomal surfaces and then on inter-liposomal surfaces.


Figure 1. (a) Time-dependent UV–vis absorption spectra of cAuNP14–DPPC solutions ([cAuNP]/[liposome] = 1.67) heated at 50 °C for 10 min to 7 days; (b) Plots of the absorbance at 605 nm (red squares) and the average number of cAuNPs in each assembly ([image: ]n, blue triangles) vs. heating time at 50 °C. TEM images of cAuNP14–DPPC; (c) before heating and after; (d) 10 min; (e) 1 h; (f) 24 h; (g) 3 days; and (h) 7 days heating at 50 °C. The scale bars are 100 nm.
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2.2. Liposome Fusion during Growth of cAuNP14 Assemblies


To investigate the growth mechanism of cAuNP14 assemblies on intra-liposomal surfaces, DPPC liposome sizes after heating at 50 °C were determined from cryo-TEM images (Figure S2). Histograms of DPPC liposome diameters before and after 24 h and 7 days of heating at 50 °C are shown in Figure 2. The histogram after 24 h (Figure 2b) revealed larger liposomes than those before heating (Figure 2a), which indicated liposome fusion. Fusion was more evident after 7 days of heating, because there were much larger liposomes with average diameters of 165 nm (Figure 2c). The surface areas of liposomes with average diameters of 142 nm (before heating) and 165 nm (after 7 days of heating) were 6.3 × 104 and 8.5 × 104 nm2, respectively. This means that an average of 1.35 liposomes fused during 7 days of heating at 50 °C. As mentioned in Section 2.1, almost 1.3 times as many cAuNPs linearly assembled during heating for 24 h or more. This agreement indicated that liposome fusion induced the growth of anisotropic cAuNP assemblies on the membrane surfaces.


Figure 2. Liposome diameters determined from cryo-TEM images (Figure S2). cAuNP14–DPPC (a) before and after (b) 1 day and (c) 7 days heating at 50 °C.
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2.3. Assembly of cAuNPs with Average Diameters of 31 nm on Liposome Surfaces


cAuNPs with average diameters of 31 nm (cAuNP31, determined by TEM) were prepared by the stepwise growth method reported by Bastus et al. [29]. As above, DPPC liposomes and cAuNP31 were mixed at the ratio [cAuNP]/[liposome] = 1.67 at 25 °C in water to induce cAuNP31 adsorption on the liposomes. The adsorption and assembly of cAuNP31 on the DPPC liposomes was then investigated.



Cryo-TEM imaging revealed that the DPPC liposomes were decorated with cAuNP31 (Figure 3a), and the number of adsorbed cAuNP31 per liposome was determined. The cryo-TEM images also revealed that isolated cAuNP31s did not self-assemble on the liposome surfaces below Tm. This was strongly supported by UV–vis spectra of the cAuNP31–DPPC solution, where the 530 nm peak attributed to cAuNP plasmon resonance was red-shifted by 10 nm (Figure 3c). The red shift indicated a change in the environment surrounding the cAuNPs [23,30,31,32]. When the cAuNP31–DPPC solution was heated above Tm (41.5 °C), the intensity of the 530 nm plasmon band decreased and a new band appeared at 635 nm in the UV–vis spectrum (Figure 3c). This change was attributed to electric dipole–dipole interactions and plasmon coupling between neighboring gold NPs in the assemblies [33,34,35]. Furthermore, the two peaks indicated formation of an anisotropic cAuNP31 assembly that was confirmed by cryo-TEM, shown in Figure 3b. These results were very similar to those for cAuNP14. Thus, the cAuNPs assembled on the DPPC liposome surfaces regardless of their average diameter.


Figure 3. Cryo-TEM images of cAuNP31–DPPC ([cAuNP]/[liposome] = 1.67) heated at (a) 25 °C and (b) 50 °C; The scale bars are 100 nm; (c) UV–vis absorption spectra of solutions of cAuNP31 (black dashed line), cAuNP31–DPPC at 25 °C (red solid line), and cAuNP31–DPPC at 50 °C (blue solid line).
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2.4. Growth of cAuNP31 Assemblies by Liposome Fusion


A cAuNP31–DPPC composite solution was heated at 50 °C to induce the growth of cAuNP31 assemblies. Time-dependent UV–vis spectra are shown in Figure 4. The absorbance at 650 nm, which was characteristic of anisotropic cAuNP assembly, increased with heating time. Therefore, anisotropic cAuNP31 assemblies also grew on liposome surfaces. For cAuNP31–DPPC heated for 7 days (blue line in Figure 4), the absorbance at 400–500 nm was lower than that for shorter heating times, indicating liposome decomposition. The structure of the liposomes during the growth of the cAuNP31 assemblies was observed with cryo-TEM imaging for cAuNP31–DPPC that was heated for 10 min, 24 h, and 7 days (Figure 4b–d). After 10 min, there were anisotropic cAuNP31 assemblies and almost no change in liposome diameters (Figure 4b). After 24 h of heating, the average liposome diameter increased from 121 nm (before heating) to 174 nm (Figure 4c). No liposomes were observed for cAuNP31–DPPC that had been heated for 7 days (Figure 4d). Typically, 100 and 200 nm liposomes were the most stable, while those with diameters above 400–500 nm were extremely unstable, especially above Tm [36]. This indicates that after 7 days of heating, the liposomes in cAuNP31–DPPC may become too large to maintain their vesicle structure.


Figure 4. (a) Time-dependent UV–vis absorption spectra of cAuNP31–DPPC solutions ([cAuNP]/[liposome] = 1.67) heated at 50 °C for 10 min (red line), 24 h (orange line), 3 days (green line), and 7 days (blue line); Cryo-TEM images of cAuNP31–DPPC heated at 50 °C for (b) 10 min; (c) 24 h; and (d) 7 days. The scale bars are 100 nm.
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2.5. Effect of cAuNP Sizes on Liposome Fusion


To clarify the effects of cAuNP sizes on liposome fusion, cryo-TEM of DPPC liposomes, DPPC–cAuNP14, and DPPC–cAuNP31 was performed after 24 h of heating at 50 °C. Histograms of the DPPC liposome diameters are shown in Figure 5. For DPPC liposomes, there was almost no change in average diameter (Figure S3a and Figure 5b). Thus, in the absence of cAuNPs, DPPC liposomes did not fuse after 24 h of heating at 50 °C. In the presence of cAuNP14, there was almost no change in the shape of the histogram, but the average diameter of the DPPC liposomes was 8 nm larger than that of the bare DPPC liposomes (Figure S3b and Figure 5c). For the DPPC–cAuNP31 composite, there were relatively large liposomes with a 178 nm average diameter (Figure S3c and Figure 5d). The same number of gold nanoparticles were adsorbed on each liposome in the AuNP14- and AuNP31-liposome composites. Hence, the surface concentration of gold nanoparticles on each AuNP31-liposome was larger than that on the AuNP14-liposomes, which might have been the reason why AuNP31 accelerated liposome fusion relative to AuNP14–liposome fusion. This has also been observed for other glue materials in which aggregation and fusion of liposomes was accelerated with increasing size of the glue material [37,38,39]. Therefore, larger cAuNPs accelerate liposome fusion and, accordingly, induce liposome decomposition, as observed for DPPC–cAuNP31 after 7 days of heating at 50 °C (Figure 4d).


Figure 5. Liposome diameters determined from the cryo-TEM images (Figure S3). DPPC liposomes heated at (a) 25 and (b) 50 °C for 24 h; (c) cAuNP14–DPPC and (d) cAuNP31–DPPC heated at 50 °C for 24 h.
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2.6. Control of AuNP [image: ]n in Anisotropic Assemblies by Regulating Liposome Fusion


The growth of cAuNP anisotropic assemblies via liposome fusion was demonstrated above. The fusion involved the crosslinking of liposomes by cAuNPs and heating the lipid membrane above Tm. This implied that liposome fusion and cAnNP assembly growth could be regulated by halting solution heating at specific times. To confirm this hypothesis, a cAuNP14–DPPC composite ([cAuNP]/[liposome] = 1.67) solution was cooled in an ice bath after 10 min, 1 h, and 12 h of heating at 50 °C. [image: ]n for cAuNP14 in each assembly vs incubation time are shown in Figure 6. When the cAuNP14–DPPC composite solution was heated at 50 °C for 10 min, [image: ]n increased from 1.12 to 1.68, which was in good agreement with experiments in Figure 1. After cooling in the ice bath, the increase in [image: ]n was stopped and remained 1.70 for 3 days. As already discussed in Figure 1, [image: ]n = 2.17 when the solution was heated at 50 °C for 3 days without cooling. When the composite solution was heated for 1 h at 50 °C, [image: ]n = 1.86 and remained constant for 3 days after cooling in the ice bath. Furthermore, cAuNP14 assembly had [image: ]n = 1.98 after being heated at 50 °C for 12 h and remained constant. Thus, the number of cAuNPs in each anisotropic assembly could be precisely controlled by regulating liposome fusion.


Figure 6. Average number of cAuNPs in each assembly ([image: ]n) vs time. cAuNP14–DPPC composite solutions were cooled in an ice bath after heating at 50 °C for 10 min (red squares), 1 h (blue rhombuses), and 12 h (purple crosses). Blue triangles are [image: ]n for cAuNP14–DPPC composites heated for 3 days without cooling.
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3. Experimental Section


3.1. Materials


1,2-Dipalmitoyl-sn-glycero-phosphatidylcholine (DPPC) was purchased from NOF Corp. (Tokyo, Japan). Hydrogen tetrachloroaurate(III)tetrahydrate (HAuCl4·4H2O) and citric acid were purchased from Kishida Chemical Co., Ltd. (Osaka, Japan) and Wako Pure Chemical Industries, Ltd. (Tokyo, Japan), respectively. All reagents were used as received.




3.2. Preparation of cAuNPs with an Average Diameter of 14 nm (cAuNP14)


cAuNP14 was prepared according to a slightly modified Fens method. In a 300 mL round-bottom flask equipped with a condenser, a 1 mM HAuCl4 solution (100 mL) was brought to a rolling boil with vigorous stirring. Rapid addition of 38.8 mM sodium citrate solution (10 mL) to the vortex of the HAuCl4 solution resulted in a color change from pale yellow to deep red. Boiling was continued for 10 min, followed by removal of the heating bath and stirring for an additional 15 min. Once the solution reached room temperature, it was filtered through a 0.8 µm membrane. The resulting solution of colloidal particles had a 520 nm absorption maximum, and TEM analysis indicated a particle size of 14.1 nm.




3.3. Preparation of cAuNPs with an Average Diameter of 31 nm (cAuNP31)


Au seeds were synthesized by heating a solution of 2.2 mM sodium citrate in Milli-Q water (150 mL) with a heating mantle in a 250 mL three-necked round-bottomed flask for 15 min under vigorous stirring. A condenser was used to prevent evaporation of the solvent. After boiling had commenced, 1 mL of 25 mM HAuCl4 was injected. The color of the solution changed from yellow to bluish gray and then to soft pink in 10 min. Immediately after Au seed synthesis, the reaction was cooled in the same vessel until the temperature was 90 °C and 1 mL of 25 mM HAuCl4 solution was injected. After 30 min, the reaction was complete. This process was repeated twice. The sample was then diluted by extracting 55 mL of the sample and adding 53 mL of Milli-Q water and 2 mL of 60 mM sodium citrate. This solution was then used as the seed solution and the process was repeated. These processes were repeated three times to obtain cAuNP31.




3.4. Preparation of the DPPC Liposomes


DPPC liposomes were prepared by extrusion. A 130 mM solution of the lipids in chloroform was evaporated under a flow of nitrogen gas until dry. The dried lipid film was then hydrated with 1 mL of Milli-Q water, followed by vortexing for 1 min. The suspension was subjected to eight freeze/thaw cycles using liquid nitrogen and a water bath, respectively, and then extruded through a polycarbonate membrane (100 nm pore size) above Tm.




3.5. Preparation of cAuNP14–DPPC Liposome Composites


The cAuNP14 suspension was centrifuged at 12,000 rpm for 30 min to remove excess citrate and concentrate the cAuNP14. The concentrated cAuNP14 suspension ([Au] = 18.2 mM, 61.5 µL) was then mixed with the liposomes ([DPPC] = 0.5 mM, 4 mL) at 25 °C. The pH of the mixed solution was 6.7. The ratio of AuNP14 to DPPC liposomes was calculated from cryo-TEM images.




3.6. Preparation of cAuNP31–DPPC Liposome Composites


The cAuNP31 suspension was centrifuged at 8000 rpm for 30 min to remove excess citrate and concentrate the cAuNP31. The concentrated cAuNP31 suspension ([Au] = 26.8 mM, 100 µL) was then mixed with the liposomes ([DPPC] = 0.25 mM, 3 mL) at 25 °C. The pH of the mixed solution was 6.7. The ratio of AuNP31 to DPPC liposomes was calculated from cryo-TEM images.




3.7. Cryo-TEM


Cryo-TEM samples were prepared by a universal fixation and preparation system (Leica EM CPC, Wetzlar, Germany). To prevent water evaporation from the samples, the isolated chamber was humidified to near saturation prior to introduction of the sample. Droplets of the sample (2–3 µL) were placed on a micro-perforated cryo-TEM grid and then absorbed with filter paper. This formed a 10–300-nm-thick liquid film that freely spanned the micropores on the carbon-coated lace-like polymer layer supported by the metal mesh grid. After a minimum holding time of 30 s, the sample grid assembly was rapidly vitrified in liquid ethane at its melting point (−163 to −170 °C). The purpose of the holding time was to relax any possible flow deformation that may have resulted from the blotting process. The vitreous specimen was maintained in liquid nitrogen until it was loaded into a cryogenic sample holder (Gatan 626-DH, Pleasanton, CA, USA). TEM was performed with a JEM-3100 FEF microscope (JEOL Ltd., Tokyo, Japan) at 300 kV. The electron radiation sensitivity of the sample required a minimal dose system. Images were recorded with a Gatan 794 multiscan digital camera and processed with DigitalMicrograph software (version 3.8.1, Gatan Inc., Pleasanton, CA, USA). The optical density gradients in the background, which were normally ramp-shaped, were digitally corrected by a custom subroutine compatible with DigitalMicrograph.





4. Conclusions


The growth of cAuNP linear assemblies on DPPC liposome surfaces was investigated. The cAuNPs assembled on intra-liposomal surfaces within 10 min. Further heating induced cAuNP assembly on inter-liposomal surfaces, resulting in one-dimensional assembly of cAuNPs. Inter-liposomal assembly occurs via liposome fusion, which was confirmed by quantitative analysis of cryo-TEM images. Larger cAuNPs accelerate liposome fusion and the linear cAuNP assembly. This enabled precise control of the number of cAuNPs in each assembly by halting solution heating. These results will enable fabrication of functional materials based on NP assembly as well as investigations of cell functions and disease causality.
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The following are available online at www.mdpi.com/1996-1944/10/11/1317/s1, Figure S1: Time-dependent UV–vis absorption spectra of cAuNP14–DPPC solution ([cAuNP]/[liposome] = 1.67) heated at 25 °C for 10 min to 7 days, Figure S2: Cryo-TEM images of cAuNP14–DPPC (a) before and after (b) 1 day and (c) 7 days of heating at 50 °C. The scale bars are 100 nm, Figure S3: Cryo-TEM images of DPPC liposomes heated at 50 °C for 24 h in the (a) absence and presence of (b) cAuNP14 and (c) cAuNP31. The scale bars are 100 nm.
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