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Abstract  
Gold nanostars are valuable materials for nanomedicine, energy conversation, and 
catalysis. Microfluidic synthesis offers a simple and controlled means to produce 
nanoparticles as they offer precise fluid control and improve heat and mass transfer. 3D 
printed microfluidics are a good alternative to PDMS devices because they are affordable 
to produce and can be more easily integrated with active mixing strategies. 3D printed 
microfluidics have only been applied to the production of silver and gold nanospheres, 
but not complex structures like gold nanostars. Synthesis of gold nanostars requires 
highly effective mixing to ensure uniform nucleation and growth. In this work, we present 
a 3D-printed microfluidic device that utilizes an efficient vibrating sharp tip acoustic mixing 
system to produce high-quality and reproducible gold nanostars via a seedless and 
surfactant-free method. The vibrating sharp-tip mixing device can mix three streams of 
fluid across ~300 μm within 7 ms. The device operates with flow rates ranging from 10 μL 
min to 750 μL/min at low power requirements (2 – 45 mW). The optical properties of the 
resulting nanotars are easily tuned from 650 nm to 800 nm by modulating the input flow 
rate. Thus, the presented 3D printed microfluidic device produces high-quality gold 
nanostars with tunable optical and physical properties suitable for extensive applications. 
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Introduction 
With the growth in nanomedicine, continuous-flow microfluidic devices have emerged as 
a platform for nanomaterials production and synthesis. Large scale or bulk synthesis 
techniques suffer from batch-to-batch variability, so synthesizing nanoparticles in 
microfluidic devices offers widespread advantages due to the difficulty in controlling the 
reaction stoichiometry. Microfluidics are compact, simple to operate, and eliminate costly 
instruments and laborious operations. (Tofighi et al. 2017; Kimura et al. 2018; Herbst et 
al. 2019) They can be easily automated and offer a high degree of fluid control. By scaling 
down reactions to the microscale, heat and mass transfer are improved, which enables 
the production of precise nanostructures with fine control of sizes, shapes, and 
morphology. (Ma et al. 2017) Microfluidic devices have been applied for the synthesis of 
lipid,(Jahn et al. 2010; Belliveau et al. 2012; Maeki et al. 2015) metallic, (Boleininger et 
al. 2006; Sebastian Cabeza et al. 2012; Uson et al. 2016) and polymeric 
nanoparticles.(Valencia et al. 2010; Li et al. 2016)  
 
Conventionally used PDMS microfluidic devices suffer from several disadvantages for 
nanoparticle production. PDMS device fabrication requires extensive manual operations, 
which limits scalability and hinders its commercial translation. (Bandulasena et al. 2017; 
Bressan et al. 2020) 3D printed microfluidic devices are a good alternative platform 
because they can be rapidly and affordably produced without multistep protocols. 3D 
printed devices using passive Y-mixer and T-junctions were applied for the synthesis of 
silver and gold nanospheres (Kitson et al. 2012; Bressan et al. 2019; Andrea Cristaldi et 
al. 2021). For these continuous flow devices, throughput was low, as the maximum flow 
rate was ~200 µL/min. To date, complex metallic nanostructures, such as gold nanostars, 
have not been synthesized using 3D printed microfluidics. Complex structures, like gold 
nanostars are an important type of metallic nanoparticles because of their strong tunable 
optical absorption for optical, biomedical, and catalytic applications. (Pandey et al. 2013; 
Chen et al. 2015) Gold nanostars are conventionally synthesized using either seeded 
(Kumar et al. 2007; Khoury and Vo-Dinh 2008; D. Ramsey et al. 2015) or seedless (Minati 
et al. 2014; Silvestri et al. 2017; Liebig et al. 2019) bulk synthesis techniques. Seedless 
methods are much simpler and offer single-step reactions, but effective mixing is critical 
for uniform nucleation. Droplet microfluidics-based methods have been used for gold 
nanostar synthesis to produce high quality nanostars.(Abalde-Cela et al. 2018; Illath et 
al. 2023) While droplet microfluidic strategies reduce reaction volume to improve mixing 
and kinetics, samples must be post-processed to remove oil, which is not a trivial task.  
 
In this work, we present a 3D printed microfluidic device integrated with an acoustically 
driven vibrating sharp tip capillary for gold nanostar synthesis. The advantages of this 
device are threefold for gold nanostar synthesis: 1) the device enables high efficiency 
mixing at a wide range of flow rates; 2) allows for precise reagent concentration control 
in a single step for optical property tuning; 3) and is easy to fabricate using 3D printing. 
The acoustic mixing demonstrates rapid mixing as fast as 7 ms over short mixing lengths 
(300 μm) and does not require manual operation.(Li et al. 2021) The mixing performance 
facilitates rapid mass transport across the microfluidic channel to produce gold 
nanostars.(Huang et al. 2019) The present device offers simple acoustic mixing 
integration for application with 3D printed devices. The three-inlet design allows for simple 
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control of AgNO3, ascorbic acid, and gold precursor flow rates, where users can produce 
gold nanostars with varied optical properties in a single, programmable step. The 3D 
printed microfluidic device produced high-quality nanostars with tunable optical 
properties. The nanostars were synthesized to achieve localized surface plasmon 
resonance (LSPR) absorptions ranging from 650 nm to 800 nm with 14-27 branches. 
Lastly, 3D printing is a much more accessible technology and makes device fabrication 
simple and affordable.  
 
 

Figure 1 Vibrating sharp-tip capillary device overview a) device schematic b) microfluidic 
mixing working principle c) device image d) pulled-tip capillary in the microfluidic channel 
 
Experimental Section  
Materials and Reagents 
Poly (ethylene glycol) diacrylate (PEGDA, MW 250), phenylbis (2,4,6-trimethylbenzoyl) 
phosphine oxide (Irgacure 819), fluorescein, ascorbic acid, silver nitrate, and gold (III) 
chloride trihydrate were purchased from Sigma−Aldrich (St. Louis, MO, USA). 2-
nitrophenyl phenyl sulfide (NPS) was purchased from TCI (Tokyo, Japan). Isopropanol 
(IPA) was purchased from Fisher Scientific (Pittsburgh, PA, USA). Ultra-Ever Dry super-
hydrophobic coating was purchased from Ultratech. Water was purified using a Merck 
Millipore purification system (Bedford, MA, USA). Norland Optical Adhesive were 
purchased from Norland Products (Jamesburg, New Jersey, USA). Epoxy glue (5-minute 
epoxy, Devcon) was purchased from ITW (Glenview, IL, USA). 
 
Microfluidic Device Fabrication 
The sharp tip mixer microfluidic device was fabricated using digital light processing (DLP) 
3D printing for high resolution, low cost, and rapid printing. An Asiga Pico2 HD 3D printer 
with LED peak wavelength of 385 nm, an X-Y plane resolution of 37 μm and a Z-axis 
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control of 1 μm was used. 3D structures of the microfluidic device were designed using 
SolidWorks and uploaded to the 3D printer. The device channel dimensions were: 500 
μm width, 500 μm height, and 2.78 cm length. The side channel for capillary insertion is 
1.2 mm in diameter. Devices were printed using PEGDA 250 with 0.5% (w/w) Irgacure 
819 and 0.5% (w/w) nitrophenyl phenyl sulfide (NPS). The build layer thickness was set 
to 50 μm, 0.8 s. After the 3D printing was completed, the device was immediately washed 
with isopropanol and water. It was then cured with UV light at 365 nm for 5 minutes. After 
curing, the device was secured to a glass slide using epoxy glue. After the glue is applied, 
the glass slide is held in place on the 3D printed device using binder clips. The pressure 
applied by the binder clips ensures the glass side does not move and keeps the glass 
slide uniformly flat along the 3D printed surface during drying. To prevent liquid leakage 
from the pulled-tip glass capillary side channel, the inner surface of the side channel was 
carefully coated using a two-step superhydrophobic coating (Figure S1). The 
superhydrophobic coating reagent, Ultra Ever Dry Bottom Coat was carefully applied 
using a 10 μL pipette. The bottom layer was allowed to dry for 1 hour prior to application 
of the Ultra Ever Dry Top Coat. The topcoat was applied using a pipette and was allowed 
to dry for 2 hours. 
 
The sharp tip mixing device was prepared by securing a piezoelectric transducer (7BB-
27-4L0, Murata, Kyoto, Japan) to a glass cover slip using epoxy glue. The pulled-tip glass 
capillary was prepared by pulling precision capillary tubes (OD: 0.87 mm, Drummond 
Scientific, Broomall, PA, USA) using a laser-based micropipette puller (PUL-1000, World 
Precision Instruments, FL, USA). The pulled-tip capillary was secured to the corner of the 
glass cover slip using glass glue at a 30° angle as shown in Fig. 1 in accordance with our 
previous works (Ranganathan et al. 2019, He et al. 2021, Li et al. 2021). After the acoustic 
transducer and sharp tip device were prepared, the capillary outer surface was coated 
using the two-step superhydrophobic coating and carefully inserted into the side channel 
(Figure S1). Microscope observation monitored this step to prevent the sharp tip from 
breaking against channel walls. Once inserted, the device was ready for further use. 
 
Mixing Characterization  
The establish the optimum mixing efficiency, we followed the protocol outlined in our 
previous work.24 Briefly, two inlets of the sharp tip mixing device were infused with a 
stream of fluorescein solution and water at 30 µL/min. The third inlet was plugged using 
tubing attached to a syringe, as it was not needed for this experiment. The piezoelectric 
transducer was turned on to begin sharp tip vibration. The piezoelectric transducer was 
driven by Tektronix function generator (AFG1062) connected to an amplifier (LZY-22+, 
Mini-Circuits). To determine the mixing frequency, the excitation frequency was varied 
from 70 kHz to 100 kHz in 100 Hz increments. Under Olympus IX-73 inverted 
fluorescence microscope observation, the fluorescent signal was tracked and imaged 
downstream from the sharp tip. The downstream position was selected as the cross 
section immediately downstream of the sharp tip. Fluorescent cross-section was 
measured using ImageJ for each position, and the mixing index was calculated by dividing 
the standard deviation of the intensity by the mean intensity. An index of < 0.1 indicated 
effective mixing, with the frequency providing the best mixing index. Each sharp tip 
capillary exhibits an optimum mixing frequency which typically ranges between 90 kHz 
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and 100 kHz. The determined optimal frequency was then used to assess the operational 
amplitudes across various flow rates. The device was infused with different total flow 
rates, and mixing was conducted at amplitudes varying between 1 Vpp and 15 Vpp. The 
lowest amplitude resulting in the lowest mixing index was selected as the operating 
amplitude. At the lowest effective amplitude condition for each flow rate, the mixing length 
was measured. The mixing length was defined as the region from the last point of no 
mixing to the first point of full mixing along the channel.  
 
Instrumentation 
UV-Visible spectra were collected using a Shimadzu UV-1800 UV/Visible Scanning 
Spectrophotometer from 400 nm to 950 nm. The nanostars were imaged with 
transmission electron microscopy (JEOL JEM-2100F) at 200 kV. Sharp tip mixing was 
observed using an Olympus IX-73 inverted fluorescence microscope. Two syringe pumps 
(Fusion 200, Chemyx Inc., Stafford, TX) were used for reagent injection. 
 
Bulk nanostar synthesis  
Gold nanostars were synthesized using a modified bulk chemical synthesis. In brief, 
aqueous 2 mM gold precursor, 4 mM AgNO3, and 1.6 mM ascorbic acid solutions were 
freshly prepared. To synthesize particles of different number of branches and core size, 
the ratio of gold:silver:reducing agent were varied by volume. The desired volumes of 
silver and gold were gently mixed and followed by rapid injection of the reducing agent 
with a pipette. The solution quickly changed color upon the addition of ascorbic acid, 
indicating the formation of nanoparticles. The reaction was allowed to proceed for 20 
minutes, then the solution was centrifuged at 2000 rpm for 8 minutes and washed twice 
with DI water. After washing, the nanostars were stored at 4°C. 
 
Vibrating sharp-tip microfluidic device nanostar synthesis  
Gold nanostars were synthesized using the reagents prepared for the bulk synthesis 
previously described. To synthesize the nanostars using the microfluidic sharp tip mixer, 
each reagent was loaded into a 1 mL syringe. The syringes were loaded onto syringe 
pumps (Fusion 200, Chemyx Inc., Stafford, TX) and desired flow rates were set. The 
tubing was secured to each fluid inlet on the microfluidic device. The signal generator and 
amplifier were set to the optimum mixing settings and turned on. The pumps were then 
turned on to start fluid flow through the microfluidic device. The ratios of 
gold:silver:reducing agent were changed by modifying the respective flow rate. As 
synthesis was conducted the resulting nanostars were collected in a microtube using 
tubing from the device outlet. After 10 minutes of synthesis, the sharp-tip mixer and 
syringe pumps were turned off and the gold nanostar solution collected in a centrifuge 
tube was removed from the device. The nanostars were centrifuged at 2000 rpm for 8 
minutes and washed twice with DI water. The products were stored at 4°C until further 
use. The device can be reused after each synthesis, and each device was used at least 
4 times in this study.  
 
Results and Discussion  
Device design and rationale  
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In this work, we used a modified surface and seed-free synthesis method that uses silver 
nitrate, ascorbic acid, and gold precursor. (Silvestri et al. 2017; Marelli et al. 2020) While 
surfactants provide nanoparticle stability, surfactants like PVP and CTAB can be 
challenging to remove from the particle surface. Surfactants can yield particles toxic in 
biological applications and can make it difficult to modify surfaces. (Nehl et al. 2006) For 
seedless nanostar synthesis, Yuan et al. indicates that silver ions and ascorbic acid must 
be added to the reaction at the same time to prevent silver precipitation and large 
nanosphere nucleation. (Yuan et al. 2012) While using microfluidics allows precise control 
of reagent flow and synthesizing nano stars in continuous flow manner, it requires fast 
mixing to ensure a uniform reaction. Here, we designed a microfluidic device with a three-
inlet system to infuse silver nitrate, ascorbic acid, and HAuCl4, respectively. As the 
solutions are infused, they pass through the acoustically driven sharp tip mixing, where 
the streams are rapidly mixed, and gold nanostar growth is initiated. The concentration of 
reagents and their ratios are easily controlled by modulating the input flow rates, which 
facilitates fine optical tuning of the resulting nanostars.  
 
Mixing Performance  
Device mixing performance is integral for nanoparticle synthesis. Our first step was to 
evaluate the device mixing performance and determine the device operating conditions. 
We characterized the mixing performance in terms of mixing length, mixing time, velocity, 
and mixing index across flow rate and operating conditions. Mixing behavior and 
performance were evaluated by infusing the device with streams of fluorescein and DI 
water, which enabled mixing visualization through fluorescence microscopy. Fig. 2a 
shows fluorescence microscopy images of the acoustic device when the device is turned 
“off” and “on.” and indicates the mixing length for mixing time calculation. 
 
The total flow rate of the device determines the nanoparticle synthesis throughput, so it 
is important for the device to operate across a range of flow rate conditions. When the 
total flow rate is changed, the voltage must be adjusted to maintain effective mixing. So, 
the working flow rates of the mixer are influenced by the input voltage on the device. We 
used mixing index to quantitatively measure the mixing performance at different flow rate 
and voltage conditions. Flow rates within the device were tested from 30 µL/min to 750 
µL/min. The mixing index was calculated for each flow rate and voltage ranging from 1 
Vpp to 15 Vpp. The mixing index was calculated as the standard deviation of the 
fluorescent intensity divided by the mean intensity. The operating voltage was selected 
as the minimum voltage required to produce a mixing index of 0.1 or less. As shown in 
Fig. 2b, for a single flow rate the mixing index is decreased as the voltage is increased 
because the increase in driving voltage induces more effective mixing. For each flow rate, 
there is a minimum voltage where the mixing index is 0.1 or less. This minimum voltage 
is impacted by the total flow rate. For example, when the flow rate is increased from 30 
µL/min to 120 µL/min, the minimum required voltage is increased from 3 Vpp to 5 Vpp 
(Fig. 2b). By simply increasing the voltage, we can operate the device across flow rates 
from 30 µL/min to 750 µL/min (Fig. 2c). As flow rate increases, the voltage must be 
adjusted to component for the change in total flow rate.  
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For nanoparticle synthesis, rapid mixing time across a short mixing length is essential for 
achieving uniform nanoparticle nucleation, which ultimately impacts size distribution. For 
our device, the mixing length is the distance from the last unmixed position to the first fully 
mixed position. The mixing length across flow rates ranged from 550 µm to 300 µm. As 
flow rate was increased, there is a slight decrease in the mixing length (Table S1). From 
the mixing length, we calculated the mixing time by:  
 
T = LWH/R 
 
Where L is the mixing length (Figure 2a), W is the channel width, H is the channel height, 
and R is the volumetric flow rate. The mixing time across flow rates is shown in Fig. 2d. 
As the flow rate increases in the device, the mixing time is sharply decreased. For 
example, when the flow rate is at 10 µL/min the mixing time is 881 ms and when the flow 
rate is increased to just 60 µL/min the mixing time is significantly reduced to 161 ms. The 
lowest mixing time achieved in this study was 7 ms.  
 

 
Figure 2. Characterization of mixing performance of vibrating sharp tip mixing device 
across flow rates. a) image of fluorescein and water infusion with vibrating sharp tip mixer 
“OFF” and “ON” b) Relationship between mixing index and the input voltage at five flow 
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rate conditions c) Influence of total flow rate on the minimum voltage required for effective 
mixing d) Influence of total flow rate on the mixing time. Error bars represent the standard 
deviation of 3 independent trials.  
 
Gold nanostar synthesis in vibrating sharp tip capillary microfluidic device  
Upon evaluation of the mixing performance of the vibrating sharp-tip microfluidic device, 
we synthesized gold nanostars using the device. In this work, we used a modified 
surfactant and seed-free synthesis that uses silver nitrate, ascorbic acid, and gold 
precursor, where the ascorbic acid reduces gold to trigger nanostar growth. (Silvestri et 
al. 2017; Marelli et al. 2020)  

 
Figure 3. Characterization of gold nanostars synthesized with vibrating sharp tip device 
using ratio gold precursor: silver nitrate: ascorbic acid flow rate ratios of 30:30:70 µL/min. 
a) TEM micrograph b) UV-Visible spectrum 
 
Gold nanostars were synthesized in the microfluidic device using a single constant flow 
rate condition to demonstrate synthesis. The flow rates for gold precursor and silver 
nitrate were each set at 30 µL/min, while the flow rate for ascorbic acid was set to 70 
µL/min. This condition gives an effective molar ratio of 3:3:7 for gold: silver nitrate: 
ascorbic acid. After collecting the solution from the outlet for 5 minutes, the nanostars 
were washed using ultracentrifugation, the UV-Visible spectrum was measured for the 
nanostars, and they were imaged using TEM to observe the morphology (Figure 3 and 
Figure S2). Under these conditions, the resulting gold nanostars were hyperbranched 
with an average of 14 ± 2 branches and 78 nm in diameter when measured from branch 
to branch. These nanostars exhibited an optical absorption peak at 735 nm. The optical 
absorption from the nanostars synthesized in our device offers optical absorption between 
700 nm and 800 nm, which is comparable to other reported in the literature (Nehl et al. 
2006).  
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Figure 4. UV-Visible spectra of gold nanostars synthesized with vibrating sharp tip 
device for total flow rates of 65 µL/min, 130 µL/min, and 390 µL/min. 
 
After demonstrating successful nanostar synthesis, we investigated the impact of the total 
flow rate on the resulting nanostars since the total flow rate impacts the residence time 
on the device and subsequent growth time (Fig. 4). In our synthesis, nucleation occurs 
immediately upon complete mixing because of the uniform distribution of the ascorbic 
acid to reduce the gold precursor. As noted by other works, nucleation in our synthesis 
was indicated by the immediate color change to blue (Chatterjee et al. 2016; Phiri et al. 
2019). Nanostars were synthesized using three total flow rates (65 µL/min, 130 µL/min 
and 390 µL/min) to demonstrate residence and growth times of 15 minutes, 7.5 minutes, 
and 2.5 minutes. 1 mL of sample for each flow rate was synthesized and immediately 
washed using ultracentrifugation and resuspension. The resulting UV-Visible spectra 
show good agreement for the three samples with optical absorption at 740 nm. From this 
result, we see that flow rates ranging from 65 to 390 µL/min does not have a significant 
impact on the nanostar growth. Regardless of the total flow rate, the mixing device 
achieves a mixing time sufficient to trigger uniform nucleation, as seen by the consistency 
in the UV-Visible spectra. In addition, nanostar growth is also a rapid process that is not 
impacted by the incubation time in the device. Both nanostar nucleation and growth occur 
quickly and uniformly in the device because the mixing device is efficiently distributing the 
three precursors throughout the channel. Uniform distribution ensures reagent availability 
and prevents non-uniform nucleation that would cause spectral variations. The properties 
of resulting nanostars are independent of total flow rates in this flow rate range. Therefore, 
the present method is very flexible in adjusting flow rates to suit different needs of 
synthesis throughput. It should be noted that the post processing method is critical for 
nanostar morphology. When using a surfactant-free technique, there is concern for 
particle reshaping over extended periods of time. When our nanostars were not washed 
after two hours, the nanostars exhibited blue-shift in the UV-Visible spectra, indicating 
destabilization of the nanostar shape (Fig. S3). In this case, nanostars undergo Ostwald 
ripening to reduce the high surface energy associated with the anisotropic branches 
(Vang and Strobbia 2023). However, when the nanostars are washed to remove excess 
precursors, the products are highly stable (Fig. S3). The UV-Visible spectrum for the 
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washed nanostars is consistent with the spectrum from the “as-synthesized” sample. This 
result indicates that after two hours the washed nanostar sample is not undergoing 
Ostwald ripening and is highly stable. The experiment shows that washing must be done 
upon synthesizing the nanostars to prevent reshaping and destabilization.  
 
Effect of ascorbic acid and silver nitrate on nanostar synthesis 
The present method offers a continent means of adjusting the molar ratio of different 
reagents, which may allow synthesizing different properties of nanostars in one 
experiment run. The three-inlet design enables users to control flow rates for each 
precursor in the synthesis. By modulating the flow rate ratios of each precursor, the ratio 
and concentration can be controlled for each experimental condition. It has been reported 
that the concentration of silver ions and ascorbic acid in the reaction influences the 
resulting nanostar size and morphology. Here, we investigated the properties of 
nanostars synthesized with different concentrations of silver ions and ascorbic acid, 
respectively.  
 

 
 
Figure 5. a) UV-Visible spectra of gold nanostars synthesized by vibrating sharp tip 
microfluidic device by varying ascorbic acid flow rate (30 µL/min to 80 µL/min) with both 
gold precursor and silver nitrate flow rates constant at 30 µL/min. TEM images of gold 
nanostars synthesized by vibrating sharp tip device for flow rate ratios of b) 30:30:30 
µL/min c) 30:30:60 µL/min d) 30:30:70 µL/min.  
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First, the influence of ascorbic acid was studied by modifying the flow rate of ascorbic 
acid and maintaining the constant flow rate of the other two inlets. The total flow rate was 
kept at a moderate rate 90 µL/min to 150 µL/min. As shown in the Fig. 4, the total flow 
rate is not expected to influence properties of resulting nanostars in this flow rate range.   
To study the influence of ascorbic acid concentration, we maintained constant flow rates 
of the silver and gold at 30 µL/min each while increasing the ascorbic acid flow rate in 10 
µL intervals from 30 µL/min to 80 µL/min. As the flow rate of the ascorbic acid is increased 
in the device, the molar concentration of ascorbic acid passing through the mixer 
increased from 530 µM to 910 µM. When the concentration of ascorbic acid is increased, 
the resulting UV-Vis spectra are red-shifted due to the growth phase being favored over 
nucleation (Silvestri et al. 2017), indicating larger more anisotropic nanostars (Fig. 5a). 
In this seedless gold nanostar synthesis, the ascorbic acid is the reducing agent that 
reduces Au3+ to Au0, where the rapid reduction of gold initiates nanostar growth. Because 
ascorbic acid is a weak acid, increasing its concentration influences the reaction pH, thus 
affecting the reactivity. The significant red shift from the 3:3:6 condition to the 3:3:7 
indicates the critical 860 µM concentration of ascorbic acid needed to trigger anisotropic 
growth into nanostars (Vang and Strobbia 2023). When the infusion rate of ascorbic acid 
is below 800 µM gold nanospheres are produced rather than gold nanostars (Fig. 5a and 
5b). Gold nanospheres exhibit optical absorption between 500 nm and 600 nm due to 
their < 100 nm size and spherical shape.(Haiss et al. 2007; Amendola and Meneghetti 
2009) When the ascorbic acid concentration is at 800 µM semi-starlike structures are 
grown. However, they do not exhibit strong anisotropic branch growth (Fig. 5c). At 
ascorbic acid concentrations at and above the 860 µM condition, highly anisotropic 
nanostars are produced with diameters ranging from 65 nm to 90 nm (Fig. 5d).  
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Figure 6. a) UV-Visible spectra of gold nanostars synthesized by vibrating sharp tip 
microfluidic device by varying silver nitrate flow rate (0 µL/min to 50 µL/min) with gold 
precursor flow rate constant at 30 µL/min and ascorbic acid flow rate constant at 70 
µL/min. b) TEM image of gold nanostars synthesized by vibrating sharp tip microfluidic 
device with flow rate ratio of 30:30:70 µL/min c) EDX spectra of gold nanostars 
synthesized with 30:30:70 µL/min flow rate ratio c) TEM images of gold nanostars 
synthesized by vibrating sharp tip microfluidic device with flow rate ratio of 30:50:70 
µL/min e) EDX spectra of gold nanostars synthesized with 30:50:70 µL/min flow rate ratio. 
 
Next, the influence of silver nitrate concentration was studied in a similar manner as for 
ascorbic acid. The concentration of silver nitrate added to the reaction influences the 
branching and size in the resulting nanostars. Ag+ ions can direct the anisotropic growth 
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of gold nanoparticle seeds when forming gold nanostars.(Yuan et al. 2012) Preferential 
adsorption of silver halides onto the crystal facets of the gold seeds influences the number 
of branches. In fact, silver ions block the [111] crystal plane, so by increasing the Ag+ 
concentration, more planes are blocked from branch growth resulting in hyperbranched 
particles. (De Silva Indrasekara et al. 2018; Pu et al. 2018) As seen in Fig. 6a, increasing 
the flow rate of silver nitrate from 20 µL/min to 50 µL/min results in an optical redshift by 
changing to concentration from 670 µM to 1.33 mM. Only gold nanoparticles are produced 
when silver is absent from the synthesis because silver is not available to direct branch 
growth. When silver is added at 670 µM to 1.33 mM concentrations, gold nanostars with 
branching are produced (Fig. 6b) As the concentration of silver increased, nanostars 
began to form and the number of branches with also increase due to silver absorption on 
the gold [111] planes (Table 1).  When the ratio is increased from 0 µM to 670 µM, 
nanostars are formed with 11 ± 2 number of branches. When the ratio is further increased 
from 670 µM to 1.03 mM, the branches increased to 16 ± 4 branches. Interestingly, as 
the number of branches increases, the length of the branches decreases (Table 1). From 
the HR-TEM image shown in Fig. 6d, we can see that when the ratio of gold to silver 
increases to 1.33 mM, the resulting particles are spherical with no branching. The EDX 
analysis (Fig. 6e) of these particles shows they contain almost ~50% gold and ~50% 
silver 50%. Unlike the nanostars, which contain ~70% gold and ~30% silver (Fig. 6c). We 
can infer that when the effective molar ratio of gold precursor to silver nitrate reaches 1.33 
mM, the resulting nanoparticles will no longer be highly anisotropic with sharp branches. 
Instead, they are rough, agglomerated nanospheres.   
 
Gold nanostars were also synthesized using a bulk technique to verify the results from 
our on-chip synthesis. Gold nanostars were synthesized by changing the input volume of 
the silver nitrate or ascorbic acid in the reaction vessel. By varying the volume of silver 
nitrate or ascorbic acid, the optical absorption was tuned (Fig. S3). These results indicate 
that we successfully translated the synthesis to the microfluidic device without 
compromising the reaction. In comparison to bulk synthesis, it is much simpler to control 
the reaction by using the microfluidic device. Nanostars with varied morphology could be 
easily synthesized in a single experiment. Unlike with bulk synthesis, separate reactions 
had to be prepared.  
 
Table 1 summarizes the properties of gold nanostars synthesized using varying 
concentrations of ascorbic acid and silver. We used TEM imaging and NanoSight 
nanoparticle tracking analysis (NTA) to determine the average diameter and size 
distribution of the nanostars. The diameter from TEM imaging was measured from branch 
tip to tip. TEM measurements were in agreement with the Nanosight (Table 1). The 
resulting size distributions for the samples were used to calculate the polydispersity index 
(PDI), where PDI is defined as the square of the standard deviation (σ) of the particle 
diameter distribution divided by the mean particle diameter. 
 

PDI = �𝜎𝜎
𝑑𝑑
�
2
 

 
According to dynamic light scattering (DLS) manufacturer specifications, when the PDI is 
< 0.1, the nanoparticles are considered highly monodisperse. Since nanostars are not 
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spherical in shape, DLS and particle tracking techniques exhibit more computational error 
when calculating the hydrodynamic diameter. Nanoparticle tracking analysis, which we 
used for our measurement, offers improved size distribution results for non-spherical 
particles (Ribeiro et al. 2018). From our experiments, PDI values for all synthesized 
particles approached 0.1 and were less than 0.2, which we consider a suitable value for 
nonspherical particles. Several reports for nanoparticles indicate that PDIs less than 0.2 
are well-suited for the nanoparticles (Smith et al. 2003; Danaei et al. 2018). 
 
Ratio 
Gold:silver:ascorbic 
acid (µL/min) 

TEM 
(nm) 

Nanosight 
(nm) PDI 

Branch 
Length 
(nm)  

Number 
of 
Branches  

30:0:30 30.5 N/A 0.09 ± 0.1 No 
branching 

No 
branching 

30:30:30 30.5 N/A 0.09 ± 0.1 No 
branching 

No 
branching 

30:30:40 30.5 N/A 0.09 ± 0.1 No 
branching 

No 
branching 

30:30:50 30.5 N/A 0.09 ± 0.1 No 
branching 

No 
branching 

30:30:60 64.1 65.2 0.11 ± 0.1 16.9 ± 5.7 14 ± 1 

30:30:70 78.0 77.2 0.12 ± 0.01 17.9 ± 5.4 14 ± 2 

30:30:80 93.4 94.6 0.10 ± 0.05 14.7 ± 4.9 14 ± 2 

30:0:70 30.6 N/A 0.09 ± 0.1 No 
branching 

No 
branching 

30:20:70 84.4 72.2 0.11 ± 0.01 24.7 ± 8.5  11 ± 2 

30:40:70 82.9 75.4 0.12 ± 0.07 14.1 ± 4.5 16 ± 4 

30:50:70 79.0 88.5 0.09 ± 0.03 No 
branching 

No 
branching 

Table 1. Nanostar diameter (branch to branch), PDI measurements, and branching 
analysis from TEM images and nanoparticle tracking analysis. N = 50 particles  
 
All nanostars synthesized with our device were less than 100 nm in diameter, where the 
diameter from branch to branch is modified by changing the ascorbic acid flow rates. As 
the flow rate of ascorbic acid increases from 60 µL/min to 80 µL/min the diameter 
increases from 64.1 nm to 93.4 nm, which is consistent with the red-shift in the UV-Visible 
spectrum. Additionally, the branching properties are tuned by controlling the silver nitrate 
flow rate. As the flow rate of silver increases, the number of branches increases with a 
decrease in branch length, due to the silver ions binding with the [111] planes. Then, 
when the flow rate reaches 50 µL/min there is no obvious branching. Collectively, the 
present device offers simple tunability and control of the nanostars synthesis. Users only 
need to modify the input flow rates to synthesize the nanostars with different sizes and 
number of branches. From these results, the presented device offers morphological and 
optical property tuning by modulating the flow rates. Spherical nanoparticles, 
hyperbranched gold nanostars, and biometallic nanoparticles can be synthesized.  
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Gold nanostars were also synthesized using a bulk technique to compare the results from 
our on-chip synthesis. Gold nanostars were synthesized by changing the input volume of 
the silver nitrate or ascorbic acid in the reaction vessel. First, the gold precursor was 
added to the reaction vessel, then the silver nitrate was added. Immediately, the ascorbic 
acid was added and mixed quickly using pipetting. The nanostars were allowed to grow 
for 20 minutes before washing and resuspension. By varying the volume of silver nitrate 
or ascorbic acid, the optical absorption was tuned (Fig. 7). When controlling the ascorbic 
acid concentration in the bulk synthesis, gold nanostars are only produced when the 
ascorbic acid concentration reaches 860 µM by adding 70 µL of ascorbic acid (Fig. 7a). 
Gold nanostars were produced at 800 µM ascorbic acid concentration when using the 
microfluidic device. In bulk synthesis, optical tunability is limited to synthesizing gold 
nanospheres and gold nanostars within the 725 to 750 nm region, while for the 
microfluidic device, the tunability is extended to 650 nm to 750 nm. When the silver 
concentration was modified, the resulting nanostars yielded close optical absorptions 
from 750 nm to 800 nm (Fig. 7b). We achieved more controlled optical tunability across 
700 to 800 nm by controlling the silver nitrate flow rate by using microfluidic synthesis 
which enabled tunability from 600 to 800 nm. In comparison to bulk synthesis, it is much 
simpler to control the reaction by using the microfluidic device. Nanostars with varied 
morphology could be easily synthesized in a single experiment. Unlike in the bulk 
synthesis, separate reactions had to be prepared, and the reactions relied on a manual 
mixing strategy.  
 

 
Figure 7. UV-Visible spectra of gold nanostars synthesized by bulk method a) varied 
ascorbic acid concentration b) varied silver nitrate concentration  
 
Gold nanostar stability and reproducibility  
Nanoparticle stability and reproducibility are two critical factors for good synthesis 
methods. We evaluated the nanostars synthesized via the present method for both 
metrics. Nanostars synthesized under the same reaction conditions but on a different day 
with a different user demonstrate comparable LSPR peaks on the UV-Vis spectra (Fig. 
8a), indicating that the nanostars were reproducible in terms of size and shape. Stability 
was evaluated by synthesizing nanoparticles under the same reaction conditions and 
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storing the particles at 4°C for two weeks after washing. As shown in Fig. 8b, the particles 
optical absorption is comparable to the as-synthesized absorption, which shows that 
proper storage ensures stable nanostars. The slight red shift in the spectra can be 
attributed to minor aggregation that might have occurred from residual reagents post-
washing. Fig. S4 shows the stability of the bulk synthesized gold nanostars and we can 
see there is a larger red-shift in the optical spectrum indicating greater aggregation of the 
nanostar samples.  
 

 
Figure 8. a) Reproducibility and b) stability evaluation of gold nanostar synthesized by 
vibrating sharp tip microfluidic device  
 
Conclusion 
A 3D printed microfluidic device with a vibrating sharp tip mixer was applied for the 
controlled synthesis of gold nanostars. To date, complex nanostructures, such as gold 
nanostars have not been synthesized in 3D printed microfluidics. The 3D printed 
microfluidic enabled the simple integration of the vibrating sharp tip mixer. The highly 
efficient acoustic mixing enables uniform reagent mixing in as low as 7 ms for rapid 
nucleation during nanostar synthesis, thus producing high-quality gold nanostars. 
Compared to bulk synthesis methods, the microfluidic mixing device offers simple, hands-
off reagent control for optical property modulation. The vibrating sharp tip mixer has low 
power requirements (2 – 45 mW). Nanostars with optical absorptions ranging from 650 
nm to 800 nm were synthesized by varying the input flow rates for silver nitrate and 
ascorbic acid. Varying the concentration of ascorbic acid demonstrated shift in the size of 
nanostars while varying the silver concentration controlled the number of branches. The 
seedless and surfactant-free synthesis simplifies the synthesis method by eliminating 
reaction steps and particle post-processing. The device feasibility demonstrated in this 
work offers an advantageous microfluidic synthesis strategy for other complex metallic 
nanoparticle structures. 
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