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Abstract: Colloidal photonic crystals have attracted much attention of the scientific world due to 
their unique optical properties and potential applications in sensing, displays, optoelectronics, 
controlled superwetting and other fields. Here we report the fabrication of spherical colloidal 
photonic crystals featured with well-ordered nanopatterns from silica nanoparticles (SiO2NPs) and 
gold nanoparticles (AuNPs) through a droplet-based microfluidic approach. The colloidal crystals 
show both the photonic band gaps (PBG) and surface plasmonic resonance (SPR) properties. These 
proposed hierarchically composite ‘superballs’ will have an excellent performance in sensing 
applications, due to the fast response (the scattering color change) to the dielectric properties of the 
surrounding medium. A robust and efficient strategy is proposed and demonstrated to fabricate the 
composite superballs with multifunctional properties, broadening the perspective of their 
applications by the advantages of precise control over the size of the particles and flexible change 
of the fluid composition. 
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1. Introduction 

Hierarchical architectures have been assembled from a variety of building blocks with different 
materials and functionalities. Particularly, photonic crystals are of great significance as particulate 
systems due to diverse applications including displays, biosensors, optoelectronic devices, catalysts, 
and controlled superwetting [1,2]. Light incident on the nanoparticles (of a size smaller than the 
wavelength) induces the conduction electrons in them to oscillate collectively with a resonant 
frequency that depends on the nanoparticles’ size, shape, composition and the local dielectric 
environment [3]. These noble metal nanoparticles can serve as extremely intensive and stable labels 
for bio-/chemical-sensors, surface-enhanced spectroscopy and immunoassays [4]. Researchers have 
been investigating the fabrication of composite particles by incorporation of these metal nanoparticles 
with non-metallic nanoparticles (SiO2NPs), polystyrene nanoparticles etc.), combining each particle’s 
own specific optical properties in order to broaden the applications. Tadashi Nakamura and their 
colleagues [5] have prepared AuNPs-embedded nanoporous spheres and the corresponding close-
packed colloidal crystal array. This 2D array exhibited both the optical stop band from the Bragg 
diffraction and the surface plasmon resonance (SPR) from the gold. Frank Caruso and his colleagues 
[6] have prepared core-shell and hollow colloid spheres derived from Au@SiO2 nanoparticles by 
using the layer-by-layer self-assembly technique. AuNPs of ~5 nm decorating the surface of silica 
submicrospheres were fabricated by ultrasound with the advantage of simple and efficient 
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production [7]. Most of the previous work has focused on the fabrication of satellite-like composite 
particles, or particles which served as new building blocks to construct 2D photonic crystals with SPR 
properties. 

However, hierarchically composite superballs with both photonic band gap (PBG) and SPR 
properties have not been proposed before, and we verify for the first time through their production 
by droplet microfluidic techniques, incorporating the AuNPs and SiO2NPs as building blocks. The 
particles can be used as a sensing unit resulting from the scattering color response to a change of the 
dielectric properties of the surroundings. 

2. Materials and Methods 

2.1. Materials 

N-isopropylacrylamide (NIPAM, purity ≥ 99%) and N, N-methylene bisacrylamide (MBA, 
purity ≥ 99%) were purchased from Sigma Aldrich (Zwijndrecht, The Netherlands). 2, 2-
Diethoxyacetophenone (DEAP, purity ≥ 98%) was purchased from Sigma Aldrich (Zwijndrecht, The 
Netherlands). Hexadecane and Sorbitane monooleate (Span80) were purchased from Sigma Aldrich 
(Zwijndrecht, The Netherlands). AuNPs were purchased from Cytodiagnostics Inc. company 
(Burlington, ON, Canada). SiO2NPs were all purchased from Nanjing Nanorainbow Biotechnology 
Co. Ltd. company (Nanjing, China). Absolute ethanol solution (analysis level) was purchased from 
Merck KGaA (Zwijndrecht, The Netherlands). 

2.2. Preparation of 3D Spherical Colloidal Photonic Crystals 

A flow-focusing droplet microfluidic chip made by PDMS was used to generate the hybrid 
nanoparticles laden droplets with a good uniformity and high stability. The oil phase was hexadecane 
with 18 wt% Span80 as the surfactant to stabilize the generated droplets and 5 wt% DEAP served as 
the photoinitiator. The aqueous suspension was composed of SiO2NPs and AuNPs and also 
contained water-soluble monomer and cross-linker. Monodispersed droplets were sheared off by the 
oil phase at the flow-focus junction. The nanoparticles confined in these produced droplets were self-
assembled due to the electrostatic repulsion. Solid 3D spherical photonic crystals were yielded upon 
UV irradiation (IntelliRay-600, 365 nm, 600 W, 120 mW/cm2, Uvitron International, Inc., West 
Springfield, MA, USA). In this method, the size and ratio of the building blocks (SiO2NPs and AuNPs) 
can be precisely and flexibly tuned to produce the 3D photonic crystals with SPR properties, which 
was attributed to the advantages of the microfluidic approach. 

3. Results and Discussion 

3D composite superballs with both PBG and SPR properties, dependent on the size and shape 
of the building blocks and surrounding media, respectively, have been produced based by a robust 
and efficient strategy. 

3.1. Fabrication of 3D Composite Superballs 

Monodispersed droplets encapsulating SiO2NPs and AuNPs are generated by the droplet 
microfluidic platform. The schematic Figure 1a, shows the generation procedure. Water-soluble 
fluids containing monomer of 5.5% NIPAM, cross-linker of 2% MBA as well as SiO2NPs in 100 nm 
and AuNPs with a varying diameter, were used as the dispersed phase, which was sheared off by 
the continous phase to form droplets. Figure 1b shows the optical microscopy image of the droplet 
generation at the flow-focus junction. Furthermore, the size and the ratio of the composite building 
blocks were precisely tuned to produce hierarchically composed superballs, showing a variety of 
PBG and SPR properties (Figure 2). 
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Figure 1. (a) Schematic of the composite superball fabrication process by droplet microfluidic 
platform; (b) Optical image of droplet generation. 

  

Figure 2. Optical images of the superball scattering color change in response to the surrounding 
medium. Superballs were made from dAuNPs = 40 nm and dSiO2NPs = 100 nm (a–c) and dAuNPs = 80 nm and 
dSiO2NPs= 100 nm. (d–f) The superballs were suspended in (a,d) hexadecane, (b,e) deionized water, (c,f) 
air. (g,h) show the reflection spectra of the superballs in hexadecane (‘oil’) under the bright field and 
dark filed of optical microscope, respectively. 

3.2. Controllable PBG and SPR Properties 

It has been demonstrated that the scattering color of these superballs can be tuned by the size of 
SiO2NPs and AuNPs, the ratio of SiO2NPs and AuNPs, as well as the surrounding medium. Figure 2 
illustrates the scattering color change in response to the AuNP diameter and medium refractive 
index. The scattering color resulted from the SPR property of the AuNPs integrated into the 
superballs when they were suspended in solution. However, in the dry state exposed to air, the 
observed scattering color was caused by the photonic crystal properties (PBG) of the periodic 
nanostructure from the close-packed SiO2NPs. Figure 3 showed the scanning electronic microscope 
(SEM) images of the superball morphologies corresponding to Figure 2. 
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Figure 3. SEM images of composite superballs made from (a) SiO2NPs (100 nm) and AuNPs (40 nm), 
and (b) SiO2NPs (100 nm) and AuNPs (80 nm). The AuNPs are visible inside the yellow circles. 

3. Conclusions 

3D hierarchically composed superballs self-assembled from SiO2NPs and AuNPs have been 
proposed and their production was verified via a microfluidic technique, showing both PBG and SPR 
properties. This proposed strategy shows advantages of facile and fast fabrication, and offers 
opportunities of integration of PBG and SPR properties into one micro-unit. The combination would 
have high potential for biosensor applications, as the sensitivity to the refractive index of the 
environment can for example be exploited to probe antigen-antibody reactions or nucleic acid 
hybridization. 
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