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Abstract: A modular microfluidic platform was used to continuously synthesize urchin-like Au nanoparticles (Au NPs). 
In contrast to conventional methods, the particles synthesized via this flow chemistry have protruding surfaces that make 
the formation of hot spots in plasmonic. The microfluidic platform enables the continuous synthesis of Au NPs with 
reproducibility and uniformity within a short reaction time. The optical properties of the Au NPs were characterized using 
UV-VIS spectroscopy, and particle size and distribution were evaluated by dynamic light scattering (DLS). Scanning electron 
microscopy (SEM) was used to confirm the surface morphology and size of the Au NPs. Raman spectroscopy shows surface 
enhanced Raman scattering (SERS) which enhancement factor (EF) was 4.01×106. These results suggest that this microfluidic 
synthesis approach can be applied to fabricate of morphologically controlled metal nanoparticles that can be able to applicable 
to optical sensors.
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Introduction

Nanoparticles are actively researched across diverse 
fields due to their unique properties, characterized by 
sizes ranging from a few to hundreds of nanometers. 
Nanoparticles exhibit high specific surface area, quantum 
size effects, and specific physical and chemical properties 
that manifest depending on their composition and structure, 
granting them broad application potential in various areas 
such as electrochemical catalysts, optical sensors and etc.1-7 
In particular, precise control of the structure that includes 
size, shape, and surface properties is considered a key factor 
determining their functional performance and applicability. 
Surface modification and structural control enable their 
utilization in various applications.8,9 Accordingly, a growing 
number of researchers aim to effectively and reproducibly 
synthesize nanoparticles for application in such as optical 
sensors, catalysts by use diverse precursors, synthesis routes, 
and reaction conditions.10,11

Among these nanoparticles, plasmonic nanoparticles exhibit 
unique optical behavior due to their localized surface 
plasmon resonance (LSPR) phenomenon. LSPR arises from 
the interaction between incident light and the collective free 
electrons on the surface of metallic nanoparticles, known as 
plasmons. Au NPs, in particular, are widely used in various 
optical and life science applications due to their chemical 
stability and biocompatibility.12-17 The optical properties of 
these gold nanoparticles can be sensitively tuned by the 
nanoparticle size, composition, and surface morphology.18-21

To optimize the performance of these plasmonic nano
particles, control over their size and surface morphology 
is essential. Microfluidic platforms are gaining attention as 
an innovative synthesis platform to address this challenge. 
Microfluidic platforms are continuous flow-based synthesis 
platforms capable of precisely regulating fluid flow, mixing, 
temperature, and reaction time. In particular, modular 
microfluidic platforms can sequentially integrate various 
reaction steps, providing process flexibility and controllability. 
This enables not only effective control of nanoparticle surface 
morphology and size but also rapid optimization of reaction 
conditions.22-24
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Recent studies recognize that controlling nanoparticle 
surface roughness and complex shapes are key factors in 
enhancing plasmonic performance. The greater the number 
of protrusions or similar structures on the surface, the more 
hot spots form on the particle surface, maximizing the 
electric field enhancement. This enables the detection of 
trace molecules in SERS-based detection. This control of 
fine surface structures plays a pivotal role in high-sensitivity 
molecular detection fields such as LSPR-based sensors and 
SERS-based sensors. For example, Au NPs with uniformly 
controlled surfaces can effectively detect even minor changes 
in biomolecules bound to their surfaces, enabling the detection 
of trace target molecules in SERS-based detection.25-35

Given the importance of surface morphology control, 
numerous studies have focused on enhancing sensor 
performance by tuning the optical properties of nanoparticles 
through controlling the surface morphology.36-39 Therefore, in 
this study, we aimed to achieve the continuous synthesis of 
uniform urchin-like Au NPs by applying previously reported 
shape control methods within a modular microfluidic system.39 
This flow-based synthesis approach overcomes the lack of 
reproducibility and size control limitations of conventional 
methods, providing plasmonic nanoparticles with excellent 
optical properties through continuous and stable synthesis 
conditions. By evaluating the SERS performance of the 
synthesized Au NPs, we demonstrate the practical feasibility 
of this plasmonic platform for molecular detection.

Experimental 

1. Materials

Gold (III) chloride trihydrate (HAuCl4, ≥99.9%), L-ascorbic 
acid (99%), and Gum Arabic from acacia tree were purchased 
from Sigma-Aldrich. The gold (III) chloride solution was 
used as a 25 mM stock solution.

2. Fabrication of Urchin-like Au nanoparticles

Urchin-like Au NPs were synthesized using a flow 
chemistry approach. The synthetic procedure was adapted 
from the meat ball-like Au NPs synthesis protocol reported 
by Wang et al.39 While maintaining the same precursors 
as described in the original method, the experimental 
conditions were modified to accommodate the microfluidic 
system follows: Solution A was prepared by mixing 20 mL 

of 25 mM HAuCl₄·3H₂O with 5 mL of 1 wt% gum arabic 
solution, resulting in 25 mL of 20 mM HAuCl₄·3H₂O 
containing 0.2 wt% gum arabic. Solution B was prepared 
by dissolving L-ascorbic acid (100 mM) and 0.05 g of gum 
arabic in DI water to obtain a final volume of 25 mL with 
0.2 wt% gum arabic. Solutions A and B were introduced 
into the microfluidic device through Inlet 1 and Inlet 2, 
respectively, using syringe pumps. To quench the reaction, 
DI water was introduced through Inlet 3. (See Fig. 1)

3. Characterization

Ultraviolet-visible-near-infrared absorption spectra were 
obtained using a JASCO V-770 spectrophotometer. Morpho
logical features were investigated using field-emission scann
ing electron microscopy (FE-SEM) (HITACHI-S4800) at an 
accelerating voltage of 15.0 kV. Raman spectra images were 
acquired using confocal micro-Raman spectroscopy with 
a dark-field microscope (WEVE, HEDA). The following 
excitation sources were used: a 785 nm single longitudinal 
mode DPSS laser (130 mW); (Integrated Optics). Raman 
scattering signals were collected using a charge-coupled 
device camera with a high-resolution grating (1200 grooves 
mm−1) and measured by focusing a laser spot using a 100 × 
(NA 0.9) objective lens with a diffraction limit of ≈ 200 nm. 

Results and Discussion

Figures 1 and 2 describe the continuous-flow setup built on 
a modular microfluidic chip for Au NP synthesis. A pressure 
pump coupled with a flow sensor enabled precise adjustment 
of flow rates under varying experimental conditions. In the 
Y-shaped module, Solution A and Solution B are injected 
into separate channels, converge into a single channel, and 
then enter the curved mixing module. This module employs 
a passive mixing structure. As shown in Figure 2, the two 
solutions initially maintain a laminar flow state. Gradually, 
uniform mixing occurs due to Dean flow in the curved 
section and molecular diffusion. At this point, color changes 
during the laminar flow and mixing processes were visually 
observed. After mixing was complete, DI water was injected 
via the T-shaped module to quench and dilute the product. 
This continuous process yielded uniform urchin-like Au 
NPs, with morphology tunable by adjusting the flow rates 
of Solutions A and B. The synthesized AU NPs’ morphology, 
size distribution, and optical properties were characterized 
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by SEM, DLS, UV-Visible spectroscopy, and Raman 
spectroscopy.

Both Urchin-like Au NPs and Au Meatball-like NPs were 

synthesized using the same reagent, yet distinct differences 
emerged in the optical properties of the particles obtained by 
each method. Particle sizes were determined by UV-Visible 

Figure 1. Schematic diagram of the modular microfluidic system.

Figure 2. (a) Photograph of the actual modular microfluidic system setup used for nanoparticle synthesis. (b) Visualization of 
the transition from laminar flow to a mixed state within the curved mixing module of the modular microfluidic chip.

Figure 3. (a) Urchin-like Au NPs and Meatball-like Au NPs’ Normalized UV-Visible spectrum (b) DLS spectrum of Au 
nanoparticle which is synthesized by Microfluidic chip.
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spectroscopy and DLS. Figure 3(a) shows the normalized 
UV–Visible spectra of both samples. The urchin-like Au 
NPs exhibit a narrower peak width at half-maximum, 
whereas the Meatball-like Au NPs show a broader peak with 
additional shoulder around 800 nm. These results indicate 
that microfluidic synthesis affords superior uniformity and 
optical stability compared to the conventional method. DLS 
results in Figure 3(b) reveal a mean of particle diameter of 
259.167±9.66 nm with a size variation of 3.73%.

Figure 4 SEM images clearly confirm both the uniformity 
of the particle size distribution and the distinctive urchin-like 
Au NPs synthesized using modular microfluidic chips. This 
shows that the particle shape-controlled synthesis method 
utilizing a modular microfluidic system provides high 
precision in terms of nanoparticle size control and quality 
assurance.

We measured Raman spectroscopy on substrate which 
use urchin-like Au NPs for molecular detection. Spectra 
were acquired with exposure times of 1 s for verifying the 
performance of the SERS with a laser power of 0.45 mW 
after applying a 1% neutral density filter. For the background 
subtraction, the mean difference equation was calculated 
using a window size of 15. Through following calculations, 
we were able to derive the following enhancement factor, and 
by measuring concentrations using SERS-active substrates 
with Urchin-like Au NPs, we confirmed that measurements 
are possible down to 10-8 M. (See Figure 6).

The enhancement factor (EF) in our study was calculated 
as following equation30-32:

Enhancement factor (EF) = (ISERS / NSERS) / (IREF / NREF)

Figure 4. (a) SEM image of Urchin-like Au NPs by using microfluidic chips (Scale bar = 500 nm) and (b) SEM image of Meat 
ball-like Au NPs (Scale bar = 2.5 mm).

Figure 5. Urchin-like Au NPs on flat Au substrate and flat Au 
substrate’s Raman spectrum with 4-mercaptobenzoic acid.

Figure 6. SERS signal by concentration of 4-mercaptobenzoic 
acid. Each Raman measurement was taken five times at 
random points.
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ISERS = 13945.4, IREF = 10.12 (in Figure 5)
NSERS = number of Raman Tag molecules
NREF = calculated by estimating the number of molecules 

in the confocal volume of a cylinder with a diffraction-limited 
spot by considering the molecular weight and density of 
Raman tag molecule (4-Mercaptobenzoic acid). The density 
of Raman tag, taken from literature was 9.85×106.40

N M
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=
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This EF presents the probability to use the urchin-like 
Au NPs for optical sensors such as biosensor, molecular 
detections and etc.41-44

Conclusions

In this study, urchin-like Au NPs were synthesized with 
well dispersed and uniformed using a modular microfluidic 
chip. Beyond simple spherical particles, a new form of 
nanoparticle with a unique surface structure can be formed 
in a single-step process were confirmed. Furthermore, 
Evaluation of the SERS performance of the synthesized 
nanoparticles revealed a distinct signal enhancement effect 
to use optical sensing. This research is expected to enable 
the synthesis of nanoparticles with diverse structures based 
on a modular microfluidic platform, allowing control not 
only over particle size but also surface morphology. Using 
diverse metal precursors, it will be possible to develop novel 

nanoparticle shapes or structures that differ from existing 
ones. These developed particles can be utilized in optical 
sensors, biosensors, and molecular detection sensors, similar 
to previously reported studies. This research presents potential 
applications for SERS-based biosensors by applying them to 
substrates with diverse structures.
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