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Abstract
A fused deposition modeling-based 3D-printed microfluidic device is designed and built to synthesize core–shell metal-
lic Au@Ag nanoparticles based on the reduction of a silver salt on gold nanoparticles seeds by sodium borohydride in a 
continuous flow manner. A microfluidic device consisting of three inlets for the reactants and one outlet to collect the 
synthesized nanoparticles is printed in less than two hours using poly(lactic acid) as the polymer, presenting channels 
width and height of approximately 260 µm. After synthesis, the nanoparticles samples were analyzed by UV–Vis spectros-
copy and transmission electron microscopy to confirm the formation of the core–shell structure. The concentration of the 
silver salt was varied, while the flow rate was kept constant, and the results indicated that too high silver concentration 
in relation to amount of gold seeds could lead to coalescence of the synthesized nanoparticles. We obtained core–shell 
nanoparticles of approximately 23 nm in diameter. Finally, we employed the synthesized Au@Ag nanoparticles in the 
surface modification of a carbon paste electrode, which showed improved charge transfer behavior compared to the 
unmodified electrode against a ferri-ferrocyanide probe, while working as a functionalized electrode in the sensing of 
thiocyanate ions.
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1 Introduction

Microfluidics has been extensively used to synthesize 
nanoparticles because it enables the fine control of the 
parameters used in the reactions, allowing for better size 
and shape uniformity [1–6]. However, during the synthesis 
of nanoparticles fouling can occur, in which synthesized 
materials adhere to the walls of the microchannels, there-
fore requiring their cleansing or discarding [7]. This arises 
as a problem because the cost of the microfluidic system 
is strongly linked to the fabrication process, where the 
devices are usually made of glass, silicon, polydimethyl-
siloxane (PDMS) or a combination of these materials [8]. 
To circumvent this, techniques such as flow focusing or 

segmented flow are used to prepare the nanoparticles, 
which often requires the use of extra reactants and com-
plex fabrication processes [9, 10].

In light of alternative fabrication techniques for low-
cost microfluidic devices, fusion deposition modeling 
(FDM) 3D-printing emerges as a powerful for the manu-
facturing of complex microchip in a matter of minutes 
[11]. It employs low-cost polymeric materials, such as 
acrylonitrile butadiene styrene (ABS) or poly(lactic acid) 
(PLA), allowing the device to be replaced by an identical 
without detriments to the synthesis or laboratory budget, 
if any precipitation is to occur or there is need to replace 
the microfluidic device [12]. Although FDM presents the 
lower cost among different 3D-printing techniques, it is 
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still difficult to print features or microchannels narrow than 
100 µm. However, this can be accomplished by a careful 
selection of printing parameters and materials, as shown 
recently by our group [13] and Nelson et al. [14], opening 
up space to several other applications.

Core–shell nanoparticles present advantages compared 
to single material ones due to enhanced combination of 
two or more materials, leading to different optical, electri-
cal and plasmonic properties [15]. They can be made of 
metallic, non-metallic or a combination of both materi-
als, based on the property one aims to achieve. Despite 
commonly synthesized in a batch environment, core–shell 
nanoparticles can also be synthesized in a microfluidic 
environment, allowing a fine control of the synthetic con-
ditions, such as flow rate, temperature and reagent pro-
portions [15–18].

We already demonstrated the application of this tech-
nique in the synthesis of Au and Ag metallic nanoparticles 
with good results [2]. However, core–shell nanoparticles 
have not been synthesized using FDM-based microfluidic 
devices, although they have been extensively researched 
using more conventional microfluidic materials [19–22]. 
Specifically, core–shell metallic Au@Ag nanoparticles have 
been synthesized before in glass microchips, which are 
laborious to build and are subject to fouling [23].

FDM-based 3D-printed microfluidic devices have been 
applied to synthetic chemistry recently [24, 25], as an alter-
native to batch protocols in chemistry laboratories that 
not necessarily have PDMS molding technology available. 
Here, we suggest using a simple-to-implement, easy-to-
learn and fast-to-create technology (3D-printing) to pro-
duce microfluidic devices that can be applied to complex, 
multi-step reactions in a controlled fluidic environment. As 
highlighted above, these devices are made of less expen-
sive material and do not require multi-step fabrication 
protocols.

Herein, we demonstrate that the synthesis of core–shell 
Au@Ag nanoparticles can be achieved in such FDM-based 
3D-printed microfluidic device, consisting of channels with 
length and width as low as 260 µm, printed in less than 
two hours and costing less than 0.10 US dollars per device. 
We carried the synthesis of gold nanoparticles (AuNPs) 
seeds and then used them to create core–shell Au@Ag 
nanoparticles. The as-prepared Au@Ag nanoparticles were 
used to modify a carbon paste electrode (CPE), which was 
characterized using hexacyanoferrate probe and applied 
on the measure thiocyanate ions. To the best of our knowl-
edge, this is the first time core–shell nanoparticles are syn-
thesized in an FDM-based 3D-printed microfluidic device.

2  Materials and methods

2.1  Reagents and solutions

All  reagents were used as received. We used 
tetrachloroauric(III) acid solution 30 wt% (Sigma-Aldrich, 
Steinheim, Germany), trisodium citrate (Sigma-Aldrich, 
Steinheim, Germany), sodium borohydride (Sigma-
Aldrich, Steinheim, Germany), silver nitrate 99.9% 
(PlatLab, São Paulo, Brazil), sodium hydroxide (Synth, 
São Paulo, Brazil), potassium hexacyanoferrate(II) and 
potassium hexacyanoferrate(III) (Sigma-Aldrich, Stein-
heim, Germany) and potassium chloride (Sigma-Aldrich, 
Steinheim, Germany).

Deionized water used throughout this work was 
obtained from a MilliQ Millipore system with 18.2 MΩ cm 
resistivity (Millipore, Burlington, USA). Graphite pow-
der and mineral oil were obtained from Sigma-Aldrich 
(Steinheim, Germany). A 5 mmol  L−1 [Fe(CN)6]3−/4− was 
prepared in KCl 100 mmol L−1 by the dissolution of the 
respective salts in deionized water. Phosphate buffer 
saline (PBS) was purchased from Sigma (Steinheim, Ger-
many) and prepared as suggested by the vendor (a tab-
let in 250 mL deionized water). Sodium thiocyanate was 
purchased from Sigma-Aldrich (Steinheim, Germany). A 
stock solution of 10 mmol L−1 was prepared from the salt 
in deionized water and diluted as necessary.

2.2  3D‑printing and device design

We designed the device and exported to.stl format using 
Fusion 360 (Autodesk, San Rafael, USA) and then trans-
ferred to Simplify3D (Cincinnati, USA) which was used to 
convert to.gcode format and to control an FDM-based 
3D-printer model Sethi3D S3 (Sethi3D, Campinas, Brazil). 
The printer was equipped with a 0.2 mm brass nozzle, 
where 1.75 mm PLA (UP3D, São Paulo, Brazil) was used 
as the filament to create the device.

The microfluidic device consisted of a set of channels 
in serpentine (Fig. 1), where three inlets were used to 
insert the solutions and one was used to collect the syn-
thesized nanoparticles.

2.3  Synthesis procedure and characterization

We synthesized the AuNPs based on our previous pub-
lication with some modifications [2]. Here, the follow-
ing reactant concentrations were used: 38.8 mmol L−1 
trisodium citrate  (Na3Ct) and 1 mmol L−1  HAuCl4, while 
the system temperature was kept at 90 °C, and the flow 
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rate of the reactants was kept at 100 µL min−1. After the 
AuNPs were synthesized, we collected them at a clean 
centrifuge tube to further modification.

These AuNPs were then diluted ten times and used 
as seed to formation of core–shell nanoparticles, using 
a solution of 1 mmol L−1  NaBH4 in 3 mmol L−1 NaOH 
as the reductant and 0.75 mmol L−1  AgNO3 as the sil-
ver salt to produce the shells. We controlled the flow 
of the reactants entering the microfluidic device using 
two Harvard Elite13 syringe pumps (Harvard Apparatus, 

Holliston, USA), where we kept the solutions in 3-mL 
plastic syringes (Becton Dickinson, Franklyn Lakes, USA), 
driven into the microfluidic device by means of PTFE tub-
ing with 0.3 mm internal diameter held in place by sili-
con tubing (Cole Parmer, Vernon Hills, USA).

Shortly after synthesis, the core–shell nanoparticles 
formed were analyzed by means of UV–Vis spectrom-
etry and were kept refrigerated (4 °C) until measured by 
transmission electron microscopy (TEM) in a Libra 120 
(Carl Zeiss, Oberkochen, Germany), where the samples 
were put onto carbon films deposited in copper grids 
with 400 mesh (TedPella, Redding, USA).

2.4  Carbon paste electrode fabrication, 
modification and electrochemical analysis

The carbon paste was produced by mixing 80:20 parts 
(wt.) of graphite powder and mineral oil, respectively, 
until a smooth paste was formed. Then, we built the car-
bon paste electrode (CPE) inserting the graphite paste 
into a pipette tip and using a copper wire as electrical 
contact. To perform the modification of the electrode, 
40 µL of Au@Ag nanoparticles solution (0.0125 µmol L−1) 
was drop-casted onto the CPE surface (14.6 mm2) and 
left to dry under a gentle nitrogen flow, thus forming 
the modified electrode (CPE/Au@Ag).

The electrochemical analysis was performed using a 
three-electrode system, consisting of the CPE or CPE/
Au@Ag as working electrode, a Pt wire as auxiliary elec-
trode and Ag/AgCl (KCl sat.) as reference electrode using 
KCl 0.1 mmol  L−1 or PBS 10 mmol  L−1 pH 7.4 as the sup-
porting electrolyte, depending on the analyte. Electro-
chemical impedance spectroscopy (EIS) was performed 
using an Autolab PGSTAT128N potentiostat (Metrohm, 
Herisau, Switzerland) equipped with the FRA32M mod-
ule. The potential of half-wave applied was 0.35 V for 
[Fe(CN)6]3−/4− system and 1.1 V for thiocyanate ions. The 
frequencies were scanned from 1 to 10,000 Hz at ten 
necessary points in the Nova 2.0 software (Metrohm, 
Herisau, Switzerland) according to frequencies per dec-
ade. The fitting of the semicircle to calculate the charge 
transfer resistance (Rct) was done by marking the points 
to Randles circuit. Other electrochemical measurements 
were taken using a PalmSens potentiostat (PalmSens BV, 
Houten, The Netherlands).

We measured thiocyanate by means of square wave 
voltammetry (SWV), using a 10 mmol L−1 stock solution 
diluted as necessary in 10 mL of 10 mmol L−1 phosphate 
buffer saline pH 7.4. The SWV measurements were taken 
from –0.5 to + 1.5 V, using a step potential of 10 mV, an 
amplitude of 25 mV and a frequency of 30 Hz.

Fig. 1  a Rendering of the CAD object used to print the microfluidic 
device; b photograph of the actual 3D-printed device filled with 
food colorant to improve contrast; c top-view SEM of a channel in 
the 3D-printed device; and d cross-sectional view of a channel in 
the 3D-printed device. Scale bars are indicated in each figure
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3  Results and discussion

3.1  3D‑printed FDM‑based microfluidic device

The 3D-printed microfluidic device used to synthesize 
the core–shell nanoparticles consisted of a single plas-
tic part (total width × length × height = 57 × 65 × 12 mm, 
including the connections) printed with no pauses with 
PLA. Three inlets and one outlet connected by a serpen-
tine channel were used to deliver the gold nanoparticle 
seeds, the reductant solution and the silver salt solu-
tion, where the first two would be mixed first and then 
the third would react latter (Figure S1, Supplementary 
Information) to produce the silver shell. The first reaction 
portion consisted of a single channel with 13 turns with 
an overall length of 290 mm with designed widths and 
heights of 500 µm, and the second reaction portion was 
identical to the first in all dimensions. Figure 1a shows 
the CAD rendering of the proposed microfluidic device, 
where Fig. 1b shows the actual device filled with food 
colorant to enhance contrast. The two different reaction 
sections were used in order to mix the gold nanoparticle 
seeds with the reductant solution first, then following 
reduction of silver ions in the second section, as will be 
discussed later.

After successfully printing the microfluidic device, 
we evaluated its quality by means of SEM, as shown 
in Fig. 1c–d, which display the SEM images of an open 
channel and the transversal profile of the channels. We 
designed the proposed channels to have width and 
heights of 500 µm, but SEM images presented chan-
nels of 260 µm, approximately, reiterating the results of 
our previous publication [13]. Although channels with 
similar dimensions have been proposed using masters 
for molding materials such as PDMS, they often require 
a multi-step procedure, in which the mold must be 
removed and the object must be attached to another 
part to be sealed [26]. Additionally, mold replication only 
allows the preparation of 2D structures. In our case, the 
object is printed in a single step, allowing for higher 
throughput as several devices can be printed at the 
same time at the printer bed and be ready to use after, 
since FDM-based 3D-printed objects do not require post 
manipulation.

We should note that the nozzle used in our printer is 
0.2 mm, whereas the default size for most FDM printers 
is 0.4 mm, leading to higher-resolution and smaller chan-
nel sizes, at the expense of printing time. In our case, the 
device took approximately 2 h to print using the con-
figurations presented in Table S1 (Supplementary Infor-
mation). The channel geometry used in the proposed 
device is supposed to be simple, acting as a simple mixer 

between the reactants. As seen in Fig. 1d, the deposition 
of the layers is not exactly aligned due to 3D-printing 
technique used. However, FDM excels at being the low-
est cost 3D printer technique to purchase and maintain, 
especially because of the filaments used. In our case, we 
employed PLA because it is readily available and because 
the natural filament presents some degree of transpar-
ency, which allows the verification of fouling inside the 
microfluidic device. Moreover, the final synthesis of the 
core–shell nanoparticles was carried out at room tem-
perature, which allows the use of PLA, since it is less heat 
resistant than acrylonitrile butadiene styrene (ABS) but 
also less prone to printing failures due to lower printing 
temperature and shrinkage. Moreover, the cost regard-
ing FDM-based 3D-printed devices is overall low than 
any other 3D-printing technique and more conventional 
microfabrication protocols [27], mainly due to low price 
of the printer itself (starting at 300 US dollars) and the 
filament used (starting at 20 US dollars per kilogram). In 
our case, the device printed weights around 5 g, mean-
ing a price per device around 0.10 US dollars.

3.2  Synthesis and characterization of core–shell 
Au@Ag nanoparticles

The synthesis of the gold nanoparticle seeds was based on 
our previous publication [2] with some modifications as 
to obtain a better size dispersion and shape uniformity, as 
seen in Figure S2 (Supplementary Information), where the 
TEM image of the sample is displayed. To synthesize the 
core–shell nanoparticles, we used AuNPs as seeds where 
the silver shell would form around. This is based on a seed 
growth mechanism, where the nanoparticles act as centers 
of growth to a new metal reducing in the reaction media 
[15, 19, 28, 29].

We tested different reactions in order to obtain the 
core–shell nanoparticles, based on different reductants 
(trisodium citrate, ascorbic acid and sodium borohydride). 
However, the observed UV–Vis extinction spectra for both 
trisodium citrate and ascorbic acid reactions did not pre-
sent a blue shift in the peak indicating the production of 
core–shell nanoparticles. The incompleteness could be 
due to insufficient reaction between the silver salt and 
the reductant in the proposed microfluidic device due 
to its geometry or the low temperature used for the syn-
thesis [30]. In either case, changing the device to work in 
these conditions would be troublesome, whereas using a 
stronger reductant, e.g.,  NaBH4 solution, would facilitate 
the reaction since no heating is required, and the reaction 
could be carried out at room temperature [31].

Hence, we changed the reductant to sodium boro-
hydride in order to improve the reaction speed and to 
remove the requirement of heating the microfluidic 
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system. We let all reactants reach room temperature 
(23 °C) prior use. A syringe pump was used to insert two 
solutions contained in a plastic syringe into the microflu-
idic device: an AuNPs seed solution (0.050 mmol L−1) in 
one inlet and  NaBH4 solution in NaOH in the other inlet 
(1 mmol L−1 in 2.25 mmol L−1). This solution was prepared 
in NaOH to prevent the decomposition of the reductant 
into hydrogen, leading to bubbles inside the syringe that 
could lead to fluctuations in flow rate. Then, after mixing, 
another syringe pump controlled the insertion of  AgNO3 
solution (0.750 mmol L−1) into the other inlet. The reaction 
then took place inside the second set of serpentine chan-
nels and was collected in the outlet.

In the case of our device, we changed the flow propor-
tion to keep the AuNPs flow rate constant (50 µL min−1) 
and to increase the  AgNO3 and  NaBH4 equally, this 
way increasing the amount of silver in the system. We 
changed the parameters to obtain three samples based 
on different flow rates of silver and  NaBH4 solutions: 
(I) 50 µL min−1; (II) 100 µL min−1, and (III) 150 µL min−1. 
UV–Vis spectra were recorded for all samples to evalu-
ate the completeness of reaction (Fig. 2a). For core–shell 
systems, it is possible to note a blue shift on the surface 
plasmon resonance (SPR) of the metallic core (AuNPs) 
toward that of the shell (Ag), which is seen in the UV–Vis 
spectra from 542 to 450 nm as the silver concentration is 
increased (Fig. 2a, Samples I and II). However, when the 
concentration of silver salt is further increased, another 
band appears around 700 nm, which is known to be par-
ticles with increased sizes that can eventually coalesce 
together, leading to precipitation of elementary silver 
(Fig. 2a, Sample III). This change in the SPR can also be 
observed in the color from the nanoparticle’s solution 

(Fig. 2b), either for the AuNPs seeds, where a reddish 
color is predominant, to that of core–shell, where a yel-
lowish color appears. An orange color associated with 
two bands appearing in the UV–Vis spectra indicates the 
presence of larger nanoparticles, which could eventually 
coalesce and precipitate.

We characterized Sample I by means of TEM to further 
understand the microfluidic synthesis, where an image is 
displayed in Fig. 2c (further images are displayed in Fig-
ure S3 and SEM–EDX analysis in Figure S4, Supplementary 
Information). The contrast between the shell and core is 
an indicator of the successful reaction. In addition, the 
mean diameter of the core–shell Au@Ag nanoparticles 
was found to be 23 ± 5 nm, whereas the AuNPs seeds had 
sizes of 21 ± 4 nm, as indicated in Fig. 2d. These values 
are significatively different at 95% confidence interval (t 
test, p = 0.003), which indicate that a silver shell is indeed 
formed around the seeds.

Low-cost microfluidic devices, such as FDM-based 
3D-printed ones, still do not present optimal channel 
smoothness due to the inherent layer-by-layer deposi-
tion process. However, ease of fabrication, manipulation 
toward improved designs and cost outweigh the disadvan-
tages [32]. Although not discussed in the present paper, 
good particle size and distribution has been previous 
obtained for an FDM-based 3D-printed microfluidic device 
in the synthesis of single metal nanoparticles. Here, we 
can observe the formation of larger nanoparticles sizes, 
which could arise from the heterogeneous deposition of 
silver around the gold cores. We also noted the presence of 
silver nanoparticles in the media, but we believe this effect 
could be lowered by choosing the appropriate parameters, 
such as flow rate and temperature.

Fig. 2  a Extinction spectra for samples prepared using different 
flow rate proportions between AuNPs and  AgNO3; b photographs 
of the actual solutions of the nanoparticles after synthesis; c TEM 

image of core–shell nanoparticles from Sample I; and d size distri-
bution and mean size ± standard deviation for both gold nanopar-
ticles and core–shell Au@Ag nanoparticles measured from Sample I
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Several papers dealt with the synthesis of metallic 
core–shell nanoparticles using more conventional mate-
rials or using multi-step fabrication protocols. Knauer 
et al. [33] used PTFE tubings and PEEK connections to cre-
ate a coil reactor to synthesize 20-nm-diameter Au@Ag 
core–shell nanoparticles. The method used has a medium 
cost due to the tubing used but require manual assembly 
by the operator and is not fully microfabricated. Sebastián 
and Jensen [34] used an etched silicon and glass to create 
a microfluidic device that synthesized several nanopar-
ticles, including Ag@Pd core–shell. Regarding costs, this 
microfluidic device requires expensive material, a skilled 
operator and a clean room to be assembled, although 
the channel quality obtained is optimal. Sachdev et al. 
[35] used an etched glass microfluidic devices to perform 
the synthesis of  FeO3@Au core–shell nanoparticles with 
diameter around 12 nm. The microfluidic device was com-
mercially obtained, meaning it was created in a controlled 
manner, with good channel quality at the expense of cost. 
To sum up, despite being conventionally prepared in other 
microfluidic device that use conventional and more expen-
sive materials, we were successful in obtaining core–shell 
nanoparticles with sizes similar to those of more conven-
tional fabrication methods, using a microfluidic device that 
is created in a single step and has a very low cost of 0.10 
US dollars per device.

3.3  Use of the synthesized core–shell nanoparticles 
as modifier to a carbon paste electrode

To demonstrate the applicability of the nanoparticles 
synthesized in this study, we used them on the modifica-
tion of a simple carbon paste electrode, as it is shown that 
core–shell nanoparticles can enhance the electrocatalytic 
capability for the electrochemical processes occurring at 
the electrode surface [36]. The electrode was fabricated as 
described in Materials and Methods section, and the modi-
fication of the working electrode was based on a simple 

drop-casting method, where 40 µL of Au@Ag nanoparti-
cles suspension (Sample I) was deposited on the electrode 
surface and left to dry under nitrogen atmosphere.

The modified electrode was characterized by means 
of cyclic voltammetry using the electrochemical probe of 
5 mmol L−1 [Fe(CN)6]3−/4− in 100 mmol L−1 KCl electrolyte. 
Figure 3a displays a cyclic voltammogram of the probe 
solution for both CPE and CPE/Au@Ag, where an increase 
in both anodic and cathodic current peaks is observed for 
the latter, probably due to the increase on the electrode 
active surface area. Also, the decrease on the separation of 
the anodic peak potential (Epa) and cathodic peak poten-
tial (Epc) indicates a better electron transfer with increased 
electrode kinetic. To calculate the electrochemical active 
area of the electrodes, we employed the Randles–Sevcik 
equation [37], which allows confirmation that the electro-
chemical process is diffusion-controlled, and no adsorp-
tion is occurring on the electrode surface. In our case, this 
equation can be used to confirm that no adsorption is 
occurring on the proposed modified electrode. The results 
are displayed in Fig. 3b, where we notice an increase on 
the slopes for both anodic (I vs. II) and cathodic (IV vs. 
III) peak currents at different scan rates for CPE/Au@Ag. 
The relationship between the square root of the scan 
rate against the peak current is linear, as expected for a 
diffusion-controlled electrochemical process. The active 
surface area calculated for CPE and CPE/Au@Ag was 14.6 
and 22.9 mm2, respectively, in agreement with increased 
peak currents for the modified electrode.

We also performed electrochemical impedance spec-
troscopy (EIS) in both CPE and CPE/Au@Ag electrode, 
ranging from 1 to 10,000 Hz in a 5 mmol L−1 redox probe 
of [Fe(CN)6]3−/4− on 100 mmol L−1 KCl supporting elec-
trolyte. The Nyquist plots are shown in Fig. 3c, where the 
fitted electrochemical data show that the charge transfer 
resistance (Rct), is reduced from 17.5 to 11.8 kΩ for bare 
CPE and CPE/Au@Ag, respectively. As obtained by cyclic 
voltammetry, the decreased Rct value for CPE/Au@Ag can 

Fig. 3  a Cyclic voltammograms for both CPE and CPE/Au@Ag elec-
trodes at 100  mV  s−1; b peak current dependency on the square 
root of the scan rate for modified (I, anodic and IV, cathodic) and 
unmodified (II, anodic and III, cathodic) electrodes; c EIS for unmod-

ified and modified electrode; and d voltammetric profile of thiocy-
anate ions at increasing concentrations (blank, 4.0, 8.0, 12.0, 25.0, 
50.0 and 100 µmol L−1). Further experimental details are described 
in the text
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be explained by the enhanced performance of electron 
transfer at metallic surfaces compared to CPE.

The CPE/Au@Ag was used on the sensing of thiocy-
anate ions based on a reaction between the silver shell 
and the thiocyanate ions. In this case, the metallic silver 
shell is oxidized to silver ions which form a complex with 
the thiocyanate ions. This complex is then oxidized, giv-
ing a corresponding anodic peak [38]. The electrochemi-
cal profile for square wave voltammetry of  SCN− indicates 
the presence of an anodic peak at around + 1.2 V, which 
increases linearly from a blank and  SCN− solutions at con-
centrations ranging from 4 to 100 µmol L−1 (Fig. 3d and 
Figure S5, Supplementary Information). We also performed 
an EIS measurements in both CPE and CPE/Au@Ag using 
the thiocyanate ions as the electrochemical probe, where 
the Rct decreased from 7.9 to 2.2 kΩ, respectively, indicat-
ing an enhanced electrocatalytic activity for the analyte 
(Figure S6, Supplementary Information). Since other nano-
particles have already been applied as electrode modifi-
ers [39, 40], we believe that the incorporation of the Au@
Ag nanoparticles in CPE could be used an electrochemi-
cal sensor for thiocyanate ions in biological fluids such as 
saliva and urine.

4  Conclusions

To sum up, as a proof-of-concept, we demonstrated that 
core–shell nanoparticles can be synthesized inside a 
microfluidic chip that presents low-cost and low fabrica-
tion time, using the most widespread 3D-printing tech-
nique, fused deposition modeling. Using gold nanoparti-
cles synthesized in a microfluidic chip as seeds, we created 
a silver shell using sodium borohydride as the reductant, 
eliminating the use of a heat source to complete the reac-
tion. We used syringe pumps to control the reactants 
flow inside the microfluidic chip, to a point that too much 
silver salt leads to coalescence of metallic silver. We con-
firmed the core–shell formation using spectroscopic and 
electron microscopy techniques. The prepared core–shell 
nanoparticles were then incorporated in the modification 
of a carbon paste electrode to voltammetric sensing of 
thiocyanate ions.
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