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Abstract

Fabrication of 3D microfluidic devices is normally quite expensive and tedious. A strategy was established to rapidly and
effectively produce multilayer 3D microfluidic chips which are made of two layers of poly(methyl methacrylate) (PMMA)
sheets and three layers of double-sided pressure sensitive adhesive (PSA) tapes. The channel structures were cut in each layer
by cutting plotter before assembly. The structured channels were covered by a PMMA sheet on top and a PMMA carrier
which contained threads to connect with tubing. A large variety of PMMA slides and PSA tapes can easily be designed and
cut with the help of a cutting plotter. The microfluidic chip was manually assembled by a simple lamination process.The
complete fabrication process from device design concept to working device can be completed in minutes without the need
of expensive equipment such as laser, thermal lamination, and cleanroom. This rapid frabrication method was applied for
design of a 3D hydrodynamic focusing device for synthesis of gold nanoparticles (AuNPs) as proof-of-concept. The fouling
of AuNPs was prevented by means of a sheath flow. Different parameters such as flow rate and concentration of reagents
were controlled to achieve AuNPs of various sizes. The sheet-based fabrication method offers a possibility to create complex

microfluidic devices in a rapid, cheap and easy way.

Keywords 3D hydrodynamic microreactor - Cutting plotter - Laser and heat free - Gold nanoparticles

1 Introduction

Microanalytical systems has been developed rapidly in
recent decades and offers numerous applications in differ-
ent scientific and industrial areas. Microfluidics offer unique
advantages, including high analytical throughput, enhanced
sensitivity, reduced reagent volumes and they are easy to
couple with analytical instruments (Cui and Wang 2019). In
the early days, microfluidic chips were typically composed
of silicon and glass. Although glass and silicon technologies
offer high precision, the fabrication methods are complex,
time consuming and costly, and cleanroom facilities are
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required (Patel et al. 2008). In addition, both materials are
fragile and too expensive to be used for disposable devices.
Therefore, polymers started to be used as an attractive alter-
native material, due to their low-cost, wide range of mechan-
ical and chemical properties, flexibility and easy processing
possibilities (Song and Lee 2006). The most popular poly-
mers for microfluidic systems are poly(dimethylsiloxane)
(PDMS), poly(methylmethacrylate) (PMMA), high-density
polyethylene (HDPE), low density polyethylene (LDPE),
polyamide 6 and SU-8. One of the most popular and tra-
ditional fabrication techniques used for microfluidic chips
is soft lithography with PDMS structures made from SU-8
molds (Kim 2008). The basic procedure consists of photoli-
thography, wet-etching and bonding which take a long time
from the design to the prototype. Moreover, special training
is required for the fabrication of molds and the operation
of the equipment. These drawbacks are currently slowing
down the development of microchips, especially in research
institutions without specialized facilities. Hence, it is cru-
cial to establish rapid prototyping and low-cost alternatives
for the fabrication of micro-devices (Faustino et al. 2016).
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Non-lithographic fabrication techniques are a potential alter-
native to produce micro-devices for researchers who have
difficulty to access specialized fabrication facilities and
equipment. Rapid cutting by a plotter, also known as Xurog-
raphy, is one of the non-lithographic techniques using a drag
knife printer to generate the master molds, or to directly fab-
ricate the micro-devices (Bartholomeusz 2005). Compared
with other non-lithographic methods such as LaserJet (Chen
et al. 2016b, 2019), inkjet printers (Vullev et al. 2006) and
3D printing (Chen et al. 2016a), using a cutting plotter for
creating channels in foils is significantly cheaper, requires
no pumping system, and leaves no combustion residues. The
independently pre-cut layers can be bonded together to form
channels and microfluidic features (Jafek et al. 2018). Two of
the most common and straightforward bonding methods are
adhesives and thermal bonding. Thermal bonding is not pos-
sible with all materials and the main disadvantage of thermal
bonding is the possible warping of features from the heating
or cooling. Except for 3D printing, layered microfluidic sys-
tems which consist of coated adhesives foils are the fastest
and easiest way to fabricate microfluidic channels for most
applications. 3D printed microfluidic devices are limited to
straight channels and the way to remove the support material
could damage the channel (Migneault et al. 2009). Trans-
parent materials can be used for laminated chips to apply
chemiluminescence or fluorescence readout systems and it
is possible to observe the inside of a microfluidic channel.
Recently used microfluidic chips manufactured by the lami-
nation method are summarized in Table 1.

Synthesis of nanoparticles is a popular application for
microchips with narrower size distributions and faster
reaction rates compared to conventional batch synthesis
(Gomez-de Pedro et al. 2010; Shalom et al. 2007; Wagner
et al. 2004; Wagner and Kohler 2005). However, signifi-
cant fouling of the micro-channels is often observed due to
deposition of nanoparticles onto the reactor walls (Wagner

and Kohler 2005). In an ideal flow focusing device, the
central flow should be compressed both horizontally and
vertically to obtain uniform fluid velocity which is also
called three-dimensional (3D) focusing. In this case,
sheath streams can insulate nanoparticles from channel
walls and fouling can be avoided (Rhee et al. 2011).

In this work, we propose an easy, cheap, rapid and uni-
versal way for the fabrication of laminated PMMA-based
3D flow-focused microreactors. The PMMA sheets and
double-sided PSA tape layers were cut using a low-cost
cutting plotter. The layers were then assembled with the
aid of an alignment tool. 3D microfluidic structure was
bonded by a lamination process using mild pressure with
a roller and foils coated with an adhesive. Our strategy is
to develop highly flexible plastic microreactors without
masks and molds (Bemetz et al. 2018). The advantage is
that cleanroom requirements due to the absence of litho-
graphic methods are eliminated. Therefore, this technique
is adaptive for research institutions without specialized
microsystem engineering of lab-on-chip devices. For
proof-of-concept, rapid fabrication technique of micro-
fluidic device is applied to produce 3D hydrodynamic
focusing microreactors for synthesis of gold nanoparti-
cles (AuNPs) without fouling. The flow-based reaction
was based on the online reduction of Au(III) with ascorbic
acid (AA). AuNPs were synthesized at room temperature,
unlike with citrate solutions, where heating is required
(Shi et al. 2017). Compared with the strong reducing agent
sodium borohydride (NaBH,), AA cannot react with water,
and therefore, no gas is generated. AuNPs were capped
with polyvinylpyrrolidone (PVP) for stability. It could be
shown by UV-Vis spectroscopy that reproducible AuNPs
were synthesized. The concept of flow-based modulation
of size and properties for AuNPs was implemented by the
3D hydrodynamic focusing microreactor (Bandulasena
et al. 2017; Jun et al. 2012).

Table 1 Summary of laminated method for fabrication of microfluidic chips

Material Cutting methods Bonding methods Drawbacks Refrences
Laminating pouches (Scotch Cutting plotter ~ Thermal lamination machine Warping of features from the heat- Hernandez-
TP3854) ing or cooling Rodriguez et al.
(2020)
Polyethylene terephthalate (PET) Cutting plotter ~ Thermal lamination machine Levis et al. (2019)

film
Film of fluoropolymers

Poly(dimethylsiloxane) (PDMS)
membranes

Cutting plotter
Cutting plotter

Polymethylmethacrylate (PMMA)  CO, laser Double-sided tape

Acrylic sheets and Hybrislip™ CO, laser Adhesive transfer tapes
sheets

Polymethylmethacrylate (PMMA)  CO, laser Thermocompressor

Heat and pressure
Plasma bonding

Hizawa et al. (2018)

Time consuming Cosson et al. (2015)

Chen et al. (2019)
Nath et al. (2010)

Bulges form around microstructure
and the laser leaves significant
debris and pyrolysis products

Chen et al. (2016b)
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2 Materials and methods
2.1 Materials for the fabrication of microreactor

The microfluidic reactor was constructed out of three layers
of PMMA sheets, three layers of double-sided PSA tapes
and one PMMA carrier sheet. The PMMA sheets with a
thickness of 0.2 mm were supplied by modulor material
total (Berlin, Germany). The PSA tape (ARcare 90,106)
was bought from Adhesive Research (Glen Rock, PA, USA).
The carrier sheet with a thickness of 10 mm was fabricated
by our in-house workshop. The fabricated PMMA carrier
contained threads (1/4"-28 UNF) to allow the connection
with PTFE tubing.

2.2 Devices and software for fabrication
of microchip

The layout of the microreactor was designed with the soft-
ware Core]l DRAW. The CoreDRAW plug-in Cutting Master
3 from Graphtec Corporation (Yokohama, Japan) was used
for communication with the cutting plotter. The digital cut-
ting plotter (Graphtec CE6000-40) was supplied by Graph-
tec Corporation (Yokohama, Japan) to slit chips into sheets.
Cutting conditions and settings were executed via the Cut-
ting Master 3. Programmable resolution was 0.025 mm, and
the media type was up to 0.25 mm thickness. All sheets were
assembled in an alignment tool which was supplied by our
in-house workshop.

2.3 Synthesis of AuNPs

PVP-capped colloidal AuNPs were synthesized by the
reduction of tetrachloroaurate (IIT) ions via AA as described
elsewhere (Luty-Blocho et al. 2017). Gold(III) chloride tri-
hydrate (HAuCl, « 3H,0) (>99.9% trace metal basis) and
reagent grade (>99%) crystalline L-ascorbic acid (AA
or AsH,) were supplied from Sigma Aldrich (USA). The
gold precursor stream was 1 mM aqueous HAuCl, solu-
tion containing 1% (w/v) PVP with average MW ~ 29,000
(powder, Sigma Aldrich, Germany) as the capping agent.
The reducing agent stream was 20 mM aqueous AA solu-
tion with 0.2 M NaOH solution (Sigma-Aldrich, reagent
grade, >98%, pellets). The pH of the solution was measured
with a FiveEasy pH meter FP20 (Mettler Toledo, Colum-
bus, OH, USA). This reaction was achieved by a 3D flow
focusing the AA sheath streams to the gold precursor stream.
Before each synthesis process, the microreactor was flushed
twice, first with 0.01% PVP solution to push all bubbles out
then the second time with a portion of the reducing rea-
gents to change the pH in the microreactor channel. The

syringes then pushed the reagents into the channel at a con-
trolled flow rate ratio (gold precursor: reducing reagents,
1:10). The synthesized AuNPs were then collected in a vial
at the outlet of the microreactor. AuNPs were synthesized
using reducing agents with different pH by adding different
amounts of 0.2 M NaOH. The pH of the original reducing
agent was adjusted to 4.30, 5.66, 7.10, 7.61,10.32, 10.91
by adding 200 pl, 400 pl, 510 pl, 520 pl, 600 pl and 700 pl
0.2 M NaOH to 5 ml 20 mM AA solution, respectively.
Various flow rates and concentrations of reagents were also
investigated.

Reagents were supplied to the microreactor via three glass
syringes (Innovative Labor Systeme GmbH, Germany) con-
nected to a six-port valve (Cavro Smart Valve, Tecan Group
Ltd., Switzerland). One port of each valve was connected
to an inlet of the microreactor, one to the waste to clean the
syringes, and the remaining four ports were used for the
uptake of reagents and cleaning solution. The glass syringes
were operated by three custom made pumps (GWK Prizi-
sionstechnik, Munich, Germany) which were controlled with
Matlab (The MathWorks Inc., USA) by a host computer
connected via an Ethernet cable. The reaction process was
observed and recorded using a microscope camera (1.3 M
pixels, 10x, 60X, 100 X magnification) (Traveler USB Mik-
roskop, Supra, Germany). The synthesis and washing pro-
cesses with different conditions can be controlled and modi-
fied in the Matlab program. In this way, all operations could
be performed in an automated way. The combined setup is
shown in Fig. 1. All waste was collected by a specific com-
pany and disposed of in an environmentally friendly way.

2.4 Characterization of AuNPs

A SPECORD 250 PLUS UV/Vis spectrometer (Analy-
tik Jena, Jena, Germany) was used to record the UV-Vis

Product

—

Microreactor

UﬁMUU

Washing  greath flow Water Central flow Waste
solution

Fig. 1 Scheme of 3D hydrodynamic focusing microreactor connected
to reactant streams. Reagents were supplied to the microreactor via
three glass syringes connected to a 6-port valve. One port of each
valve was connected to an inlet of the microreactor, and other ports
were used for the uptake of reagents, cleaning solution. The setup was
controlled automatically by Matlab
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absorption spectra of the gold nanoparticle suspensions. The
spectrometer uses a deuterium lamp and a halogen lamp to
generate electromagnetic waves of ultraviolet and visible
wavelengths. A beam of light with a wavelength ranging
from 400 to 900 nm was used for measurement. Disposable
polystyrene cuvettes (UV cuvette semi—micro, 1.5-3.0 ml,
BRAND GMBH, Germany) were used for containing
samples and reference. Since all solutions were prepared
in ultrapure water, ultrapure water was used as the refer-
ence sample. Scanning electron microscopy (SEM) images
were acquired on a model Sigma 300 VP microscope (Zeiss
Gemini). The samples were analysed with an InLens detec-
tor using an acceleration voltage of 10 kV, a 30 um aperture
and a working distance of about 1.4 mm.

3 Results and discussion

3.1 Design and fabrication of a microreactor
for the online synthesis of AuNPs

Fouling of nanoparticles by unwanted deposition on surfaces
occurs regularly in microstructured devices (Schoenitz et al.
2015). The hydrophobization of inner walls of the reactor
through silanization is a general method to suppress foul-
ing in glass chips (Bandulasena et al. 2017; Wagner and
Kohler 2005). PMMA is a hydrophobic polymer, easy to
handle and process with low cost. Moreover, it can be easily
modified into a super-hydrophobic PMMA film (Ma et al.
2007). Hydrophobic material suppresses fouling within the
inner walls of the reactor due to an increase in slip boundary

conditions which reduce wetting and enhance shear rate on
the walls (Rothstein 2010). Besides the material itself, the
application of a 3D hydrodynamic flow by focusing the cen-
tral stream with the sheath streams, as shown in Fig. 2a,
is supposed to prevent fouling in microfluidic devices. A
separation between the central stream and the channel walls
can be achieved, thereby reducing particle-wall interactions.
The microfluidic reactor was constructed of seven layers of
alternating PMMA sheets and PSA tapes. Figure 2b depicts
the scheme of the laminated microfluidic device. The central
layer had a channel with a width of 0.7 mm in the first part
for the inlet of central flow and then extended to a width of
1.5 mm for the mixing. This layer came from a PSA tape
with a thickness of 0.12 mm. Then, the tape was laminated
between two PMMA sheets. Afterwards, two PSA tapes with
a channel for sheath flow were applied on both sides. The
device was closed by a 0.5 mm PMMA sheet on the top and
a PMMA carrier with a thickness of 10 mm on the bottom
with three inlet and one outlet drill threads holes (1/4"-28
UNF). The main dimensions are shown in Figure S1. The
difficulty in designing and fabricating 3D hydrodynamic
focusing microreactor was solved by the simple assembly
process of layering pre-cut PMMA sheets and PSA tapes.
One layer of the microfluidic reactor was processed by
a cutting plotter, as shown in Fig. 3a. (i) A double-sided
PSA tape was adhered onto the repositionable adhesive
surface of a reusable cutting mat. (ii) After a customized
microfluidic reactor design was generated, the drawing
was loaded onto the cutter software. The cutting plotter
cut the design out. (iii) While the cut-out double-sided
PSA tape was still adhered onto the reusable cutting mat,

mixing area
/ /\‘K i ii

PSA

sheath flo
central flow ‘PMMA

Structure of microchip

sheath flow

focused central flow
Liquid in channel

Vi vii

iii iv

Fig.2 a Scheme of the 3D microfluidic reactor designed for creation
of a central stream by hydrodynamic focusing with a sheath stream.
The sheath flow channels were wider, and they were applied on both
top and bottom of central flow channel. Therefore, the central flow
was focused horizontally and vertically to the centre. b Preparation
scheme for the laminated 3D flow focusing device: (i) central layer
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stream support channels were applied to the top and bottom of the
central channel; (vi—vii) cover slide and PMMA carrier with threaded
holes for tube connection were applied to yield the final completed
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cut pattern
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adhesive PSA

put PSA in mold remove protective layer
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cut PMMA
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and apply PMMA with pressure

completed device with

. threaded holes to connect tubes
remove protective layer

Fig. 3 a Process scheme for cutting one layer of the chip: (i) the PSA
attached on a reusable cutting mat, (i) the pattern was cut out by
cutting plotter, (iii) remove excess part and get the final chip layer.
b Process scheme of assembling layers together. (i) PSA tape is put
in the mold. (ii) The top protective layer of the PSA tape is peeled

the cut pattern was carefully removed using tweezers. The
PMMA sheets were created using the same method. The
sheets were manually assembled together with a mold tool
for alignment. The mold had the same size as all the sheets
which ensured that the individual layers were aligned cor-
rectly. The roll above can be adjusted to exert pressure on
the sheets and made sure that the microchip was sealed.
The whole process is shown in Fig. 3b. (i) PSA tape is
put in the mold. (ii) The top protective layer of the cut
double-sided PSA tape is peeled away revealing the top
permanent adhesive surface. (iii) The pre-cut transparent
PMMA sheet is applied onto the top of the permanent
adhesive surface in the mold. (iv) Pressure is exerted by
the roller to bind them together and make sure not to cause
any air bubbles or wrinkles in the whole assembly. 3D
microfluidic devices can be fabricated by repeating the

away revealing the top permanent adhesive surface. (iii) PMMA sheet
is applied onto the top of the permanent adhesive surface in the mold.
(iv) Pressure is exerted by the roller to bind them together. ¢ Process
image for cutting layers and assemble them together to get a complete
device

above steps. The images of each step for fabrication of
microreactor are shown in Fig. 3c.

3.2 Comparison of 2D and 3D microreactor

Our first flow-based microreactor was designed as depicted
in Fig. 4a. First half of the central PSA layer was used as
inlet for the gold precursor and second half for mixing of all
the reagents. Reducing agents were pumped through the PSA
channel above and below the central layer. However, when it
was used for the online synthesis of AuNPs, there were some
challenges to be addressed. First of all, some small bubbles
stuck in the interface and then converged into a big one, as
shown in Fig. 4a. The big bubble could not be flushed out
by liquid. In this case, it interfered with the flow pattern and
interrupted the continuous production. Second, the central
PSA layer was so thin that it did not offer enough space
for mixing. Synthesized AuNPs easily fouled on the wall
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Fig.4 Design of microreac-
tors with inserted pictures of
interfaces and mixing channels.
a 2D microfluidic reactor which
generated bubbles and fouling.
b 3D microfluidic reactor and
image of the flow channels
showing no fouling. The reac-
tant stream flow rates (HAuCl,/
AA) were 1/10 pl/s. The pH of
the reducing agent was 8

and finally blocked the channel. In addition, all the reagents
were directly mixed together in the interface and the sheath
stream was not able to focus the central stream. All these
issues indicate that this type of microreactor rather has the
properties of a 2D chip even though it technically is defined
as 3D. The microreactor was then modified by extending the
sheath flow channel to the outlet. The PMMA layer between
the central flow layer and sheath flow layer was opened from
the interface for mixing, as shown in Fig. 4b. In this case,
no bubbles blocked the channel. In addition, the mixing
area was enlarged and offered more space. Also, the corner
was changed to a curve which allowed a stable flow and
reduced small bubbles. In the 3D microfluidic reactor, the
central stream was focused in the centre both vertically and
horizontally. As no AuNPs can contact the channel wall,
the microreactor was clean all the time as shown in Fig. 4b.

3.3 Effect of various interfaces

The interface was defined as the region, where the central
stream and the sheath streams start to mix (Fig. 5a, b). This
is a crucial part, where the reaction begins to take place
and is easy to get fouling. Moreover, some bubbles could
accidentally come into the system from liquid or syringes
and the flow could be interrupted if they were blocked in the
interface. Three different interfaces were compared, semi-
circle (Fig. 5¢), bevel (Fig. 5d) and right angle (Fig. Se). It
was shown that there was some fouling on the semi-circular
interface (Fig. 5¢), because this shape was easy to absorb and
converge bubbles. The flow pattern was disturbed there and a
portion of reducing agent even flowed back to react with the
gold precursor and caused fouling. To reduce dead volume
and solve the bubble trapping issue, the bevel interface was
designed. However, there was still a problem for the bevel
one, a portion of the central gold precursor flowed along the
wall in the mixing area and the generated AuNPs have the
chance to foul on the wall, as shown in Fig. 5d. Therefore,
the interface was changed to right angle (Fig. 5¢). Small
bubbles were easily flushed away, because the right angle did

@ Springer
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no fouling

Fig.5 a Scheme of microreactor with central flow (HAuCl, yellow)
and sheath flow (AA, red) mixing in interface, b scheme of interface
and c—e images and schemes of different designs of interfaces (yellow
line with arrow in schemes represents central stream). The reactant
stream flow rates (HAuCl,/AA) were 1/10 pl/s. The pH of the reduc-
ing agent was 8

not block them. Moreover, the central stream flowed forward
and entered the centre of the mixing area without having a
chance to touch the mixing wall. How the central stream was
focused to the centre with right angle interface is shown in
Figure S2. The effect of flow rates on the focus stream was
also investigated in Supplementary Materials.

3.4 Online synthesis of AUNPs

The optimized 3D microfluidic reactor was used for online
synthesis of PVP capped AuNPs. The synthesis reproduc-
ibility was characterized using surface plasmon resonance
(SPR) band intensity and shift as indicator parameters by
UV-Vis spectra. 5 syntheses were carried out using the same
device and same reactant conditions. As shown in Fig. 6a,
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0.30+ a
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0.15+
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Absorbance (au)

0.05+

0.00+

Absorbance (au)

400 500 600 700 800 900
Wavelength (nm)

Fig.6 UV — Vis spectra of the AuNPs synthesized in the a 3D micro-
reactor and the b 2D microreactor. 5 syntheses were carried out using
the same device and same reactant conditions and the number in the

the absorbance spectra of these five syntheses are almost
overlapping each other with a band located about 531 nm
and absorbance of 0.26 +0.006 au. It demonstrated the
robustness of the proposed flow system indicating size and
shape consistency of the AuNPs. Also, the only peak of the
absorbance spectra indicated that particles obtained by the
microreactor system exhibit a uniform globular shape and
no other shaped gold nanoparticle such as triangles were
observed (Amendola et al. 2017). SEM image showed that
the synthesized AuNPs were quasi-spherical with a diameter
of 22.09 +2.26 nm (Figure S3). For comparison, syntheses
with the same conditions were done using the previous 2D
microreactor. As shown in Fig. 6b, the signal of the first syn-
thesis was lower which means that part of the nanoparticles
were fouling in the channel. The second synthesis showed
a broad band indicating aggregated AuNPs from the last
synthesis which were blocked in the channel. After that, the
synthesis was still not repeatable as to be seen by a broad
band. The 3D microreactor was then applied for synthesis
of AuNPs to investigate the effects of different parameters.

3.4.1 Effect of the pH of the reducing agent

The size of the AuNPs mainly depends on the initial pH
of the AA solution (Wagner et al. 2005). AA with higher
pH possesses a higher reducing power than with lower pH.
In this case, increasing the pH of AA can result in a faster
reaction rate and more nucleation sites, and consequently in
smaller sizes and higher numbers. The UV—Vis absorbance
spectra are shown in Fig. 7a. From the overall view, there
was a shift to a lower wavelength from 563 to 517 nm with
the increase of the initial pH of the AA solution indicating
the decrease in size of the AuNPs. The size distribution can
be studied by measuring the full-width at half-maximum

0.30+

0.25

0.20

0.15+

0.10 1

0.05

0.00+

400 500 600 700 800 900
Wavelength (nm)

figures represent the number of synthesis. The reactant stream flow
rates (HAuCl,/AA) were 3/30 pl/s. The pH of the reducing agent was
8.46

(FWHM) of SPR band (Tran et al. 2016). The resulting spec-
tra can be separated into three areas—Ilow pH area (pH 4.30,
5.66), middle pH area (pH 7.10, 7.61) and high pH area
(pH 10.32, 10.91). The peaks in the middle pH area were
narrowest with FWHM of about 50 nm which meant sizes
of AuNPs were more uniform and focused. However, the
spectra were wider in low and high pH areas with FWHM
of around 90 nm even though they biased to the correspond-
ing position (low pH to high wavelength and high pH to low
wavelength). As shown in Figure S4, the AuNPs synthesized
at low pH were large in size. And the size distribution was
not uniform at both high and low pH values. Therefore, the
medium pH was more suitable for the synthesis of uniform
AuNPs. The divergent size distribution of AuNPs may be
related to different ion species of AA in a variation of the
pH solutions (Mukai et al. 1991). AsH, dominates the solu-
tion at lower pH values up to 4, while the percentage of
AsH™ increases to reach 100% when the pH is approximately
8. When the pH is 8, AsH, reaches its minimum concentra-
tion. With increase of pH, the percentage of AsH™ starts
to decrease and percentage of As,” ions start to increase.
Apparently, the mixture of different species of ascorbic acid
affect the growth pattern.

3.4.2 Effect of the reagent concentrations

The concentration of reagents may affect the size of AuNPs.
In Fig. 7b, the increased concentration of AA caused a shift
to lower wavelength with higher reducing power. In Fig. 7c,
with an increase of the concentration of gold precursor, the
intensity of the absorbance maxima increased as well, which
means that more AuNPs were synthesized. At the same time,
the spectra were shifted from 540 to 529 nm and the FWHM
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Fig.7 UV-Vis spectra of gold nanoparticle suspension prepared by
a keeping flow rate constant at 5 ul/s and changing pH of reducing
agent, b different concentrations of AA, c different concentrations of

decreased from 97 to 64 nm. This implies a smaller size
and monodispersity of the nanoparticles. Due to the higher
concentration of gold precursor, more nucleation sites are
offered. This result also indicates that the amount of AA is
sufficient for reducing.

3.4.3 Effect of the flow rate on nanoparticle synthesis

The UV-Vis absorbance spectra using different flow rates
are shown in Fig. 7d. With increase of the flow rate, the spec-
tra are shifted from 530 to 518 nm and the maximum absorb-
ance increased by 40.8%, which indicate a smaller size and
higher concentration of nanoparticles. The increased flow
rate of both regents was likely to increase the diffusion
of AA into HAuCl, solution which in turn could increase
the nucleation rate (Jun et al. 2012). The more nucleation
sites, the higher number of nanoparticles. With the same
amount of gold precursor, a smaller size of nanoparticles
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gold precursor, d keeping the flow rate ratio (gold precursor: reducing
reagents, 1:10) and changing the flow rate of gold precursor

was generated. Therefore, smaller size and higher number
concentration of AuNPs were achieved with higher flow rate.
However, when the flow rate was high enough, the effect
was not significant compared with other factors, as shown
in Figure S5.

4 Conclusions

A cheap, easy and fast fabrication method for multilayer
laminated 3D PMMA-PSA microfluidic chips was presented
in this work. Sheet layers were cut by a cutting plotter which
allows a fast fabrication of microfluidic structures for dif-
ferent applications. The assembly of the devices was car-
ried out manually with a simple alignment tool. No thermo-
compression was required and only a soft compression by
a roller was sufficient. The complete fabrication process
from device design concept to working device can be com-
pleted in minutes without the need of expensive equipment.
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This fabrication protocol was used for the generation of a
3D microreactor for the reproducible synthesis of AuNPs.
Compared with a 2D microreactor, the sheath stream can
focus the central flow as well as avoid fouling. The proposed
nonlithographic approach offers an alternative for institutes,
where specialized microfabrication equipment is not avail-
able. The results presented in this paper show the success-
fully reproducible synthesis of spherical colloidal AuNPs
without fouling using this 3D hydrodynamic flow-focused,
laminated microfluidic device. This was an improvement in
comparison to conventional batch reactors, where the prop-
erties of nanoparticles vary from batch-to-batch. Also, the
microfluidic reactor makes it possible to do online synthe-
sis and characterizing or detection (Pahl et al. 2019). This
method of flow-based plastic microfluidic chips construction
can be adapted for methods of many different fields, such as
pharmaceutical analysis (Cui and Wang 2019), cellomics
(Andersson and Berg 2003) and flow cytometry (Ateya et al.
2008; Shrirao et al. 2018).
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