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Abstract
We report a microfluidic chip designed and fabricated for the consecutive synthesis of gold nanobipyramids (Au NBPs) 
with controllable morphology. The seed-mediated method is employed to synthesize Au NBPs in an S-shaped micromixer. 
Under sufficient mixing and precise flow rate control of various reactants during microfluidic synthesis, Au NBPs with 
various aspect ratios can be obtained through this microfluidic platform. The dependence of reactant concentration on the 
morphology of synthesized Au NBPs is studied by changing the flow rate of silver nitrate (AgNO3), ascorbic acid (AA) and 
gold seed in microchannel respectively, analytical simulation is performed to validate the control mechanism during Au 
NBPs synthesis in a microchannel.
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1  Introduction

In recent years, synthesis of anisotropic nanoparticles has 
attracted considerable attention in biomedicine owing to 
their unique properties in spectroscopy, photoelectricity, 
catalysis sensing and drug delivery (Weissleder et al. 2014; 
Pappas et al. 2007; Cong and Porco 2012; Nath and Chilkoti 
2002; Gelperina et  al. 2005). The substantial potential 
applications mainly lie in their intriguing localized surface 
plasmon resonance (LSPR) characteristics, in which aniso-
tropic metal nanoparticles (rods, bipyramids, and decahe-
dra) exhibit two surface plasma resonances corresponding 
to both transverse and longitudinal modes thus own more 
prominent advantages (Qi et al. 2016). Comparing with the 
LSPR properties of Au nanorods, the sharp edge structure of 
Au NBPs is more sensitive to local changes in the dielectric 

environment and has greater enhancement of localized elec-
tric field (Navarro et al. 2012; Li et al. 2015). Substantial 
efforts have been subsequently made to prepare anisotropic 
metal nanoparticles (Chateau et al. 2015; Huang et al. 2009; 
Kou et al. 2006), among which seed-mediated method is one 
of the most commonly used and well-established methods 
to form cores and further increase in particle size to form 
various anisotropic metal nanoparticles (Jana et al. 2001, 
2002). In general, the seed-mediating method has a two-step 
synthesis process, including the formation and activation 
of precursor solution, followed by intensive mixing with 
gold seeds solution to generate the nanoparticles (Jana et al. 
2001). Although extensive progress has been made in Au 
NBPs synthesis with a high degree of monodispersity, the 
synthesis of Au NBPs with different sizes and aspect ratios 
still requires a cumbersome adjustment process (Kou et al. 
2007). In conventional bulk synthesis, it is difficult to con-
trol the thermodynamic and kinetic factors in the synthesis 
of nanoparticles (Ma and Li 2018). Besides, it takes time 
and energy during the synthesis process and consumes rea-
gents to screen the controlling factors to prepare gold nano-
particles with various morphologies (Thiele et al. 2016). 
The tedious synthetic process of growth solution and the 
structural instability of gold seeds result in the limitation of 
the yield, shape and reproducibility of Au NBPs, which has 
greatly hindered their potential for practical applications. 
Therefore, it is of great importance to develop a synthetic 
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process to achieve precise control in the morphology and 
size of Au NBPs with high yield and reproducibility.

Microfluidics is a powerful tool for manipulating fluids 
in the miniaturized device due to their precise control, high 
throughput, rapid mass and heat transfer (Whitesides 2006; 
Ren et al. 2013; Li et al. 2017; Chen et al. 2019). The con-
tinuous-flow microfluidic systems with large reaction inter-
faces and high sensitivity provide promising modulation in 
nanoparticle synthesis, especially in some critical synthetic 
stages such as nucleation, growth and reacting conditions, 
thus can serve as a well-controlled microenvironment for the 
synthesis of nanoparticles with desired size and morphology 
(Ma et al. 2019). Although substantial research efforts have 
been devoted to the microfluidic synthesis of anisotropic 
nanoparticles (Duraiswamy and Khan 2009; Boleininger 
et al. 2006; Uson et al. 2016), the precise control of Au 
NBPs synthesis with optimized morphology, size distribu-
tion and reproducibility has been rarely reported.

In this paper, a microfluidic platform is designed to inves-
tigate the consecutive and controllable synthesis of gold nan-
oparticles with various morphologies. An improved seed-
mediated method was employed for the Au NBPs synthesis 
in an S-shaped micromixer. Our microfluidic chip can be 
divided into two parts, in which the gold precursor solu-
tion successively forms in one part, and the Au(III) solu-
tion is gradually reduced to Au(I) by ascorbic acid. After-
wards, gold seeds are mixed with the precursor solution in 
the other part (Huang et al. 2007). Through syringe pumps 
at each inlet of microchannel, flow rates of synthetic reac-
tants including AgNO3, AA and gold seeds can be adjusted 

instantaneously during the synthesis process. We investigate 
and optimize the flow rate of each reactant to realize com-
plete mixing and accurate morphology control of synthe-
sized Au NBPs in a microchannel.

2 � Materials and methods

2.1 � Chemicals

Polydimethylsiloxane (PDMS) was purchased from Dow 
Corning Corporation (State of Michigan, America). Hexa-
decyl trimethyl ammonium bromide (CTAB, 99%) and cetyl-
trimethylammonium chloride (CTAC, 99%) were purchased 
from Macklin. Gold chloride trihydrate (HAuCl4, ≥ 99.9%), 
AgNO3 (99.8%), ascorbic acid (AA, > 99.0%), potassium 
tetrachloropalladate (K2PdCl4, ≥ 99.95%) and sodium boro-
hydride (NaBH4, 98%) were purchased from Aladdin. All 
chemicals were used as received and deionized (DI) water 
(18.2 MΩ cm) was used for the preparation of solutions 
throughout the experiments.

2.2 � Fabrication of the microfluidic chip

A schematic illustration of the fabrication process of the 
microfluidic chip is depicted in Fig. 1. A dark-field lithog-
raphy mask was designed in AUTOCAD 2015 and printed 
in advance, and the photolithography for the fabrication 
of microfluidic chip was performed in a clean room. A 
100 µm layer of SU-8 2075 photoresist (Micro-Chem) was 

Fig. 1   Schematic illustration of microfluidic chip fabrication for Au NBPs synthesis. The inset exhibits the photograph of prepared Au NBPs 
solution synthesized with various flow rates of gold seed range from 40 to 160 μl/min (from left to right) respectively
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spin-coated onto a cleaned 4-inch silicon wafer uniformly, 
the wafer was then prebaked at 65 °C for 5 min and 90 °C for 
10 min, followed by UV light exposure through the mask via 
a mask aligner (MJB4, Suss Microtech). The silicon wafer 
was hard-baked for 1 min at 90 °C, and SU-8 developer was 
then used to remove surplus cured SU-8. For the fabrica-
tion of the microfluidic chips, a 10:1 mixture of base poly-
mer PDMS and the curing agent was poured over the mask 
placed in a petri dish and then degassed in vacuum until no 
bubbles can be observed. After curing for 1.5 h in the oven at 
90 °C, the cured PDMS was peeled off and cut into desired 
shapes for use. Well-defined through-holes were drilled 
on the PDMS layer for tubing connection. Finally, oxygen 
plasma was used to bond the PDMS and the glass wafers 
to obtain a completed microfluidic chip in which S-shaped 
microchannels with a depth of 100 um and width of 200 um 
were prepared.

2.3 � Synthesis of gold seeds solution

In our experiment, gold seeds were prepared by reducing 
HAuCl4 with NaBH4, following the method developed by 
Ana Sánchez-Iglesias et al. (Sánchez-Iglesias et al. 2016; 
Fang et al. 2016). Initial gold seeds were prepared by add-
ing HAuCl4 (50 μl, 50 mM) to an aqueous solution which 
contains CTAC (10 ml, 100 mM), then a freshly prepared 
ice-cold NaBH4 (60 μl, 100 mM) solution was added. Under 
vigorous stirring at room temperature, the aqueous mixture 
changes from yellow to brownish, indicating the produc-
tion of gold seeds. After that, the solution was heated in 
a water bath at 80 ºC for 90 min, and the solution further 
changes from brown to claret-red. K2PdCl4 (25 μl, 50 mM) 
was added to 10 ml as-prepared gold seeds and the solution 
was kept at 40 ºC for 15 min to allow the complexation of 
palladium salt with CTAB. AA (250 μl, 100 mM) was then 
added into the solution and kept at room temperature for 
12 h.

2.4 � On‑chip Au NBPs synthesis

As illustrated in Fig. 1, the as-fabricated S-shaped micro-
mixer was utilized to consecutively adjust parameters in 
the gold nanoparticles synthesis. Polytetrafluoroethylene 
(PTFE) tubes were utilized for the connection between 
inlets of the microfluidic chip and syringe pumps for reac-
tants injection. The process of Au NBPs synthesis in the 
microfluidic chip can be divided into two parts, precursor 
formation part and gold seed mixing part, respectively. For 
the precursor formation part, a mixed solution with 200 mM 
CTAB, 0.25 mM HAuCl4, and 200 mM HCl was introduced 
into microchannel through inlet 1 (S1); 1 mM AgNO3, 4 mM 
AA and 0.25 μM gold seeds were injected through inlet 2 
(S2), inlet 3 (S3), inlet 4 (S4), respectively. In this part, the 

precursor solution at S1 was mixed with AgNO3 at S2 firstly, 
followed by consecutive mixing with AA at S3, after which 
the solution changed from orange into colorless and trans-
parent, indicating that Au(III) has been reduced to Au(I) by 
AA. In the second part, the precursor solution was further 
mixed with gold seed solution at S4. After sufficient mixing 
in the S-shaped micromixer, the fully mixed solution was 
collected through the outlet and then kept undisturbed for 
2 h to generate Au NBPs.

2.5 � Characterization

The morphologies of synthesized gold nanoparticles were 
characterized using a scanning electron microscopy (SEM, 
Zeiss Supratm 55) which was operated at an acceleration 
voltage of 15 kV. In a typical sample preparation, a drop 
of the solution with synthesized nanoparticles was added 
to a 1 cm2 polished silicon wafers and then dried naturally 
at room temperature. The ultraviolet–visible light (UV–vis) 
absorption spectroscopy was detected using an assembled 
UV–vis spectrophotometer.

3 � Results and discussion

During our experiments, the flow rates of reactants at 
each inlet of the micromixer can be conveniently adjusted 
through syringe pumps to obtain the desired morphology 
of Au NBPs. As exhibited in Table 1 below, we set the flow 
rate of AgNO3 between 0 μl/min and 160 μl/min, AA from 
60 μl/min to 160 μl/min, gold seed between 40 μl/min and 
160 μl/min. The total estimated synthetic flow rate during 
the synthesis process ranges from 360 μl/min to 520 μl/min. 
By varying the flow rates of AgNO3, AA and gold seeds at 

Table 1   Flow rates of reactants at each inlet of the microchannel (μl/
min)

Condition No S1(HAuCl4, 
CTAB) HCL)

S2(AgNO3) S3(AA) S4(Seed)

AgNO3 1 200 0 80 80
2 200 40 80 80
3 200 80 80 80
4 200 160 80 80

Seed 1 200 80 80 40
2 200 80 80 80
3 200 80 80 120
4 200 80 80 160

AA 1 200 80 60 80
2 200 80 80 80
3 200 80 120 80
4 200 80 160 80
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S1, S2, S3 separately, the dependence of the concentration 
of each reactant on the morphology of synthesized Au NBPs 
can be systematically investigated.

3.1 � Au NBPs morphology control by changing 
AgNO3 flow rate

Silver ions are indispensable in the formation of aniso-
tropic gold nanoparticles, which has been discussed in the 
underpotential deposition theory (Liu and Guyot-Sionnest 
2005). Defect-free deposition is a unique property of Ag(I) 
assisted growth, it may allow the gold atoms to be depos-
ited at the most energy favorable place and create no defect 
(Liu and Guyot-Sionnest 2005). With the aid of Ag(I), the 
deposition of gold atoms on the surface of the seed pro-
duces little or no observable stacking faults, thus preserve 
the original twin structure (Liu and Guyot-Sionnest 2005). 
In our experiments, the flow rate of AgNO3 in micromixer 
was adjusted from 0 to 160 μL/min, and the corresponding 
SEM images of synthesized Au nanoparticles are shown in 
Fig. 2a, b, d, e. In Fig. 2a, spherical Au nanoparticles with 
a mean diameter of ~ 56 nm can be obtained in the absence 
of AgNO3, indicating the isotropic growth of gold seeds 
without AgNO3. The spherical Au nanoparticles gradu-
ally turn in to Au NBPs with well-defined facets when the 
flow rate of AgNO3 increases, as observed in Fig. 2b, d, e. 
Besides, the sizes of synthesized Au NBPs are obtained by 
measurements of 100 random Au NBPs for each sample 

according to SEM images. The results indicate that the 
average length of Au NBPs gradually increases from 134 
to 145 nm, and the width increases from 44 to 48 nm 
with the increasing flow rate of AgNO3. Figure 2c exhib-
its the dependence of the AgNO3 flow rate on the aspect 
ratio of the synthesized Au NBPs. Since the length and 
width of Au NBPs both increase slightly as the AgNO3 
flow rate increases, the aspect ratio of Au NBPs almost 
keeps unchanged under the presence of AgNO3. Figure 2f 
shows the corresponding UV–vis absorption spectra of 
synthesized Au NBPs with AgNO3 flow rate ranges from 
40 to 160 μL/min. As shown in the spectrum, only one 
absorption peak at 550 nm is detected without AgNO3, 
the longitudinal resonance peak appears with the presence 
of AgNO3. Besides, the intensity of the longitudinal reso-
nance peak keeps almost unchanged when AgNO3 flow 
rate increases from 40 to 80 μL/min, with the peak posi-
tion slightly red-shifted. As the AgNO3 flow rate further 
increases from 80 to 160 μL/min, however, the longitu-
dinal absorption peak intensity has a significant decrease 
with an unchanged location. These experimental results 
indicate that the AgNO3 flow rate range of 40 to 80 μL/
min is beneficial to the increase of the yield of Au NBPs. 
This conclusion is in accordance with previous work in 
which optimal amount of AgNO3 has a significant effect 
on the growth and yield of Au NBPs, lower or no LSPR 
band of Au NBPs can be observed and the yield was not 
improved with higher or lower concentration of AgNO3 
(Qi et al. 2016).

Fig. 2   SEM images of synthesized Au nanoparticles with various 
flow rates of AgNO3: (a) 0μL/min, (b) 40 μL/min, (d) 80 μL/min, (e) 
160  μL/min. (c) Aspect ratio of synthesized Au nanoparticles with 

various flow rates of AgNO3. (f) UV–vis absorption spectra of syn-
thesized Au nanoparticles with various flow rates of AgNO3
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3.2 � Au NBPs morphology control by changing Gold 
seed flow rate

The amount of gold seeds plays a crucial role in the 
seed-mediated method to synthesize Au NBPs. In our 
experiment, the flow rate dependence of gold seeds on the 
microfluidic synthesis of Au NBPs is studied in a quanti-
tative manner. As shown in SEM images in Fig. 3a, b, d, 
e, with the increasing flow rate of gold seeds, the length 
of synthesized Au NBPs decreases from 157 to 104 nm, 
and the width of synthesized Au NBPs decreases from 
53 to 34 nm, respectively. Besides, according to the SEM 
images, the aspect ratio of Au NBPs also decreases contin-
uously as the flow rate of gold seeds increases, as shown in 
Fig. 3c. Figure 3f shows the UV–vis absorption spectrum 
of the microfluidic synthetic Au NBPs with gold seed flow 
rate ranges from 40 to160 μL/min, in which the spectrum 
exhibits a significant blue shift when the flow rate of gold 
seed increases and the longitudinal absorption peak inten-
sity increases successively. The decrease in length, width 
and aspect ratio of Au NBPs may be due to that as the 
flow rate of gold seed increases, the competition of gold 
seed becomes fiercer, resulting in the decreased gold ions 
occupied by each gold seed. As the flow rate of gold seeds 
further increases, the gold ions deposited are not enough to 
the synchronous growth of width and length of Au NBPs. 
Since high mole ratio of Au(III)/Au(seed) is more favora-
ble for longitudinal ({100} facet) growth (Sánchez-Iglesias 
et al. 2016), the decreasing Au(III)/Au(seed) ratio prefer-
ably facilitates the lateral growth, resulting in the reduced 
aspect ratio of synthesized Au NBPs.

3.3 � Au NBPs morphology control by changing AA 
flow rate

AA is a necessary condition for the formation of a precursor 
solution that can be used to reduce Au(III) to Au(I) (Ma and 
Li 2018). In general, the amount of AA is insufficiency to 
reduce all Au(III), thus the reaction rate is directly related to 
the AA concentration (Ma and Li 2018). Under this kinetic 
control, the influence of AA flow rate on the synthesis of Au 
NBPs is investigated. SEM images in Fig. 4a, b, d, e show 
that when the AA flow rate increases from 60 to 160 μL/
min, the length of synthesized Au NBPs decreases from 
160 to 79 nm, and the width decreases from 62 to 38 nm, 
respectively. Besides, large amounts of spherical and square 
by-products exist at the AA flow rate of 60 μL/min as shown 
in Fig. 4a. However, the amounts of by-products decrease 
significantly as the AA flow rate further increases to 120 μL/
min as shown in Fig. 4b, d. The longitudinal absorption peak 
of the UV–vis absorption spectrum appears as a blue shift 
in Fig. 4f under this AA flow rate range, indicating the opti-
mized condition for sufficient yield of Au NBPs.

In addition, Fig. 4c shows the relationship of the AA flow 
rate and aspect ratio of synthesized Au nanoparticles. There 
is a continuous increase in the aspect ratio of Au NBPs as 
the AA flow rate increases from 60 to 120 μL/min. This may 
be due to that the increased flow rate of AA facilitates the 
reduction of Au(III) to Au(I), the increasing ratio of Au(I)/
Au(seed) results in the increased aspect ratio of Au NBPs. 
However, a decrease dramatically occurs as the AA flow rate 
further increases to 160 μL/min. The possible cause is that 
when adding too much reducing agent, the Reynolds number 

Fig. 3   SEM images of synthesized Au nanoparticles with various 
flow rates of gold seeds: (a) 40 μL/min, (b) 80 μL/min, (d) 120 μL/
min, (e) 160 μL/min. c Aspect ratio of synthesized Au nanoparticles 

with various flow rates of gold seeds. f UV–vis absorption spectra of 
synthesized Au nanoparticles with various flow rates of gold seeds
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in microchannel increases with AA flow rate, resulting in the 
more turbulent flow of reactants. Thus, the excessive supply 
of Au(I) is available to the seeds quickly which promote the 
choice of absorption in all directions on the seeds, leading 
to the decreasing of aspect ratios of Au NBPs. In addition, 
the excessive Au(I) resulted in the generation of new gold 
nanoparticles (Qi et al. 2016; Li et al. 2013) and form more 
by-products (Qi et al. 2016). It should be noted that, when 
the AA flow rate reaches 160 μL/min, although the aspect 
ratio is significantly reduced, the width is decreasing as well, 
leading to the continuing blue shift in the absorption spec-
trum (Lohse et al. 2013).

3.4 � COMSOL simulation for the mixing effect 
in microchannel

The sufficient mixing of various reactants plays a crucial 
role in the Au NBPs synthesis. To further evaluate the mix-
ing performance in the microchannel, numerical simulations 
were also performed by Comsol Multiphysics (COMSOL 
5.4) to validate the mechanism and effectiveness of our 
micromixer during the Au NBPs synthesis.

For the simulational model, we build a three-dimensional 
microchannel under the microfluidic module in Comsol at 
first and select the fluid flow as laminar flow. The width of 
the microchannel is 200 μm, the depth is 100 μm, and the 
total length is about 9 cm, all dimensions of the microchan-
nel is in accordance with the actual design in the micro-
fluidic chip. The boundary conditions and fluid properties 
are set, with the fluid density of 1000 kg/m3, the diffusion 

coefficient of 10−9 m2/s, inlet pressure of 7500 Pa, and 
dynamic viscosity of 1*10−3Pa s.

The concentration distribution of various reactants 
flowing through the S-shaped microchannel is presented 
in Fig. 4a (not drawn to scale), in which a diffusion mix-
ing layer was developed as the fluids with different initial 
concentrations were brought into contact. By comparing 
the concentration variation at the interface of different reac-
tants in the microchannel, it can be seen that the width of 
this mixing layer increased along the flow direction in the 
microchannel, indicating the enhanced microfluidic mixing 
effect. Velocity distribution and pressure distribution inside 
microchannel are exhibited in Fig. 5b, c respectively, from 
which we can see that the nonuniform velocity and pressure 
distribution occur at the curved section of the microchannel, 
resulting in the instability and variation of fluidic concen-
tration. These results unambiguously indicate the evident 
enhancement on microfluidic mixing and thus validate the 
benefit of the S-shaped micromixer for Au NBPs synthesis 
in the microchannel.

From both the experimental results and analytical simu-
lation we can obtain the general relationship between the 
Au NBPs synthesis and flow rates of various reactants in 
the microchannel, which can be mainly attributed to the 
enhanced mixing effect caused by S-shaped micromixer to 
promote the synthetic process. In addition, these experimen-
tal results can be implemented to further study the influ-
ence of each parameter, and optimize the synthetic condi-
tion of Au NBPs in the microchannel. The design of our 
microfluidic chips is in accordance with the experimental 

Fig. 4   SEM images of synthesized Au nanoparticles with various 
flow rates of AA: (a) 60 μL/min, (b) 80 μL/min, (d) 120 μL/min, (e) 
160  μL/min. (c) Aspect ratio of synthesized Au nanoparticles with 

various flow rates of AA. f UV–vis absorption spectra of synthesized 
Au nanoparticles with various flow rates of AA
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steps of the improved seed-mediated method in the beakers, 
the three mixing junctions in microchannels can ensure the 
addition order of various reactants for Au NBPs synthesis. 
With respect to the traditional solution-based synthesis in 
beakers which will be influenced by surrounding conditions, 
this on-chip microfluidic platform can provide a control-
lable environment with high stability and reproducibility in 
the synthesis process, as well as the instantaneous transfor-
mation between spherical Au nanoparticles and Au NBPs, 
which greatly avoids tedious experimental operation when 
preparing these two kinds of nanoparticles at the same time. 
Besides, this microfluidic synthesis can greatly save time 
needed for reagent implementation and adjustment, as well 
as promote the ability to feedback and improvement.

It is worth mentioning that, although the Au NBPs were 
successfully synthesized in the microchannel, it was found 
that spherical nanoparticles inevitably appeared as shown in 
the SEM images. Therefore, purification methods (Li et al. 
2015) may be utilized to further screen out Au NBPs.

4 � Conclusion

In summary, this work proposes an effective method for 
consecutive synthesis of Au NBPs with controllable mor-
phologies via a microfluidic platform. The improved seed-
mediated method was utilized, Au NBPs with various sizes 
and aspect ratios can be synthesized by adjusting the flow 
rates of various reactants in an S-shaped microchannel. The 
microfluidic mixer has a prominent mixing performance, 
as well as the capability of fast and continuous parameter 

adjustment, which is crucial and convenient for the control-
lable synthesis of Au NBPs with optimized morphology. 
The mixing effect in the microchannel was validated by 
the simulation method, and the dependence of flow rates of 
reactants in each inlet of microchannel was systematically 
studied. These experimental results provide a feasible and 
effective approach for controllable synthesis of Au NBPs in 
the microchannel, which shows the potential to control the 
morphology of various anisotropic nanoparticles in more 
sophisticated devices and miniaturized analytical systems.
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