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Summary

Microfluidic platforms have been more and more important in the research field of analytical
chemistry. 3D microfluidic chips are usually applied to make microfluidic platforms versatile and
solve problems such as fouling and not sufficient space. However, the fabrication of such 3D
microfluidic chips is usually costly and tedious. This dissertation aims to develop a microfluidic
platform based on laminated layers of microfluidic chips for analytical application, including
fabrication of microfluidic chips, online synthesis and characterization, and detection of analytes
in the microfluidic chip. To the end (i) a strategy was established for the rapid and effective
fabrication of 3D microfluidic chips. The laminated 3D microreactor was successfully applied for
the online-synthesis of gold nanoparticles (AuNPs); (ii) the synthesis of AuNPs in a 3D
microreactor was directly coupled online with a chemiluminescence (CL) detection system for
characterization of their catalytic activity and optimization of the synthesis parameters; (iii) an
aptamer-based homogeneous assay was developed in a laminated 3D micromixer for detection of
the antibiotic sulfadimethoxine (SDM) by AuNP-catalyzed CL.

3D microfluidic chips were fabricated in a laminated way that pre-cut polymethyl methacrylate
(PMMA) layers simply bound together with double-sided pressure-sensitive adhesive (PSA) layers.
The channels in each layer were designed as desired with a drawing software and cut by a cutting
plotter. Then, the microfluidic chip was manually assembled with gentle pressure. With this easy
method, microfluidic chips can be fabricated in a few minutes from the design concept to the
working device. Compared with other methods for fabricating microfluidic chips, no expensive
equipment such as laser, thermal lamination, and cleanroom was used. Therefore, it offers a
possibility to fabricate complex microfluidic chips quickly, cheaply, and efficiently. This method
was successfully applied to fabricate a 3D hydrodynamic focusing microreactor to synthesize
AuUNPs. The fouling of AUNPs was prevented by the application of a defined sheath flow. Different
parameters such as flow rate and concentration of reagents were controlled to achieve AuNPs of

various sizes.

For further application of the synthesized AuNPs, they should be characterized. AuNPs have
drawn big attention in CL analysis systems as enzyme-free catalysts. However, the optimal

synthesized AuNPs for a highly efficient CL reaction was still unknown. Therefore, our second



aim was to couple synthesis and CL characterization to get optimal synthesis parameters. The
online synthesis of AuNPs with the 3D hydrodynamic focusing microreactor was coupled to a
charge-coupled device (CCD) camera with an inset microfluidic CL sensing chip for direct
catalytical characterization of AuNPs. All operations were performed automatically with a
program controlled by the software Matlab. AuNPs were synthesized through a single-phase
reaction at room temperature. The sizes and properties of AUNPs can be modulated by changing
the concentration of the reagents to obtain an optimal catalytic activity in the CL system. The
catalyst property of the synthesized AuNPs was characterized in the luminol-NaOCI CL system.
After optimizing the parameters of synthesis, the CL signal was enhanced to a factor of 171
compared the one without catalyst. Synthesis in a microreactor and direct coupling with a
microfluidic CL sensor offers a promising monitoring method to find the best synthesis conditions
of AuNPs with excellent catalytic activity.

The stability of the synthesized AuNPs was checked for further offline application, and they were
stable for at least one month. In addition, the effect of aggregation and the surface properties of
the AuNPs on catalytic activity was also investigated. Aggregated AuNPs can induce higher CL
signal by enhanced catalytic activity, and molecules that interact on the surface of AUNPs may

reduce the catalytic activity.

A certain amount of salt can cause aggregation of AuNPs with enhancing the CL signal, and
aptamers interact with AuNPs leading to inhibition of the aggregation and resulting in a weak CL
signal. Based on this mechanism, a homogeneous aptamer-based assay was developed in a
microfluidic CL flow-injection platform with AuNPs as the catalyst for analytical application. As
efficient mixing of reagents in a microfluidic platform is crucial, a new laminated 3D microfluidic
mixer was developed for the platform. The 3D mixer with five layers was applied because 2D
mixers cannot manage effective mixing due to limited space and turbulence. The structure of the
3D mixer was optimized for better mixing and recording of CL signals for the CCD camera. The
performance of standard luminol and its more hydrophilic derivative m-carboxy luminol provided
by the Baeumner group was compared in the developed 3D mixer, identifying the hydrophilic
derivative to provide a 10-fold signal enhancement with repeatable results. For more sensitive
detection, the m-carboxy luminol was applied in the microfluidic CL flow-injection platform.
Finally, the novel detection platform was developed in a 3D micromixer with an aptamer, AuUNPs,

and m-carboxy luminol, for the homogeneous assay. SDM was measured in the platform as an
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example via its aptamer and yielded a broad dynamic range over 5 orders of magnitude (0.01 -
1000 ng/ml) with a limit of detection of 4 pg/ml. This new detection concept can be suggested as
a new flow-injection strategy for aptamer-based rapid and cost-efficient analysis in environmental

monitoring and food safety.






General introduction

Microfluidic platform in analytical applications

Many classic macroscopic liquid handling systems (such as in a beaker or test tube) have been
used for decades to perform analysis and diagnostic assays. Microfluidic platforms compete with
these established systems by providing new advantages. Compared to macroscopic systems, the
high surface area to volume ratio was the feature of microfluidic platforms [1]. Normal merits of
microfluidic platforms include lower cost per test, shorter time to obtain results, higher sensitivity,
and portability. Furthermore, the reagent consumption can be significantly reduced by reducing
the volume of the assay. In addition, the steps of each test can be reduced through an automatic

process.

One of the main application areas of microfluidic platforms is qualitative or quantitative analysis.
The analytes can be various molecules, including proteins, nucleic acids, drugs, and metal ions.
The materials for the fabrication of microfluidic platforms should be inert to the samples and
measurement reagents that may contain organic or inorganic solvents or extreme pH values.
Similarly, the sample must not be affected by the microfluidic materials in any way that might
affect the analysis results.

High-precision liquid handling and effective mixing strategies are required to obtain accurate
quantitative results. Each microfluidic platform should provide a sufficient number of microfluidic
units (microfluidic components of a microfluidic platform) so that a specific analytical application
with complex protocols can be easily implemented within a given platform [2]. However, this
concept does not mean that every microfluidic platform needs to provide a complete set of all units.
The more important thing is that different elements are connectable through a well-defined, readily
available interconnection and packaging process. Therefore, at least one manufacturing technology

is required to realize a complete microfluidic platform with various components.

The pressure-driven laminar flow platform, whose liquid transport mechanism was based on
pressure gradient, was widely used in analytical applications [3]. The external or internal pressure
sources can be implemented using syringes, pumps, or gas expansion. Samples and reagents can
be injected into the microfluidic platform inlet in batch or continuous mode. One of the advantages
of this microfluidic platform is the potential for continuous sample processing. By changing the
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flow ratio of each reagent, the concentration of reagents can be adjusted accurately. Continuous
sample processing is essential for online monitoring of clinical parameters, water quality control,

or cell sorting [4].

The main goal of this thesis is to develop a microfluidic platform on the basis of a laminated method
for analytical application, including fabrication of microfluidic chips, online synthesis and

characterization, and detection of analytes on the microfluidic chip.

In the following, the state of art and the aim are shown.

Target 1. Online syntheses of gold nanoparticles in 3D

hydrodynamic focused laminated microfluidic reactors

Microreactors - state of the art

Conventional batch synthesis methods can produce large-scale nanoparticles at once. However,
the lack of control of parameters (local temperature, mixing, concentration fluctuations, nucleation,
growth, and reagent addition) during the synthesis process often leads to uneven size distributions
in different batches. Therefore, these methods are limited when there is a need for highly specific
nanoparticles (size, shape, composition, and distribution) for different applications (such as
surface-enhanced Raman scattering and catalyst) [5-7].

Many research groups have used microreactors to achieve a rapid and tunable synthesis of
monodisperse nanoparticles [6, 8-10]. Compared with traditional batch synthesis, synthesis
methods by microfluidic reactors have the advantage of faster reaction rates and narrower size
distribution [6]. The other benefits of a microfluidic reactor are that the small channels reduce the
amount of reagents used and limit the formation of by-products. Moreover, it can be automated
for multi-step synthesis [11]. The weak point is the fouling (the unwanted deposition on surfaces

of microfluidic channels), which is related to the higher surface-to-volume ratio.

Microfluidic reactors can be divided into three different types: continuous single-phase laminar
flow reactors [6, 12-14], segmented flow reactors [15], and droplet-based reactors [16]. In single-
phase reactors, miscible reagent streams are injected into channels or capillaries where the reagents
mix and react (Figure 0.1 a). To date, most researchers have focused on single-phase reactors

because they have a high degree of synthesis flexibility and can tolerate various flow rates and



solvents. However, two problems limit their performance. First of all, the channel wall creates
resistance to the flowing liquid, resulting in a parabolic velocity distribution on the entire flow
path. The fluid moves the fastest at the center of the channel, which leads to poor residence time
distribution in the reactor. Therefore, it results in different size distributions during synthesis.
Secondly, the deposition of precursors and products on the walls can cause fouling, affecting the

reactor's flow and reducing the service lifetime of reactors [17].

Two-phase reactors overcome the shortcomings of single-phase reactors with an additional
immiscible fluid (which can be a gas or a liquid) injecting into the channel [18]. The reaction
mixture was divided into a succession of discrete “slugs” or “droplets” (Figure 0.1 b and c). Both
of them pass through the reactor at the same speed and eliminate the velocity dispersion. Part of
the reaction mixture can still contact the channel walls in a slug flow. The deposition can be
reduced or eliminated with the help of abrasion from the second phase. The immiscible liquid
completely isolates the reaction mixture from the wall and prevents the deposition in the droplet
flow. However, there are still problems with two-phase reactors. For example, the second phase
could have a potential effect on the nucleation and growth kinetics when it was used for synthesis.
Therefore, the final crystal structure of nanoparticles and size distribution can be influenced.

Moreover, additional purification is required after synthesis, which further complicates the process.

()

Figure 0.1 Scheme of microfluidic channels with three types of fluid flow: (a) single-phase continuous
flow with the parabolic velocity of flow; (b) segmented flow with discrete units divided by immiscible fluid;
(c) droplet flow.



Compared to droplet-based technology, hydrodynamic focusing technology, in which the reaction
is focused in the center by additional flows, is easy to implement and simulate. The central stream
with a lower flow rate is compressed to the center when it flows inside the outer laminar sheath
stream with a higher flow rate [19, 20]. This compression can significantly reduce the mixing time,
and the required diffusion length can also be reduced [21]. The concentration and ratio of chemical
components can be controlled by the relative flow rates, which will determine the nucleation and
growth process in the synthesis. When the reaction is focused on the channels' center, the growing
nuclei will experience a more uniform reagent concentration. The reason is that the velocity
distribution is uniform in the center of the channel, and the reagents can stay in the microchannel
for a similar time (Figure 0.2). Therefore, due to the uniformity of the fluid velocity, a uniform
particle size distribution is produced [22]. In addition, due to the insulation of the sheath solution,
fouling is alleviated.

I

DN
%%

Figure 0.2 Hydrodynamic focusing channel in which the reaction zone is focused to the center of the
channel resulting in a more uniform reaction time.

In an ideal fluid focusing device, the central flow should be compressed in both the horizontal and
vertical directions, which is called three-dimensional (3D) focusing. The uniform fluid velocity
can be obtained on the horizontal and vertical planes. Two reactor types can achieve this effect: a
coaxial tube reactor and an on-chip planar reactor. The simplest coaxial tube reactor is a component
composed of two concentric tubes. The central flow is injected through the inner capillary tube,
and the sheath flow is injected from the outer glass tube (Figure 0.3 a) [23]. As there is only one
inlet for the sheath flow and one inlet for the central flow, the method can only be applied for two
reagents' reactions. Another method to achieve hydrodynamic focusing on the microfluidic system
is the use of multiple layers. The middle layer is for the central flow, and the sheath flow can be

introduced from the top and bottom or the left and right of the central layer (Figure 0.3 b) [20].



The advantage of this method is that different reagents can be used in the sheath solutions as there

are usually two inlets for sheath solutions.

capillary tube
side view

(a);\ @_

glass tube

top view

Sheath flow
(b)

Sample flow Outlet

\ b — side view  \_ top view

Figure 0.3 (a) Coaxial tube hydrodynamic focusing reactor which is an assembly of two concentric
capillary tubes, and (b) On-chip planar 3D hydrodynamic focusing devices.

Methods for fabrication of microfluidic chips - state of the art

Glass and silicon wafers were applied as material in the first generation of microfluidic chips with
micro-electromechanical technologies. Both materials are fragile and too expensive to be used for
disposable devices. Moreover, the fabrication methods are complex and need sophisticated
equipment [24]. Most fabrication methods have their limitation for mass production. Therefore,
they were mainly used for research applications. The advantage of microfluidic chips with glass
and silicon as materials is the high precision of very small microfluidic channels (< 100 nm).
Moreover, glass and silicon are reliable materials for specific applications under certain extreme
test conditions (resistance to organic solvents, high thermostability, resistance to oxidizers) [25].
On the other hand, glass and silicon's hardness also limit their wide application in microfluidic
chips as they are not easy to cut and bond. The manufacturing of microfluidic chips involves
hazardous chemicals, so protective facilities are required. Also, it is difficult to bind the chips to
each other (usually requiring high temperature, high pressure, and ultra-clean environment). The

time-consuming experimental manufacturing process, requiring cleanroom facilities and the high
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cost of chip manufacturing severely restrict their development. Moreover, since glass or silicon is
not gas-permeable and they are difficult to be functionalized by biomolecules, such chips with

closed channels are not suitable for cell culture and limit their biological applications.

Polymer-based chips came out a few years after the introduction of silicon/glass chips. A wide
variety of polymers with different properties provides more options of suitable materials for
microchips. With the advantage of the low-cost, wide range of mechanical and chemical properties,
flexibility, and easy processing possibilities, polymers have become attractive microchip materials
[26]. Based on their physical properties, polymers can be divided into elastomers, thermosetting
plastics, and thermoplastics. The most popular elastomer for the fabrication of microchips is
poly(dimethylsiloxane) (PDMS) [27]. The significant advantage of PDMS lies in its ease of
processing and low micro-manufacturing costs. The liquid PDMS prepolymer is thermally cured
at mild temperatures (40 - 70 <C). Then it is cast in a photoresist template with nanometer
resolution. The low surface tension makes it easy to peel off the template after curing. By plasma
oxidation of the PDMS surface, it can be easily and irreversibly combined with glass/silicon or
another piece of PDMS. Although PDMS is very popular in microfluidic platforms [28, 29], it also
has significant limitations. The porous structure of PDMS brings some problems. Small
hydrophobic molecules and biomolecules can be absorbed into or on the channel walls, and the
concentration of solutions will be changed by water evaporation. Moreover, the incompatibility

with organic solvents restricted it in aqueous solutions.

Rather than a microfluidic material, thermosetting materials (such as SU-8) are commonly used as
negative photoresists to fabricate photoresist templates [30]. When thermosetting molecules are
heated or radiated, they crosslink to form a rigid network that cannot be softened before they
decompose. Generally, these materials are resistant to most solvents and stable even at high
temperatures. Through appropriate bonding methods, microfluidic chips can be manufactured
entirely in thermosetting plastics. The high strength makes it possible to fabricate chips with high
aspect ratios and a free-standing structure. Due to the high rigidity of thermosetting plastic, it is
not suitable for membrane valve manufacturing. Also, their high cost limits the application in

microfluidic chips.

One of the most popular and traditional manufacturing techniques used for microfluidic chips is

soft lithography with photoresists and elastomers. SU-8 is usually used to fabricate a mold in which
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PDMS is applied to fabricate structures of the microfluidic chips [30]. As shown in Figure 0.4,
the soft lithography method used for microfluidics is to create a master mold using
photolithography technology and then cure the PDMS on top of the master mold. After curing, the
PDMS structure was removed from the mold and bonded to a substrate (glass or other parts of
PMMA). The photolithography and soft lithography methods are affected by manual and time-
consuming processes (pouring, curing, cutting, stamping, and bonding). Special training is
required for mold manufacturing and equipment operation. Moreover, it takes a long time, from
design to prototyping. These shortcomings limit its commercial potential.

Spin on photoresist Pour relief mold elastomer

-

Align and expose
mask to UV light

—7

Develop pattern

Bond on substract
and punch access holes

Master fabrication Device fabrication

Figure 0.4 Prototyping using soft lithography with photoresists and elastomer.

Unlike thermosetting plastics, thermoplastics can be reshaped after curing. Rich experience in
thermoplastics has been accumulated because of their wide application in the industry. Molding
and bonding are convenient techniques as they can be reshaped multiple times by reheating.
PMMA, polyethylene terephthalate , polystyrene, polyvinyl chloride, and polycarbonate are most

11



often used as thermoplastics for microfluidic chips applications [31]. Generally, their solvent
compatibility is slightly better than PDMS. Unlike elastomers and thermosetting plastics,
thermoplastics are usually purchased in solid form and manufactured by thermoforming [31].
Thousands of copies can be produced by thermoforming with high efficiency and low price.
However, templates made of metal or silicon are required to be used at high temperatures. They
are suitable for commercial production but are uneconomical for prototype use. Therefore, new
methods without using templates are developed by assembling and adhere precut sheets by a so

named lamination process.

Two simple methods to cut microfluidic channels in thermoplastics are laser cutting and plotter
cutting. The advantages of the laser cutting machine are non-contact cutting and higher resolution.
However, these advantages came from the high cost of fixed equipment, which on the other side
needs to use a vacuum pump to remove debris and smoke, and the potential for burning residues
during the cutting process [32, 33]. Rapid cutting by a plotter, also known as Xurography, is a non-
lithographic technique using a drag knife printer to generate the master molds or fabricate the
micro-devices directly [34]. Cutting plotters are much cheaper, do not require a pumping system,
and do not leave burn residues. This method simplifies plastic, paper, and adhesive substrates in

the prototyping of microfluidic devices.

The independently pre-cut layers can be bonded together to form channels and microfluidic
features known as laminated microfluidic devices [35]. Although the choice of the bonding method
inherently depends on the materials used in the manufacturing method, thermal and adhesive
bonding are two of the most commonly used bonding methods. Thermal bonding is a simple
bonding method usually used in microfluidic devices. In order to promote thermal bonding, the
temperature of each layer is raised to a temperature close to the glass transition temperature of one
or two materials, and a force is applied to the surface of each layer. When executed correctly, the
layers form a solid material that is essentially indistinguishable. The main disadvantage of thermal
bonding is that the microchannels may be deformed due to heating or cooling. Some thermal
bonding processes also leave air bubbles between the layers. Moreover, thermal bonding is not
possible with all materials. When an adhesive is used for bonding, the double-sided tape can be
cut and used directly as a flow layer or an adhesive layer between two different sheets. As
adhesives can bond most materials together, it greatly increases the types of materials used in

microfluidic chips.
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Compared with other manufacturing technologies, one of the main advantages of laminated
manufacturing is the short time from design to completed microfluidic chips. The design of
channels in each layer is in the same routine. Therefore, it is easy to fabricate a 3D microfluidic
chip. As the process is simple, no special training is needed, and a person can get the skill in one
day. Nonetheless, there still is potential to simplify the process and make it cheaper. We improved
the lamination process for multilayer 3D microfluidic systems. Only a cutting plotter was sufficient
for the whole process. With the double side adhesive tape no deformation happens in
microchannels and transparent PMMA structure makes it possible for flow-based

chemiluminescence analysis systems.
The synthesis method of AuNPs - state of the art

Various synthesis methods have been developed for the synthesis of AuNPs. To understand how
AUNPs are synthesized using the chemical method and how to control their final properties, it is
necessary to understand the nucleation and growth of nanoparticles. The synthesis usually involves
the following steps: (1) Reduction of gold salt resulting in the supersaturation for gold atoms.
Nuclei formation is induced by the supersaturation of gold atoms. (2) Growth by aggregation or
diffusive growth. (3) Slow growth resulting from the constant reduction of gold. (4) Diffusion of
atoms/ions onto the surface of nuclei leading to the rapid growth of nuclei and autocatalytic
reduction through the electron transfer between the reducing agents [36-38].

Generally, the preparation of AuNPs by chemical reduction involves two main parts: first, using a
suitable reducing agent to reduce the gold salt solution and produce Au®, second stabilizing the
obtained AuNPs through a suitable stabilization or capping agent to prevent their aggregation. The
synthesis of high-quality AuNPs requires control of shape, size and size distribution, effective
stability, and controlled surface functionalization. Therefore, much work has been done to control
the synthesis of AuUNPs [39-42].

Traditional methods, including the Turkevich-Frens method and the Brust-Schiffrin method,
remain the most popular ones. In addition, some new methods (such as the seed-mediated growth

method and green synthesis method) have been developed [41].

The Turkevich-Frens method is also known as the sodium citrate reduction method or the classical
citrate method, shown in Figure 0.5. In this method, sodium citrate is added to a boiling solution

of chloroauric acid with sufficient stirring. During the synthesis process, with the formation and
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growth of AuNPs, the color changes from yellow to purple or black, and finally to ruby color. The
main principle is the reduction of gold ions (Au®*) from chloroauric acid to gold atoms (Au®)
through a reducing and capping agent (such as citrate [43]). Several studies have introduced some
new methods for the further development of this method. It can be separated into two ways: (1)
The size and stability can be changed by controlling the pH value of the reducing agent or the
entire mixed reagent [44]; (2) The preparation steps can be simplified by replacing the reducing
agent or adding other stabilizers [45]. Usually, this method is very simple because the size can be
controlled by changing the molar ratio of gold precursor to reducing agent. However, there are still
some shortcomings to overcome: (1) The size of relatively stable AuNPs should bebetween 10 and
50 nm. Qutside this range, they will aggregate and become non-spherical; (2) The stability of
AuUNPs depends to a large extent on stabilizers. Some environmental factors such as pH, salt
concentration, and ionic strength will affect the aggregation of AuNPs. Therefore, they are not
ideal for further cellular studies. (3) Heating is required in the process, which limits its application.
Although it is not yet satisfactory, the Turkevich-Frens method is still one of the most commonly

used methods for making AuNPs so far.

COO-

-00C COO-

HAuCI4 sodium citrate
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COO-

-00C COO0-

Figure 0.5 Turkevich-Frens method for synthesis of AUNPs by reduction of gold salts in the presence of
trisodium citrate.

Brust and Schiffrin reported in 1994 a two-phase reduction method for the preparation of highly
stable AuNPs, called the Brust-Schiffrin method [46]. The reaction occurs in a two-phase (water-
toluene) system. HAuCIl; was transferred from aqueous-phase to toluene-phase by
tetraoctylammonium bromide (TOAB) and then reduced by sodium borohydride (NaBHa), shown
in Figure 0.6. The size of AuNPs can be adjusted by reaction conditions, such as the thiol/gold
ratio, temperature, and reaction rate. The synthesized AuNPs are stabilized by alkanethiol and can
dissolve in solvents such as toluene, pentane, and chloroform. These nanoparticles are very stable

and can be treated as simple compounds, allowing them to be precipitated, redissolved, stored in
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powder form, and chromatographically separated without any significant change in their properties.
Moreover, the synthesized AuNPs can be easily subjected to further synthetic operations, such as

surface functionalization. With these advantages, the Brust-Schiffrin method is commonly used to

\g/

NaBH4/ TOAB/alkanethiol SM below 10 nm

water-toluene system Hf'ﬁ \

Figure 0.6 Brust-Schiffrin strategy for two-phase fabrication of small-size AuNPs by reduction of gold
salts in the presence of external thiol ligands.

conjugate thiol ligands on AuNPs [47].

HAuC

The seed-mediated growth method, also known as the step-by-step seed-mediated growth
approach, is another commonly used method for controlling the size of AuNPs (Figure 0.7). In
this method, the seeds (small-sized AuNPs) were firstly prepared by reducing the gold precursor
with a strong reducing agent (such as NaBH4 or citrate). Afterward, the small AuNPs were
gradually enlarged through growth by adding gold salt solution and a weak reducing agent (such
as ascorbic acid). To promote the growth of AuNPs and inhibit new nucleation, a structure-
directing agent have to be added [48]. Recently, different reaction conditions have been studied to
control the size of synthesized AuNPs. Piella et al. introduced a method to precisely control the
size of AuNPs (3.5 - 10 nm) by adjusting the temperature, pH, the concentration of reducing agent,
ratio of seed and gold salt [42]. This method shows the merit that the number of synthesized AUNPs
can be controlled by adding a controlled number of seeds. As the new nucleation can be prevented,

all gold salt was used for the growth. Therefore, the size was controlled.

gold salt @structure directing agent @ 10 - 90 nm
> further growth ]

weak reducing agent

seeds

Figure 0.7 Seed-mediated growth method for AuNPs synthesis by the process of nucleation, growth, and
stability.
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Bare AuNPs are unstable and will gradually aggregate and then precipitate as metallic gold powder.
To maintain the original size and the plasmonic properties of AuUNPs, a stabilizer must be present
throughout the synthesis process (nucleation and growth) [49]. AuNPs can be protected by suitable
protective or capping agents to stabilize the nanoparticles and inhibit aggregation. The most
commonly used stabilizer involve citrate [50], mercaptan [51], polymers (such as PVP) [52],
surfactants [53], and different types of chelating ligands. Charge stabilization and steric
stabilization are the two conventional mechanisms for stabilizing nanoparticles. Charge
stabilization is accomplished by adsorbing charged ligands (such as citrate) on the surface of the
nanoparticles. AuNPs repel each other by the electrostatic charge on the surface and inhibit
aggregation. As the surface charge is the main factor, the charge stabilization is sensitive to salt,
pH, and other environmental conditions. The steric stabilization is achieved by coating the surface
of AuNPs with macromolecules such as polymers as their steric effects can prevent AUNPs from
contacting each other and inhibit the aggregation [54]. Apart from stabilizing agents, for certain
specific applications the surface of AuUNPs has to be selectively functionalized with compounds to
achieve the specific process. Table 0.1 lists a partial summary of the batch synthesis conditions of
AUNPs.

Table 0.1 Conditions of batch synthesis of AUNPs.

Reducing agent Condition Stabilizer Size distribution Ref
Citric acid Boiling water Citric acid 6-15nm [44]
o ) ) Citric acid /
Citric acid / sodium ] _
_ 90-100 < sodium citrate 14 - 17 nm [45]
citrate buffer
buffer
] ) N Sodium citrate
Sodium citrate Boiling About 5 nm [55]
and PTS
Sodium citrate Heating Sodium citrate Sub - 10 nm [56]
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Reducing agent Condition Stabilizer Size distribution Ref
[46,
Two-phase Liquid-
NaBHa "p | Alkanethiol 1-3nm 47]
Liquid System
o-functionalized
9-BBN 60 T _ 1.4-3.3nm [57]
alkylthiols
Citrate (seed)
35T CTAB Low polydispersity  [58]
ascorbic acid (growth)
_ ) _ ] Different size and
Amino acid 80 € Amino acid [59]
shapes
PAA Solar radiation PAA - [60]
Ketyl radicals UVA light None Polydispersity [61]
Hundreds or tens
DMSO Ultrasound DMSO ) ) [62]
nm polydispersity
] ) ) ) ] ) Narrower
Sodium citrate Microwave heating  Sodium citrate o [63]
distribution
Trisodium citrate Boiling PVP - [64]
Citric acid UV irradiation PVP 2-10nm [13]
Cell-free extracts of
- - 12 £1.5nm [65]

fungi
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Reducing agent Condition Stabilizer Size distribution Ref

7.8 .8 nm
Ascorbic acid - Ascorbic acid [66]
38 £18 nm
25-70 C
PVP PVP 6 £1.5nm [67]
or UV

Polymers with
KBH4 - cyano or 2.6 £0.4 nm [52]

mercapto groups

Sodium citrate (seed)

Seed-mediated
NH,OH -HCl mPEG-SH 15-170 nm [68]
growth

(growth)

Green chemistryhave been developed as alternative synthesis methods because toxic solvents and
chemicals can cause problems for biological applications by using AuNPs, and green chemistry is
important to achieve sustainability [69]. One solution is to use environmentally friendly reagents
for the synthesis of AUNPs. Another solution is to apply natural materials or with the assistance of
cells [65, 70]. However, these methods using biological materials are difficult to control, and the
mechanism is complicated. Green chemistry methods with cheap and nontoxic reagents could be
good ways to be applied in microreactors as no external sources such as heat, light, and microwave
are in need during the process. For example, ascorbic acid (AA or AsH>) is a biomolecule called
vitamin C. It can be applied to synthesize AuNPs at room temperature. The following chemical

equation shows the synthesis of AuNP using AA as a reducing agent:
2AuCly + 3C¢HgOg — 2Au® + 3CHgOg + 8Cl™ + 6H* (D

This oxidation-reduction reaction is complex, involving the reduction of Au®* ions to Au'* and
then reducing Au* to Au® [71]. Two hydroxyl groups of AA are deprotonated and be oxidized

during the process. The mechanism is shown in Figure 0.8 [72].
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Figure 0.8 The mechanism of AuNPs formation, which is reduced by ascorbic acid [72].

The reduction ability of AA varies due to the presence of three deprotonated species: ascorbic acid
(AsH>), ascorbate monoanion (AsH"), and ascorbate dianion (As?), as shown in equation 2 [12,
73]. The three species dominate at different pH values, as shown in Figure 0.9 [12, 73-75].
Therefore, the size and properties of AuNPs can be adjusted by changing the initial pH value of
the AA solution.

Kai Kaz
AsH, € AsH™ + H* & As? + 2H* (2)
- AsH2 AsH" As2
_ 0.8
X
5
i
< 0.4
s
(=]
= 0.2
0.0
0 2 4 6 8 10 12 14
pH

Figure 0.9 Mole fraction of the three absorbate species AsH,, AsH™ and As? versus pH [12, 73].
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Glucose can act both as a reducing agent for Au®* and as a capping agent to stabilize AUNPs
through interaction with hydroxyl groups. Although it is well known that glucose is a reducing
sugar, its reducing ability at ambient temperature is limited. However, after adding a small amount
of NaOH aqueous solution, glucose can effectively reduce Au®* ions to Au® [76]. The alkaline
opens the glucose ring through the extraction of protons, thereby promoting the reduction of Au®*.
Then, glucose is oxidized to gluconic acid, while Au®" is reduced to Au® [77]. The reaction

equation is shown in Figure 0.10.

[ e
_T_T_T_C +3H,0 +6e
OH H O

Figure 0.10 The reduction reaction equation for the formation of AuNPs.

It should be mentioned that although glucose in the equation is expressed in open-chain form, most
of the structure of glucose in an aqueous solution is in the form of a cyclic chair. On the one hand,
glucose acts as an effective reducing agent, rapidly reducing Au®* at room temperature (in the
presence of OH"). On the other hand, it is a stabilizer to passivate the surface of AUNPs and prevent
growth. OH" participates in the reduction reaction. Therefore, the pH environment has a significant
impact on the synthesis of AuNPs. High pH (about 6.8 - 10.5) is conducive to the appearance of
Au-O" groups on the surface of AuNPs, which can interact with the hydroxyl groups of glucose
through hydrogen bonds. Therefore, glucose can effectively cover the surface of AuUNPs [78].

The classic synthesis methods have the limitation in precisely control the parameters. Green
chemistry methods without using heat, light, and microwave could be good ways to be applied in
microreactors. The strategy of rapid and effective fabrication of 3D microfluidic chips can be
applied to generate a 3D hydrodynamic focusing reactor to synthesize AuNPs. The sheath flow of
reducing agents can inhibit the fouling of AuNPs on the microfluidic walls. With the automatic
control of programs such as concentrations of reagents and flow rates, the property of synthesized

AUNPs can be easily controlled.
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Target 2. Online synthesis of AuNPs with 3D microreactor

coupled with characterization by chemiluminescence

Properties and applications of AUNPs - state of the art

The surface area to volume ratio of AuNPs with a small size (1 - 100 nm) is exceptionally high,
and most of the atoms forming the particle remain on the surface, which is important for
applications such as catalysis [79]. AuNPs can provide an excellent three-dimensional scaffold for
labeling. Due to the free electrons from the conduction band, functional groups that bind to AuNPs,
such as amines and thiols, can be used for the conjugation of proteins and other biomolecules with
AuUNPs [10, 80]. Therefore, AUNPs have been used in many biomedical applications, such as
selective photodynamic therapy [81], carriers for drug delivery and release [80, 82], immunoassay
[83, 84], bioanalysis [85, 86], in vitro/in vivo imaging [87, 88].

AUNPs exhibit interesting optical properties, enabling them to be used as functional dyes in
different fields (such as sensing and imaging). The solution of AuNPs has a very strong absorption
capacity and shows different colors according to the size and shape of the nanoparticles. The color
of AuNPs is attributed to the collective oscillation of free conduction electrons caused by the
interacting electromagnetic fields. This phenomenon is surface plasmon resonance (SPR) [54], as

shown in Figure 0.11.

light

Electric field

e & e-
AuNP AuNP P
Electron cloud

Figure 0.11 Schematic representation of localized surface plasmon resonance of metal nanoparticles by
oscillating conduction electrons across the nanosphere in an electromagnetic field.

The surface plasmon absorption frequency and width are related to many factors. The

nanoparticles’ shape and size, the dielectric constant of the metal, and the surrounding environment
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are the most critical factors. The aggregation of AuNPs leads to a significant redshift of the SPR
frequency, a widening of the surface plasmon band. And due to the plasmon coupling between the
particles, the color of the solution changes from red to blue. This property makes them suitable in
colorimetric sensors [89]. When analyte molecules are added, AuNPs will be induced to aggregate
or dissociate. When the distance between particles is smaller than the average particle size of
AUNPs, the color will change from red to blue, showing aggregation, which can be easily observed
with the naked eye [90]. In addition, a UV-Vis spectrophotometer can be used to record the
changes. Moreover, when the pH or ionic strength of the AuNPs surface changes, the process of

aggregation and redispersion may form a circle [64].
AuNPs in CL analysis systems - state of the art

CL is a phenomenon where energy from chemical reactions generates excited molecules, and they
return to the ground state with light emitted. Therefore, there is no need for an excitation source
and optical filters in CL-based analytical systems compared with other optical techniques like
fluorescence or surface-enhanced Raman spectroscopy. Hence, CL was widely applied in
analytical chemistry for sensitive quantification of contaminants in environmental or food samples
and diagnostics. The advantages are the creation of simple portable instruments usable for field

measurements, low costs, easy to automate the analysis procedure, and high sensitivity [91].

Many different CL analytical systems have been developed, and the main CL reagents include
Ru(bpy)s?*, lucigenin, peroxyoxalate derivates, and luminol. Luminol is a low-cost substrate, and
it has become the most commonly used reagent in CL reaction since it was first reported in the CL
phenomenon in 1928. The CL reaction involves the oxidation of luminol in the presence of a
catalyst under alkaline conditions to generate the excited 3-aminophthalate ions. The excited ions
emit blue light of 425 nm when they return to the ground state. The mechanism for the CL reaction
with luminol has been proposed, which includes three basic reaction steps: (1) deprotonation of
luminol and then it is oxidated to the anionic luminol radical (L™); (2) the radical anion is further
oxidated to a peroxyketal derivative, the peroxide intermediate; (3) the key intermediate is
decomposed to 3-aminophthalate with emission of light [92]. Among them, step 1 was considered
to be the rate-determining step of the reaction. The commonly used oxidants include CIO™, Ce(1V),
H202, 1047, MnO4 and Br2. NaOCI was one of the first oxidants applied in the luminol CL system.

The reaction could emit sufficient light and show visible luminescence in university laboratories
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[93]. The oxidation reaction can be catalyzed by enzymes (horseradish peroxidase), metal ions
(Fe?*, Fe%*, Co?*, Hg?*, Cu?*, Cr?*, Mn**, Ni?*) or certain metal complexes (ferrocene, ferricyanide)
[94].

In order to improve sensitivity and stability, CL research has expanded from traditional molecular
systems to nanoparticle systems. Metal nanoparticles can be used as a catalyst, luminophore,
reducing agent, or energy acceptor in the CL reaction, mainly due to the large surface area and
special structure of nanomaterials [95]. AuNPs were first reported to be applied in the luminol-
based CL system by Cui in 2005 [96]. It was speculated that the enhancement mechanism of
AUNPs on luminol-based CL was derived from the catalysis of AuNPs. When AuNPs were added,
they facilitated the radical generation. A further electron transfer occurs on the surface of AUNPs
between L™ and O>" radicals to produce the key intermediate peroxyketal derivatives, which leads
to an increase in CL [96]. The possible mechanism of the whole process was shown in Figure 0.12.
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Figure 0.12 Possible mechanism for the CL system with and without AuNPs.

Some researchers have tried to develop an enzyme-free analytical application of the luminol-based

CL reaction catalyzed by AuNPs. The CL signal can be inhibited by some organic compounds
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which could interact with AuNPs. Thereby the molecules with -OH, -NH>, and -SH groups can be
detected with high sensitivity by this CL inactivation effect. For example, L-cysteine is detected
because it can greatly inhibit the CL signal of AuNPs-luminol-H20. system [97]. AuNPs-Luminol-
104 is applied for the determination of polyphenols by means of the CL quenching effect [98].

In addition to acting as a catalyst, AUNPs can also be used as a label in CL systems. It was reported
that AuCls has a strong catalytic activity when it is anchored on the biomolecules, and the CL
signals are proportional to the concentration of AuCls". Therefore, the enlarged AuNPs can be used
as probes for biomolecules. When the AuNPs were dissolved by acid, the released Au®* can be

detected by CL in the presence of luminol [99].

AUNPs can be the reductant in redox CL reactions. Various reductants could reduce KMnQO4 to
generate the excited state Mn(I1)*, emitting light at approximately 610 - 660 nm when it returns to
the ground state. AUNPs smaller than 6.0 nm can quickly reduce KMnOys in an acidic medium and
emit light near 640 nm. AuNPs are oxidized to Au®* in the AUNPs-KMnOs-H2SO4 system [100].

AuUNPs can absorb a range of light because of the SPR. When the CL spectrum overlaps with the
absorption spectrum of AuNPs, there will be a significant decrease in the CL signal, called the CL
resonance energy transfer process. Histone was detected by inhibiting the CL resonance energy

transfer process in the lucigenin - H2O, system [101].

AUNPs can also be excited by redox reactions. In the presence of the bis(2,4,6-trichlorophenyl)
oxalate (TCPO)-H20,, AuNPs with a diameter of 2 to 6 nm were found to show CL at ~415 nm
[102]. In the KIOs-NaOH-Na>COs system, AuNPs lead to the formation of luminescent
intermediate Au'* complexes, carbon dioxide dimers, and singlet oxygen molecular pairs on the
surface of AuNPs [103].

In the presence of AuNPs, luminol can react with AgNOs to produce CL at 425 nm. Under the
catalysis of AUNPs, AgNOs reacts rapidly with luminol to generate Ag and luminol free radicals,
which react with dissolved oxygen and emit light. Then, as Ag atoms were immediately deposited
on the surface of AuNPs, the catalytic activity decreased, resulting in a sharp drop in CL intensity
and slow growth of the core and shell of the nanoparticles [104]. It was reported that dispersed
AUNPs could produce weak CL, while aggregated AuNPs can produce strong CL in the luminol-

AgNOssystem [105]. This phenomenon was also applicable in the luminol-H2O2 analysis systems.
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Fibrillar fibrin is detected in the AuNPs CL system because of the interaction between fibrinogen

and AuNPs, and the aggregated AuNPs generated strong CL signals [106].

A simple way to cause aggregation of AuNPs is to add some salt to screen the repulsion of AuNPs.
Some homogeneous methods have been developed according to this phenomenon. The principle
is shown in Figure 0.13. Molecules like O-phosphorylethanolamine (PEA) [107], single-strand
(ss) DNA [108] can adsorb to the surface of AuUNPs and protect them from aggregation in salt
[109]. The target molecule should have strong affinity to these protecting molecules. When the
target molecule is absent, the protecting molecule will adsorb on the surface of AuNPs and inhibit
the aggregation in salt. Therefore, the dispersed AuNPs generate a weak CL signal. If there are
some target molecules in the system, they will bind to the protecting molecules. In this case, there
are insufficient protecting molecules to stabilize AuNPs in salt, which causes aggregation. Hence,
aggregated AuNPs generate a strong CL signal.

AuNPs

) Binding
With target. . ’ CL reagents
_— > 4
S . Salt »

Aggregated AuNPs

Protecting molecule AUNPs Strong CL
N\ Without target . . CL reagents
L]
Salt . .
& Weak CL

Protecting molecule interact
on the surface of AuNPs

Figure 0.13 Scheme of homogeneous CL assay using AuNPs probe and protecting molecule.

This method was applied for the detection of C - reactive protein (CRP) by PEA [107]. PEA can
adhere to the surface of AuNPs and act as protecting molecule to prevent aggregation of AuNPs
in salt. Once the CRP - PEA reaction occurs, AuNP will aggregate and show a strong CL signal.
An alternative is sSSDNA which can also adsorb to the surface of AUNPs and inhibits aggregation.
After adding a complementary target DNA, the ssSDNA probe will be removed by the hybridization
reaction, resulting in the aggregation of AuNP and a stronger CL. Therefore, free sSSDNA can be
detected [108].

Many studies have demonstrated no positive or negative correlation between CL signals and sizes
of AuNPs [96, 98, 104, 110-113]. The ranking of the catalytic properties of AuNPs in different CL
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systems were summarized in Table 0.2. Additionally, the optimal size of AuNPs depends on
different CL systems [96, 98, 104, 110-113]. For example, in the luminol - H>O> system, the 38 nm
AUNPs showed the best catalytic performance among the tested AuNPs [96]. However, in luminol-
ferricyanide and luminol-hydrazine CL systems, the most intensive CL signal is obtained using
25 nm AuUNP and 15 nm AuNP, respectively [110, 111]. Due to the limited number of AuNPs

tested and various CL systems, it is difficult to determine the best AUNPs with a specific size.

Table 0.2 The ranking of the catalytic properties of AuNPs in different CL systems.

CL system Ranking of the catalytic properties of AUNPs Ref
Luminol-H20; 38 nm > 25 nm > 16 nm > 68 nm > 99 nm > 6 nm [96]
Luminol-ferricyanide 25 nm> 39 nm > 16 nm > 71 nm > 11 nm [110]
Luminol-hydrazine 15 nm > 6 nm > 26 nm > 44 nm > 57 nm [111]
Luminol-AgNOs 8 nm > 16 nm > 25 nm > 38 nm > 68 nm [104]
Luminol-NalOx 4nm > 6nm > 16 nm [98]
HCO4-eosin Y 50 nm > 33nm > 22 nm > 61nm > 16 nm > 14 nm [112]

In addition, the morphology of AuNPs affects their catalytic performance in CL reaction.
Aggregated AuNPs were found to induce a higher signal in CL reaction with luminol than
dispersed ones [108, 109, 114]. Besides the size and shape, AuNPs with different surface charge
properties also display various functions in CL reaction [109]. Cationic AuNPs or AuNPs with
lower negative charge density have been proved to exhibit higher catalytic activity [107, 109, 114].
Due to all these variables, it is difficult to confirm the optimal AuNPs for a certain CL reaction.
According to our knowledge, researchers only buy commercial AuNPs or produce them batch-
wise. Only limited kinds of AuNPs were tried in a CL reaction. Therefore, it is crucial to develop
an online monitoring system that can easily control the property of AuNPs during synthesis and

immediately inspect the catalytic CL activity.
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Online synthesis coupled with characterization

In order to characterize AuNPs, many techniques have been developed in the past few decades and
used to study optical properties, size, shape, morphology, structure, and surface chemistry of
nanoparticles. For example, transmission electron microscopy (TEM) and scanning electron
microscopy (SEM) can determine size and morphology. In addition, size exclusion
chromatography [115] and gel electrophoresis [116] can provide information about size
distributions, while nuclear magnetic resonance spectroscopy [117] can characterize the surface
chemistry of nanocrystals. Moreover, optical spectroscopy (such as UV-Vis spectroscopy,
fluorescence spectroscopy, Raman spectroscopy, and infrared spectroscopy) can be used to
understand the optical properties and surface chemistry of AuNPs. Traditionally, these analysis
technologies have been considered offline technologies. However, with the development of new
miniaturized systems and the decline in equipment costs, it has become possible to integrate a

dedicated analysis system into a flow reactor.

Making full use of microfluidic synthesis procedures requires real-time information about the
progress of the reaction. Appropriate changes can be made to the reaction conditions during the
synthesis to optimize size distribution or physicochemical properties. Optical technology is
particularly easy to integrate with microfluidic chips due to its non-invasive nature, and it can
obtain instant information about the properties of AuNPs [118].

Online synthesis within a microreactor and catalytic characterization of AuNPs in a CL analysis
system can be a new method for confirming synthesis conditions of optimal AuNPs, and it has
never been tried before. The catalytic activity of the synthesized AuNPs can be changed through
different synthesis conditions, and can be directly characterized by a CL reaction for further
application.
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Target 3. Develop a 3D microfluidic flow-injection platform
with AuNPs catalyzed CL for aptamer-based homogeneous

assays

AuNPs and aptamer in homogeneous assay - state of the art

Aptamers are single-stranded DNA or RNA oligonucleotides that can specifically bind to various
target molecules (such as proteins, nucleic acids, metal ions, and other small molecules) with high
affinity, selectivity, and sensitivity [119]. Aptamers can be produced in large quantities through
chemical synthesis. Compared with antibodies, aptamers have the advantages of high stability,
easy synthesis, and low cost. In combination with AuUNPs, it provides the possibility for
homogeneous CL assays. Compared with CL heterogeneous assays, homogeneous detection has
attractive features. It eliminates the complicated separation process. Moreover, the identification
and signal output process are faster and more efficient. Furthermore, it can avoid non-specific
binding with a low background signal [120].

Due to their excellent properties, AUNPs are the most popular nanomaterials in aptamer-based
assays. The combination of aptamers and AuNPs through chemical adsorption or physical
adsorption has been well developed [121, 122]. These properties of AuNPs contribute to the
construction of simple, efficient, and sensitive aptamer-based sensors (devices used to record the
existence or change of something in the environment). Compared with natural receptors (such as
antibodies and enzymes), aptamer-based sensors have unique advantages in various applications.
The formation of the aptamer-based sensor can be easily regulated by using complementary
sequences. After adding the target molecule, the competitive interaction between the aptamer,
complementary DNA, and target can easily destroy the aptamer-complementary DNA complex.
The easy modification and labeling of aptamer sequences are another advantage. They can be
easily immobilized on solid supports. Therefore, aptamer-based analysis can also be applied in a

microarray platform [123].

Colorimetric detection is a very attractive method because of its simplicity and low cost, making
it particularly suitable for immediate detection. Since the Mirkin's group first reported the use of
AUNPs for colorimetric DNA detection [124], AuNPs have been most commonly used to develop

colorimetric aptamer-based sensors due to their unique properties. The dispersed AuNPs are red
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when observed with naked eyes and purple after aggregation. As the distance between AuNP

particles decreases, the formation of a network of AuNPs results in a red to purple color change.

The mentioned property can be applied in sensors with three different strategies. The first strategy
is to use two aptamers, which are called the dual aptamer, binding to the different sites of a target,
as shown in Figure 0.14 a. AuNPs are modified with the dual aptamers and kept in a dispersed
state with red color. The target can generate an AuNPs network when combined with dual aptamers.
Therefore, the color of AuNPs turns purple. The limitation of this strategy is that only a few dual
aptamers have been reported for the target. The second format is based on the interaction between
complementary DNA and aptamer to form a network. In the presence of the target, the AuNPs
network is destroyed by combining the aptamer and the target, resulting in a purple to red change,
as shown in Figure 0.14 b. With these two strategies, AUNPs have to be modified with the aptamer
beforehand.

Another strategy is based on the aggregation of AUNPs by controlling the surface conditions shown
in Figure 0.14 c. AuNPs in suspension are usually stabilized by anions adsorbed on their surface.
The induced electrostatic repulsion between AuNPs is stronger than the van der Waals attraction
between AuNPSs. Salt usually induces the aggregation of AuUNPSs because it reduces the electrostatic
repulsion between AuNPs. When aptamers adsorb on the surface of AuNPs, the aggregation of
AUNPs can be inhibited under high salt conditions. Compared to the other strategies, this one was
much easier. In an analytical application, aptamer concentration must be optimized in case

insufficient aptamer cannot protect AUNPs well.
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(b)

AuNP Target with dual aptamers Aptamer Second aptamer Complementary DNA Target

Figure 0.14 Strategies of the aptamer-based homogeneous assays with (a and b) modified and (c)
unmodified AuNPs.

Micromixers - state of the art

In the design of microfluidic platforms, mixing is usually a critical issue, especially in homogenous
assays. Due to the size of micro-level flow channels and low flow velocities, the fluid movement
is laminar, and the mixing mainly depends on diffusion [125]. Therefore, the mixing efficiency of
microfluidic platforms is very low. In order to solve this problem, the strategy is to impose
interference on the flow field to improve the mixing efficiency. According to how the interference

is applied, mixing can be divided into active mixing and passive mixing [126].

Active mixing, which exerts an additional effect on the flow field through external forces, can
regularly disturb the flow field to improve the mixing efficiency [127]. All the forces that can
affect the flow field can be used as the driving force for active mixing, including magnetic force
[128], sound waves [129], microwaves [130], or electric fields [131]. The design of active mixers
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that use magnetic force involves magnetic stirring beads with an external rotating magnetic field
as a driving force to stir the fluid to be mixed. For a mixer driven by a sound field, ultrasonic waves
are often used as a driving force that can drive a vibrating membrane to disturb the flow field and
improve mixing efficiency. The principle of a mixer using an electric field is to use a changing
direct currency electric field to generate electroosmotic flow in the fluid, which drives and mixes
the fluid. Active mixers have the advantages of small size, simple structure, and high mixing
efficiency. However, its shortcomings are also obvious. Additional equipment is required to
provide driving force, which greatly increases the cost of microfluidic chips. Also, the portability
of the chip no longer exists. In addition, the mixing process requires specialized operation and
control, which is very difficult for ordinary users and makes the microfluidic chip a product that
can only be used in professional laboratories. Moreover, the external driving force will inevitably
produce a heating effect on the fluid in the micromixer, which may negatively influence certain
chemical reactions and biological activity. All these inherent defects limit the use and development

of active mixers in the application field.

The passive mixer improves the mixing efficiency by changing the flow field through the special
design of the flow channel shape [132]. When the fluid flows through the local structure, a local
pressure loss occurs. This part of the pressure potential energy is converted into kinetic energy,
which redistributes the velocity field and plays a role in stirring the fluid. According to the
microchannel geometric structure, the passive micromixer can be divided into the branched and
non-branched types [133]. Examples of branched and non-branched mixer are shown in Figure
0.15aand b.

(a)

(b)

Figure 0.15 Example of (a) branched and (b) non-branched mixer.
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The design strategy of the branched mixer is to split the main channel into two or more channels
which will be merged into the main channel to form a mixing unit. Each mixing unit can be
designed separately. Finally, a complete micromixer structure is composed of multiple mixing
units. The internal fluid is split and reorganized. In this process, the redistribution degree and range
of the velocity field have increased, resulting in an increase in mixing efficiency. The geometric
feature of the non-branch mixer is that there is only one mixing microchannel. The geometry of
the channel is usually designed with sharp corners and obstacles to change the velocity in the flow
field, increase the relative movement between fluids, and enhance the diffusion strength of the
fluid. As a passive mixer can achieve efficient mixing without additional force, its costs for
equipment are much lower than that of the active mixer. In addition, passive mixers require neither
very sophisticated operation procedures nor specialized laboratories. Therefore, passive mixers
could find their way in microanalytical systems for end user-friendly applications.

The passive mixer can be applied in 2D and 3D microfluidic chips, and 3D micromixers usually
have better performance due to the extra mixing space. A 3D passive mixer can be fabricated
efficiently using the developed laminated method without expensive instruments. Additionally, a
3D mixer can perfectly fit below the CCD camera and offer a space for a homogeneous assay.
AuNPs with optimal catalytic activity can be combined with an aptamer for specific analytic
detection. A novel detection platform can be developed in the 3D micromixer with AuNP-

catalyzed CL for aptamer-based homogeneous assays.
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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 devicesin a rapid, cheap and easy way.

Keywords: 3D hydrodynamic microreactor; cutting plotter; laser and heat free; gold nanoparticles
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1.1 Introduction

Microfluidic technology has been developed rapidly in recent decades and offers numerous
applications in different scientific and industrial areas. Miniaturized systems offer unique
advantages, including high analytical throughput, enhanced sensitivity, reduced reagent volumes
and they are easy to couple with analytical instruments [1]. 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 required [2]. Additionally, both materials are fragile and too expensive to be used for
disposable devices. Therefore, polymers started to be used as an attractive alternative material, due
to their low-cost, wide range of mechanical and chemical properties, flexibility and easy
processing possibilities [3]. The most popular polymers 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
traditional fabrication techniques used for microfluidic chips is soft lithography with PDMS
structures made from SU-8 molds [4]. The basic procedure consists of photolithography, 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 crucial to establish rapid prototyping and
low-cost alternatives for the fabrication of micro-devices [5]. Non-lithographic fabrication
techniques are a potential alternative to produce micro-devices for researchers who have difficulty
to access specialized fabrication facilities and equipment. Rapid cutting by a plotter, also known
as Xurography, is one of the non-lithographic techniques using a drag knife printer to generate the
master molds, or to directly fabricate the micro-devices [6]. Compared with other non-lithographic
methods such as LaserJet [7, 8], inkjet printers [9] and 3D printing [10], using a cutting plotter 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
[11]. Two of the most common and straightforward bonding methods are adhesives and thermal
bonding. However, thermal bonding is not possible with all materials. The main disadvantage of
thermal bonding is the possible warping of features from the heating or cooling. Except for 3D

printing, layered devices are the fastest and easiest way to fabricate microfluidic channels for most
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applications. 3D printed microfluidic devices are limited to straight channels and the way to
remove the support material could damage the channel [12]. Furthermore, transparent materials
can be used in laminated chips for applications such as chemiluminescence and fluorescence, and
it is almost impossible to optically observe the inside of a channel for 3D printing. Recently used

microfluidic chips manufactured by the lamination method were summarized in Table 1.1

Table 1.1 Summary of laminated method for fabrication of microfluidic chips.

Cutting

Material
methods

Bonding methods  Drawbacks Ref

Laminating pouches Cutting  Thermal lamination

. 1
(Scotch TP3854) plotter machine [13]
Polyethylene Cutting  Thermal lamination Warping of features from [14]
terephthalate (PET) film plotter machine the heating or cooling
Film of fluoropolymers Cutting Heat and pressure [15]
plotter
Poly(dimethylsiloxane)  Cutting . . .
(PDMS) membranes olotter Plasma bonding Time consuming [16]
Polymethylmethacrylate o
olymethylmethacrylate | qar "
(PMMA) Double-sided tape [8]
Bulges form around
_ _ microstructure and the laser
Acrylic  sheets and CO; Adhesive transfer |oayes significant debris and [17]
Hybrislip™ sheets laser tapes

pyrolysis products

Polymethylmethacrylate CO>

Thermocompr r 7
(PMMA) laser ermocompresso [7]

Synthesis of nanoparticles is a popular application for microchips with narrower size distributions
and faster reaction rates compared to conventional batch synthesis [18-21]. However, significant
fouling of the micro-channels is often observed due to deposition of nanoparticles onto the reactor
walls [18]. In an ideal flow focusing device, the central flow should be compressed both

horizontally and vertically in order to obtain uniform fluid velocity which is also called three-
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dimensional (3D) focusing. In this case, sheath streams can insulate nanoparticles from channel

walls and fouling can be avoided [22].

In this work, we propose an easy, cheap, rapid and universal way for the fabrication of laminate
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. It is a strategy to develop highly flexible plastic microreactors without masks and
molds [23] and cleanroom requirements due to the absence of lithographic methods is 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
microfluidic device is applied to produce 3D hydrodynamic focusing microreactors for synthesis
of gold nanoparticles (AuNPs) without fouling. The flow-based reaction was based on the online
reduction of Au(l11) with ascorbic acid (AA). AuNPs were synthesized at room temperature, unlike
with citrate solutions where heating is required [24]. Compared with the strong reducing agent
sodium borohydride (NaBH4), 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
[25, 26].

1.2 Materials and methods

1.2.2 Devices and software for fabrication of microchip

The layout of the microreactor was designed with the software CorelDRAW. The CorelDRAW
plug-in Cutting Master 3 from Graphtec Corporation (Yokohama, Japan) was used for
communication with the cutting plotter. The digital cutting plotter (Graphtec CE6000-40) was
supplied by Graphtec Corporation (Yokohama, Japan) to slit chips into sheets. Cutting conditions
and settings were executed via the Cutting 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.
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1.2.1 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 90106)
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.

1.2.3 Synthesis of AuNPs

PVP-capped colloidal AuNPs were synthesized by the reduction of tetrachloroaurate (I11) ions via
AA as described elsewhere [27]. Gold(lIl) chloride trihydrate (HAUCls -3H20)(> 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 HAuUCI; solution
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 solution 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, Columbus, 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 reagents to change the pH in the microreactor
channel. The syringes then pushed the reagents into the channel at a controlled 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 ul, 520 ul, 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) connected to a 6-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
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cleaning solution. The glass syringes were operated by three custom made pumps (GWK
Pr&isionstechnik, 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, 100x magnification) (Traveler USB
Mikroskop, Supra, Germany). The synthesis and washing processes with different conditions can
be controlled and modified in the Matlab program. In this way, all operations could be performed
in an automated way. The combined setup is shown in Figure 1.1. All waste was collected by a
specific company and disposed of in an environmentally friendly way.

Product

N g
74 W

Microreactor

Wasl:]ing Sheath flow Water Central flow Waste
solution

Figure 1.1 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.

1.2.4 Characterization of AUNPs

A SPECORD 250 PLUS UV/Vis spectrometer (Analytik Jena, Jena, Germany) was used to record
the UV-Vis 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 reference sample. Scanning electron

microscopy (SEM) images were acquired on a model Sigma 300 VP microscope (Zeiss Gemini).
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The samples were analyzed with an InLens detector using an acceleration voltage of 10 kV, a 30

|um aperture and a working distance of about 1.4 mm.
1.3 Results and discussion

1.3.1 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 [28]. The hydrophobization of inner walls of the reactor through silanization is a general
method to suppress fouling in glass chips [18, 25]. 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 [29]. 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 [30]. Besides the material itself, the application of a 3D hydrodynamic flow by focusing the
central stream with the sheath streams as shown in Figure 1.2 a 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 1.2 b 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 were shown in Figure S1.1. 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.
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(a) mixing area (b)

~ PSA AN

sheath flow
central flow *PMMA

Structure of microchip

sheath flow

focused central flow
Liquid in channel

Figure 1.2 (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 center. (b) Preparation scheme for the laminated 3D flow focusing device: (i) central layer

sheets; (iv-v) sheath 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 device.

One layer of the microfluidic reactor was processed by a cutting plotter as shown in Figure 1.3 a.
(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, 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 correctly. 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 Figure 1.3 b. (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
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repeating the above steps. The images of each step for fabrication of microreactor were shown in

Figure 1.3 c.

a . . :
(&) ! reusable cutting mat I blade

remove excess
cut pattern

(double-sided pressure sensitive adhesive)

(b) i roIIe

i adhesive PSA

alignment mold tool
put PSA in mold  remove protective layer apply PMMA exert pressure with roller

completed device with

threaded holes to connect tubes
remove protective layer

L and apply PMMA with pressure

cut PSA put PSA in mold

Figure 1.3 (a) Process scheme for cutting one layer of the chip: (i) the PSA attached on a reusable cutting
mat, (ii) 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 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. (c) Process image for cutting layers and assemble them together to get a complete device.

1.3.2 Comparison of 2D and 3D microreactor

Ouir first flow-based microreactor was designed as depicted in Figure 1.4 a. 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 AuUNPs, there were some challenges to be
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addressed. First of all, some small bubbles stuck in the interface and then converged into a big one
as shown in Figure 1.4 a. The big bubble could not be flushed out by liquid. In this case, it
interfered with the flow pattern and interrupted the continuous production. Secondly, the central
PSA layer was so thin that it did not offer enough space for mixing. Synthesized AuNPs easily
fouled on the wall and finally blocked the channel. Additionally, 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 Figure 1.4 b. In this case, no bubbles
blocked the channel. Additionally, 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 in
Figure 1.4 b.

Figure 1.4 Design of microreactors 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 reactant stream flow rates (HAuUCls/AA) were 1/10 ul/s. The pH of
the reducing agent was 8.

1.3.3 Effect of various interfaces

The interface was defined as the region where the central stream and the sheath streams start to

mix (Figure 1.5 a and b). This is a crucial part, where the reaction begins to take place and is easy
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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 (Figure 1.5 c), bevel (Figure 1.5 d) and right angle (Figure
1.5 e). It was shown that there was some fouling on the semi-circular interface (Figure 1.5 c)
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 Figure 1.5 d. Therefore, the interface was changed to right angle
(Figure 1.5 €). Small bubbles were easily flushed away because the right angle did 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 was shown in Figure S1.2. The effect of flow rates on the focus stream was

also investigated in Supplementary Materials.

bubbles interrupt flow and cause fouling

(c)

(d) I ‘
(e)
!
i
no fouling

Figure 1.5 (a) Scheme of microreactor with central flow (HAuCls4, 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 (HAuUCIl/AA)
were 1/10 ul/s. The pH of the reducing agent was 8.

:\9_

foulin? along the wall
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1.3.4 Online synthesis of AUNPs

The optimized 3D microfluidic reactor was used for online synthesis of PVVP capped AuNPs. The
synthesis reproducibility 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 Figure 1.6 a, the absorbance spectra of these 5
syntheses are almost overlapping each other with a band located about 531 nm and absorbance of
0.26 +0.006 a.u. 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 [31]. SEM image showed that the synthesized
AUNPs were quasi-spherical with a diameter of 22.09 +2.26 nm (Figure S1.3).For comparison,
syntheses with the same conditions were done using the previous 2D microreactor. As shown in
Figure 1.6 b, the signal of the first synthesis was lower which means that part of the nanoparticles
were fouling in the channel. The second synthesis showed a broad band indicating aggregated
AuUNPs 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.
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Figure 1.6 UV—Vis spectra of the AuNPs synthesized in the (a) 3D microreactor and the (b) 2D
microreactor. 5 syntheses were carried out using the same device and same reactant conditions and the
number in the figures represent the number of synthesis. The reactant stream flow rates (HAuCI+/AA) were
3/30 pl/s. The pH of the reducing agent was 8.46.
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Effect of the pH of the reducing agent. The size of the AuUNPs mainly depends on the initial pH of
the AA solution [18]. 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 Figure 1.7 a. From the overall view, there was a shift to a lower wavelength from 563 nm 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 fullwidth at half maximum (FWHM)
of SPR band [32]. The resulting spectra can be separated into three areas- low 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 corresponding position (low pH to high wavelength
and high pH to low wavelength). As shown in Figure S1.4, 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 [33]. AsH2 dominates the solution 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 concentration. 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.

Effect of the reagent concentrations. The concentration of reagents may affect the size of AuNPs.
In Figure 1.7 b, the increased concentration of AA caused a shift to lower wavelength with higher
reducing power. In Figure 1.7 c, 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 nm to 529 nm and the FWHM
decreased from 97 nm 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.

Effect of the flow rate on nanoparticle synthesis. The UV-Vis absorbance spectra using different

flow rates are shown in Figure 1.7 d. With increase of the flow rate, the spectra are shifted from
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530 nm to 518 nm and the maximum absorbance 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 HAuCI4 solution which in turn could increase the nucleation
rate [26]. The more nucleation sites, the higher number of nanoparticles. With the same amount of
gold precursor, a smaller size of nanoparticles 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 S1.5.

0.30
1(a) ——pH 4.30 0.30
0.25 ‘ 1
| 0.25 +
S 0.20 S ]
e | & 0204
& 015 g |
g | § 0.15-
2 ; £ ]
o] (o)
2 0104 2 0.10-
< ] < ]
0.05 + 0.05 +
0.00 + 0.00
400 500 600 700 800 200 400 500 600 700 800 200
Wavelength (nm) Wavelength (nm)
1.2
1 (c) —— 1 mM HAUC, 0357 (d) —1ulis
1.0 —— 2 mM HAuUCI, 0.30 -
T —3mMHAWCI, | _ ]
S 0.8 ——4mMHAUCI, | S 0.25-
£ h ]
@ @
S 06 g 0.20-
© [$v] 1
£ ] £ 0154
2 0.4 ~ = ]
< ] < 0.10
0.2 1
| 0.05 -
0.0 0004
400 500 600 700 800 900 400 500 600 700 800 200
Wavelength (nm) Wavelength (nm)

Figure 1.7 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
gold precursor, (d) keeping the flow rate ratio (gold precursor: reducing regents, 1:10) and changing the
flow rate of gold precursor.
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1.4 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 different applications. The assembly of the devices was
carried 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 completed in minutes without the need of expensive equipment.
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 available. The results presented in
this paper show the successfully 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 properties of nanoparticles
vary from batch-to-batch. Also, the microfluidic reactor makes it possible to do online synthesis
and characterizing or detection [34]. This method of flow-based plastic microfluidic chips
construction can be adapted for methods of many different fields, such as pharmaceutical analysis
[1], cellomics [35] and flow cytometry [36, 37].
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Abstract

Chemiluminescence assays have shown great advantages compared with other optical techniques.
Gold nanoparticles have drawn much attention in chemiluminescence analysis systems as an
enzyme-free catalyst. The catalytic activity of gold nanoparticles for chemiluminescence sensing
depends on size, shape and the surface charge property, which is hard to characterize in batches.
As there is no positive or negative correlation between chemiluminescence signals and sizes of
gold nanoparticles, the best way to get optimal gold nanoparticles is to control the reaction
conditions via online chemiluminescence sensing systems. Therefore, a new method was
developed for online synthesis of gold nanoparticles with a three-dimension hydrodynamic
focusing microreactor, directly coupled with a microfluidic chemiluminescence sensing chip,
which was coupled to a charge-coupled device camera for direct catalytical characterization of
gold nanoparticles. All operations were performed in an automatic way with a program controlled
by Matlab. Gold nanoparticles were synthesized through a single-phase reaction using glucose as
a reducing agent and stabilizer at room temperature. The property of gold nanoparticles was easily
controlled with the three-dimension microreactor during synthesis. The catalyst property of
synthesized gold nanoparticles was characterized in a luminol-NaOCI chemiluminescence system.
After optimizing parameters of synthesis, the chemiluminescence signal was enhanced to a factor
of 171. The gold nanoparticles synthesized under optimal conditions for the luminol-NaOCI
system were stable for at least one month. To further investigate the catalytic activity of
synthesized gold nanoparticles in various situations, two methods were used to change the property
of gold nanoparticles. After adding a certain amount of salt (NaCl), gold nanoparticles aggregated
with a changed surface charge property and the catalytic activity was greatly enhanced.
Glutathione was used as an example of molecules with thiol groups which interact with gold
nanoparticles and reduce the catalytic activity. The chemiluminescence intensity was reduced by
98.9%. Therefore, we could show that using a microreactor for gold nanoparticles synthesis and
direct coupling with microfluidic chemiluminescence sensing offers a promising monitoring

method to find the best synthesis condition of gold nanoparticles for catalytic activity.

Keywords: gold nanoparticles; online; chemiluminescence; catalyst characterization; microfluidic

chip
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2.1. Introduction

Chemiluminescence (CL) is a phenomenon in which a specific molecule gets energy from a redox
reaction and is excited. The molecule emits light when it returns to a ground state. As there is no
need of an excitation source and optical filters, it shows great advantages compared with other
optical techniques, such as low cost, simple instrumentation and easy automation [1]. Moreover,
the high sensitivity, and wide linear range make CL-based assays applicable in different scientific
and industrial areas [2]. Enzymes are used in most CL methods as a catalyst, such as horseradish
peroxidase and alkaline phosphatase [3]. However, enzymes have the disadvantages of short
lifetime and low stability, which means they are easily denaturalized. Moreover, enzymes are
usually expensive with a complex labeling procedure [4]. Recently, precious metal nanomaterials
have participated in the CL reaction, which improved performance of the CL system [5]. Among
these nanomaterials, gold nanoparticles (AuNPs) have attractive properties, such as easy
preparation and modification, stability, large surface area to volume ratio, and good
biocompatibility, which have attracted researchers’ attention [6]. Some researchers have applied
AUNPs as a catalyst in a CL system [7-9]. The catalytic activity of AuNPs with different sizes was
systematically investigated in luminol-H202 CL reactions by Cui’s group [10]. It was found that
AuNPs with different sizes had different enhancement of the CL signals. However, there is no
positive or negative correlation between CL signals and sizes of AuNPs. In other CL systems,
studies have also shown that there was no direct relationship between the size of AUNPs and signal
intensity [7, 8, 10-14]. Additionally, the optimal size of AuNPs depends on different CL systems
[7, 8, 10-14]. For example, in the luminol-H20. system, the 38 nm AuNPs showed best catalytic
performance among the tested AuNPs [10]. However, in luminol-ferricyanide and luminol-
hydrazine CL systems, the most intensive CL signal was obtained by using 25 and 15 nm AuNPs,
respectively [7, 11]. Due to the limited number of AuNPs tested and various CL systems, it is
impossible to determine the best AUNPs with a specific size. In addition, the morphology of AUNPs
affects their catalytic performance in CL reactions. Aggregated AuNPs were found to induce a
higher signal in CL reactions with luminol than dispersed ones [15-17]. Besides their size and
shape, AuNPs with different surface charge properties also display various functions in CL
reactions [16]. Cationic AuNPs or AuNPs with lower negative charge density have been proven to
exhibit higher catalytic activity [16-18]. Due to all these variables, it is difficult to confirm the

optimal AuNPs for a certain CL reaction. Although the most effective AuNPs for a specific CL
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reaction have not been determined, AuNPs have been successfully used in many practical
applications, as shown in Table 2.1. Even though 38 nm AuNPs have been proven to show better
catalytic activity in the luminol-H2,O> CL system [10], they were not used in any of these
applications. According to our knowledge, researchers only buy commercial AuNPs or produce
them batch-wise. On the one hand, no one can determine which AuNPs exhibit the best catalytic
activity. On the other hand, there is no simple way to control the size of AUNPs during the synthesis
process. Therefore, it is crucial to develop an online monitoring system which can easily control
the property of AuNPs during synthesis and immediately inspect the catalytic CL activity.

Table 2.1 Practical applications of gold nanoparticles (AuNPs) in different chemiluminescence (CL)
systems.

CL system Size of AuUNPs Application Ref
. D ion of L- ine in ph ical
Luminol-H,0s 13 nm etection of L-cysteine in pharmaceutica [19]
samples
Luminol-H,0, 12 nm Detection of fibrillar fibrin in plasma [20]
samples
31 +3nm Detection of C-reactive protein in serum
Luminol-H,0s etection of C-reactive protein in seru [18]
27 £2 nm samples.
Luminol-H,0, 13 nm Detection of single-strand DNA in plasma [15]
samples
Lucigenin-H.0> 13 3.0 nm Detection of histone in serum samples [21]
Luminol-104~ 4 nm Determination of polyphenols in tap water. [14]
Lumln(_)I- 15 nm Determination of hydrazine in boiler feed [11]
hydrazine water samples.
Luminol-AgNO; 13 nm Detection of antigen with antibody [22]

functionalized AuNPs in serum samples

Microreactors have been exploited by many research groups to achieve rapid and tunable synthesis
of nanoparticles [23-26], fulfilling the promise of automated systems for reaction optimization

[27]. Microfluidic reactors were shown to synthesize products with narrower size distributions and
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faster reaction rates compared to conventional batch synthesis [23]. Extremely short mixing times
can be achieved in microfluidic reactors due to the thin fluid layer thickness [28]. Moreover,
decreased amounts of reagents are used and limited by-products are generated. Microreactors can
even be applied for automated multi-step synthesis [29]. A continuous flow microreactor was used
for the synthesis of AuNPs by Wagner et al. [23]. Significant fouling of the micro-channels was
observed due to deposition of nanoparticles on the reactor walls. Fouling can be relieved by using
focusing flow in which sheath streams can insulate nanoparticles from channel walls. Moreover,
focusing the reaction flow allows formation of more monodispersed particles due to the uniformity
of concentration, residence time and fluid velocity in the center [30]. Recently, our group invented
a flow-focused microreactor for synthesis of magnetic nanoparticles [31]. The laminated three-
dimension (3D) flow-focused microreactor was further developed for synthesis of AuNPs without
fouling [32]. This continuous synthesis method has the potential to couple online with analytical
instruments like inductively coupled plasma mass spectrometry (ICP-MS), flow-based UV-Vis
spectrometers or sensors. For CL sensing, continuous flow injection improves mixing between the
luminol and oxidant, which can result in a higher intensity of CL signal than in a cuvette [9]. Flow-
based methods allow a continuous light emission if luminol; oxidants and catalyst are pumped into
the microfluidic chip constantly. The CL signal in microchannels can be imaged by a CCD camera

for sensing applications.

The principle of online synthesis using a 3D hydrodynamic focused microreactor combined with
microfluidic CL sensing was shown for the first time in this work. The catalytical characterization
of AuNPs produced continuously through a single-phase reaction were directly measured by CL
reactions of luminol and NaOCI in microfluid channels by a CCD camera. NaOCI was one of the
first reagents used to demonstrate luminol CL with brilliant blue emission, and is a convenient
choice in the classroom [33]. The method can be applied to other CL systems in the same way.
AUNPs were synthesized by the reduction of tetrachloroaurate (I11) ions with glucose as reducing
agent and stabilizer and sodium hydroxide (NaOH) adjusting pH [34]. Synthesizing AuNPs with
glucose has never been tried in a 3D microreactor before. Glucose has the advantage that AUNPS
can be synthesized at room temperature, unlike with citrate solutions where heating is required
[35]. Moreover, compared with the strong reducing agent sodium borohydride (NaBH4), glucose
is non-toxic and cannot react with water. The pH value and concentration of glucose has an

important effect on the size distribution and stability of the nanoparticles [36]. Therefore, the sizes
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and properties of AuNPs were modulated by varying the concentration of reagents to obtain
optimal catalytic activity in enhanced CL detection by luminol and NaOCI. The stability of AUNPs
synthesized under optimal conditions was checked for one month. The effect of aggregation and
the surface property of AuNPs on catalytic activity were also monitored by CL imaging after
adding salt and molecules with thiol groups. A possible mechanism for luminol-NaOCI-AuNPs is
shown in Scheme 2.1. AuNPs show catalytic activity with facilitating radical generation and
electron transfer processes on the surface of the AuNPs [10]. AuNPs were stable with negative
charged repulsion. When salt was added, the repulsion was screened with decreased density of
negative charge which resulted in the aggregation of AuUNPs. Therefore, anions can easily interact
with the surface of AuNPs and the aggregated AuNPs show better catalytic performance than the
dispersed ones [17]. Some organic compounds with -SH groups could strongly interact with
AuUNPs, and the amount of radical absorbed on the surface of AuNPs might be reduced, which

might result in the inhibitive phenomenon [37].
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Scheme 2.1 Possible mechanism for luminol-NaOCI-AuNPs CL system.
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2.2. Materials and methods

2.2.1. Materials

Gold (1) chloride trihydrate (HAuUCls -3H20, > 99.9% trace metal basis, Sigma-Aldrich, Munich,
Germany) was used as a gold precursor and D-glucose (Sigma-Aldrich, Munich, Germany) was
used as a reductant with the aid of sodium hydroxide (NaOH, reagent grade, > 98%, pellets, Sigma-
Aldrich, Munich, Germany). Luminol stock solution (4 <1072 M) was prepared by dissolving 3-
aminophthalhydrazide (luminol, Sigma-Aldrich, Munich, Germany) in 0.10 M NaOH and stored
in a fridge for one week before use. The stock solution was diluted with ultrapure water to get the
specific concentration. Sodium hypochlorite (NaOCI, 12% CI) supplied by Carl Roth (Karlsruhe,
Germany) was diluted for the working solution. Hydrochloric acid (HCI, Sigma-Aldrich, Munich,
Germany, ACS reagent) was used to clean the microreactor after synthesis. Stock solution of
glutathione (0.01 M) was prepared by dissolving glutathione (Sigma-Aldrich, Munich, Germany)
in ultrapure water, and it was diluted by ultrapure water to make a working solution. Ultrapure
water was used to prepare all aqueous solutions. The poly (methyl methacrylate) (PMMA) sheets
with a thickness of 0.2 mm were supplied by the company Modulor Material Total (Berlin,
Germany). The double-sided pressure-sensitive adhesive (PSA) tape (ARcare 90106) was supplied
by 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.

2.2.2. Synthesis of AUNPs in 3D microreactor

A laminated 3D hydrodynamic flow-focused microreactor was constructed with PSA tape and
PMMA. The method eliminated cleanroom requirements due to the absence of lithographic
process. The difficulty in designing and fabricating a 3D microreactor was solved by the simple
assembly process of layering precut sheets. This 3D microreactor has been proven to synthesize
reproducible AuNPs without fouling [32]. The microreactor applied for synthesis of AUNPs was
constructed of seven layers of PMMA sheet and PSA tape with 3 inlets for HAuCls, glucose and
NaOH, and one outlet for AUNPs as shown in Figure 2.1 A series of different concentrations of
NaOH (1072 - 1 M) and glucose (3 x107* - 3 x107* M) was tested to see at which concentration

AUNPs were generated.
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Figure 2.1 Scheme of 3D microreactor for synthesis of AUNPs. The microreactor was constructed of seven
layers of alternating PMMA sheets and PSA tapes. The fabricated PMMA carrier contained threads (1/4” -
28 UNF) to allow the connection with PTFE tubing for inlets of HAuCl,, glucose and NaOH, and one outlet
for AuNPs.

2.2.3. Procedures for CL measurements

The CL measurements were conducted on CCD camera (16-bit) with a microchip insert for direct
online CL imaging as depicted in Figure 2.2. The microchip was composed of a transparent glass
sheet for coving, one PSA layer and one black plastic sheet with holes for inlets and outlet. The
PSA layer with channel offers a place for reagents mixing and CL generation. The glass allows
generated light emissions to pass through, and the light is recorded by a sensitive CCD camera
with an image. CL intensity is described as the gray intensity of each pixel, ranging from 0 to
65,536 a.u. The background from the dark signal of the CCD was recorded before the measurement,
and the background was subtracted from each image before evaluation. ImageJ was used to

integrate the signal intensity over the pixels.
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Glass

. PSA tape
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CCD camera Microfluidic CL sensing chip Image of reaction cell

Figure 2.2 Microchip in CCD camera for CL was composed of glass, PSA tape and black plastic with
holes for inlets and outlet. Images are taken by CCD camera when reaction occurs in microchip.

2.2.4. Automated synthesis and online CL

The luminol-NaOCl system was coupled with online synthesized AuNPs for catalyst
characterization. All operations, including synthesis of AuNPs and CL generation in the coupled
CCD camera, were performed in an automatic way. All components were connected using PTFE
tube (inner diameter 0.8 mm). The combined setup is shown in Figure 2.3 Reagents were supplied
to the microreactor with three glass syringes (Innovative Laboratory Systems GmbH, Stutzerbach,
Germany) connected to a 6-port valve (Cavro Smart Valve, Tecan Group Ltd., M&nedorf,
Switzerland). The first ports of each valve were used for intake of glucose, NaOH and HAuCl,
which were reagents for synthesis of AuNPs. Then they were transferred to the 5th ports, which
were connected to the inlet of the microreactor. The second ports were for injection of water to
clean syringes. The 6th ports were for outlet of waste during or after synthesis. The 3rd port of the
first valve was for cleaning solution after synthesis. The glass syringes were operated by three
custom-made pumps (GWK precision technology, Munich, Germany) which were controlled with
Matlab (The MathWorks, Inc., USA) by a host computer connected via an Ethernet cable. The
synthesized gold nanoparticles could be directly pumped into a microfluidic CL sensing chip.
Another pump was used to deliver reagents for changing the property of AuNPs, luminol and
NaOCl, and the flow rates were the same at 1 jL/s. In this paper, NaCl and glutathione were used
as two kinds of property-changing reagents. When they were not applied, the syringes for them
were blocked. The property-changing reagents were mixed with AuNPs through a three-way valve.

The solution from the three-way valve was then mixed with luminol by another three-way valve.
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NaOCI was then mixed with the mixture in the microchip inserted in the CCD camera to generate
a CL signal. With all reagents pumped into the microchip simultaneously, the signal could be

recorded with the CCD camera online.

—

Microreactor

AuNPs
\s,g?jt'img Glucose NaOH Water  HAUCI, Waste — | ccp camera |
Property-changing reagents
Luminol >_->/" Waste
NaQOCl
Pump Flow CL chip

Figure 2.3 Scheme of online synthesis and CL characterization system. The synthesis was controlled
automatically by Matlab. Reagents were supplied to the microreactor via three glass syringes connected to
a 6-port valve. Synthesized AuNPs were mixed with property-changing reagents, luminol and NaOCl in a
microchip to generate a CL signal which was recorded by CCD camera.

2.2.5. Offline characterization of AUNPs

UV-Vis absorbance spectra for gold nanoparticle suspensions were recorded using a SPECORD
250 PLUS UV-Vis spectrometer (Analytik Jena, Jena, Germany). The spectrometer uses
deuterium and halogen lamps to produce UV light and a visible range of electromagnetic
wavelengths. A beam of light with a wavelength ranging from 400 nm to 900 nm was used for
measurement. Disposable polystyrene cuvettes (UV cuvette semi-micro, 1.5 - 3.0 ml, Brand GmbH,
Hamburg, Germany) were used for containing samples and reference. Ultrapure water was used
as a reference sample as all solutions were prepared in ultrapure water. Scanning electron
microscopy (SEM) images were acquired on a model Sigma 300 VP microscope (Zeiss Gemini).
The samples were analyzed with an InLens detector using an acceleration voltage of 10 kV, a

30 1m aperture and a working distance of about 1.4 mm.
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2.3. Results and discussion

2.3.1. Effects of the reagent concentrations on AuNPs synthesis

The concentration of reagents is an important factor in synthesis of AuNPs. Neither high nor low
concentration of NaOH was suitable for synthesis of AuNPs, as shown in Figure 2.4 a When the
pH was low with 1073 M NaOH, there were no surface plasmon resonance (SPR) absorption bands
from 400 to 900 nm, which indicated that no AuNPs were generated [38]. Since OH™ participates
in the reduction reaction, the pH environment has a significant impact on the synthesis of AuNPs,
and glucose can only act as an effective reducing agent in the presence of OH™ [34]. With high
concentration (101 M and 1 M), there were inconspicuous broad peaks. This implied that AuUNPs
were aggregated. AuNPs were stabilized with glucose via electrostatic repulsions. High
concentration of ions from NaOH may break the electrostatic balance, which can cause
aggregation of AuNPs [39]. When the concentration of NaOH rose to 1072 M, the absorbance peak
with small full-width at half maximum (FWHM) of the SPR band and high intensity appeared,
which indicated narrower size distribution and higher concentration of AuNPs. Therefore, the
concentration of NaOH should be around 102 M. The effect of glucose concentration on the UV-
Vis absorption spectra of AuNPs synthesized with 1072 M NaOH is shown in Figure 2.4 b For
very low concentration of glucose (3 < 10~* M), limited AuNPs were produced as there was only
a small peak around 550 nm. In this case, the amount of glucose was not enough to reduce all Au®*
ions in the solution. With higher glucose concentrations from 3 x10°3M to 3 x 101 M, more
AuUNPs were produced. The surface-plasmon maximum absorption wavelength (Amax) Of AUNPS
shifted to a lower value (from 578 nm to 529 nm) with decreasing size of AuNPs. Therefore, it is
easy to infer that the higher the glucose concentration, the more effective the reduction function of
glucose. There would be more nucleation sites which result in smaller AuNPs and higher number
density. To make sure all Au ions can be reduced, concentration of glucose should be higher than

1072 M. The concentration of glucose can be tuned to obtain various sizes of AuNPs.
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Figure 2.4 UV—Vis spectra of AuNPs synthesized with various reagent concentrations: (a) 0.1% HAUCl,,
3 x1072M glucose and various concentrations of NaOH; (b) 0.1% HAUCIs;, 102 M NaOH and various
concentrations of glucose.

2.3.2. Effect of synthesis parameters on catalytic property of AUNPs

The concentration of glucose and NaOH can affect the size distribution of AuNPs [36]. AuNPs
with different sizes can further affect the CL signals with different catalytic activity [10]. As there
IS no positive or negative correlation between CL signals and sizes of AuNPs, the best way to get
optimal AuNPs is to control the reaction conditions via online CL sensing. The properties of
AUNPs were easily controlled with the 3D microreactor during synthesis. The parameters for
synthesis were optimized for the luminol-NaOCI-AuNPs system to obtain the highest CL signal.
To test the catalytic activity of AuUNPs, the tube for property-changing reagents was removed and
AuNPs were mixed directly with luminol. The effect of NaOH concentration was tested in the
range of 0.5 to 10 mM with 0.01% HAuCls and 0.3 M glucose (Figure 2.5 a). As shown in the
figure, the intensity of CL increased with the increase of NaOH concentration in the range of 0.5 - 2
mM. The CL intensity decreased after concentration of NaOH reached 2 mM. After that, the CL
signal reach another maximum and then decreased again. There was no linear relationship between
NaOH concentration and CL signal; 2 mM NaOH was chosen for further application as it can offer
the highest CL signal at these conditions. The effect of glucose concentration on intensity of CL
was studied, ranging from 0.2 - 1 M (Figure 2.5 b). There was a steady increase of CL intensity
as concentration of glucose increased. As glucose solution is almost saturated when the

concentration is 1 M, 1 M glucose was used for further application. The effect of HAuUCI4
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concentration was also investigated as shown in Figure 2.5 c. When the concentration of HAuCl,
solution was lower than 0.05%, the intensity of CL increased with the increase of HAuUCI,

concentration. The reason could be that more AuNPs were generated with higher concentration of
HAUCI4 solution. When the concentration of HAuCl4 solution was higher than 0.05%, the CL
intensity decreased because the properties of AuNPs changed. Considering the CL intensity, the
ideal conditions for synthesis were as follows: 2 mM NaOH, 1M glucose and 0.05% HAuUCl..
Under the optimal conditions, the synthesized AuNPs were quasi-spherical with a diameter of
15.32 +£1.09 nm, as shown in Figure S2.1 (Supplementary Materials).
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Figure 2.5 Effects of synthesis conditions on the CL intensity: (a) 0.01% HAuUCIs 0.3 M glucose and
different concentrations of NaOH, 0.5, 1, 2, 4, 6, 8, 10 mM; (b) 0.01% HAuCI4, 2 mM NaOH and different
concentrations of glucose, 0.2, 0.4, 0.6, 0.8, 1.0 M; (c) 2 mM NaOH, 1 M glucose and different
concentrations of HAuUCI,, 0.02%, 0.04%, 0.05%, 0.06%, 0.08%, 0.1%.
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After getting the optimized conditions for synthesis of AuNPs, it was still not clear if the
synthesized AuNPs or the reagents for synthesis acted as catalysts. The comparison of CL signals
from background and all blanks were done as shown in Figure 2.6. The background was from the
totally dark signal without luminol-NaOCI. Since the background signal was subtracted from each
image before the evaluation, the signal for background was 0 (Figure 2.6 a). When luminol and
NaOCI were mixed in the chip and only water was added instead of AuNPs, a gray line was shown
in the image with a signal of 235 %2 a.u., as shown in Figure 2.6 b. The most intensive CL signal
was obtained for synthesized AuNPs with a signal of 40,378 367 and there was a bright line as
shown in Figure 2.6 c. The enhancement was 171 times. Blank experiments were also carried out,
including with NaOH, glucose and HAuCl4 solutions with the same concentrations for synthesis.
As shown in Figure 2.6, there was no significant enhancement of CL signal when HAuCIls was
used and the signal reach 245 %10 as the concentration was too low, whereas NaOH and glucose
could enhance the luminol CL signal slightly to 575 7 as pH was changed. This effect is described
elsewhere, too [10]. The concentration of unreacted NaOH and glucose in gold colloids was too
low to make a contribution to the enhancement of CL intensity. Thus, the catalytic activity of gold
colloid was attributed to AuNPs rather than due to NaOH, glucose or HAuCly,

40,000+

30,0004

20,000

Chemiluminescence (a.u.)

10,000

0

BackgTround Wellter NaIOH Glucl:ose HALIJC|4 AuNPs
Figure 2.6 Comparison of CL signals generated from background and luminol-NaOCI mixed with four

blank solutions: water, 2 mM NaOH, 1M glucose and 0.05% HAuUCl4, and synthesized AuNPs. Inset (a - ¢)
were images recorded by CCD camera of background, water blank and AuNPs, respectively.
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2.3.3. Stability of synthesized AuNPs

The stability of AuNPs can be estimated by observing the color of colloid solution, which did not
change with time. The stability of the synthesized AuNPs was carefully investigated over one
month by UV—Vis spectroscopy. Figure 2.7 shows the UV-Vis spectra of AuUNPs on day 1 (right
after the synthesis), day 3, day 6 and day 31. There was only a slight shift of the SPR band (from
552 to 554 nm) from day 1 to day 3 with a decreased absorbance from 0.95 to 0.93. After that, the
SPR band did not change until day 31. The size of AuUNPs was maintained and aggregation did not

take place.
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Figure 2.7 UV—Vis spectra of synthesized AuNPs recorded on dayl, day 3, day 6 and day 31.

2.3.4. Effect of property-changing reagents on catalytic property of
AuUNPs

Although the synthesized AuNPs were stable, aggregation could be caused by adding salt. The
aggregation of AuNPs can change the CL intensity in a luminol system and many analytical
methods were developed according to this principle [17, 20, 40, 41]. Here, different concentrations
of NaCl were added to AuNPs to change the property and CL signals were recorded to monitor
the catalytic activity as shown in Figure 2.8 a With increased concentration of NaCl, the CL signal
was enhanced significantly. UV-Vis absorption spectra analysis was carried out to inspect the

property change after adding salt. As shown in Figure 2.8 b, without salt addition, the absorption
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was high and SPR band of AuNPs was narrow, indicating the AuNPs were highly dispersed. As
the salt concentration increased, the intensity of SPR decreased with a lower number concentration
of AuNPs. Moreover, the absorption spectra were broader and shifted to a high value, indicating a
bigger size of AuNPs caused by aggregation. With enough salt, the negative charged repulsion
between AuNPs was screened and AuNPs aggregated [17]. Luminol-NaOCI CL reaction occurred
in alkaline solution and the main molecules in the reaction were hypochlorite ion (OCI) and
luminol anion. The anionic molecules would not easily interact with the AuNPs because of a
negative charge on the surface. The aggregated AuNPs with lower negative charge density caused
by adding salt would be favorable for adsorption and electron transfer. Therefore, the catalytic

activity of aggregated AuNPs caused by salt is better than that of dispersed AuNPs.
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Figure 2.8 (a) Effects of NaCl concentration on the CL intensity; (b) UV—Vis spectra of the AuNPs with
different concentration of NaCl.

There are some organic compounds containing -OH, -NH> or -SH groups which were reported to
easily interact with AuNPs and change the surface property [40]. Glutathione was used as one
example of a property-changing reagent with -SH groups. The CL signal was significantly
inhibited with glutathione, indicating the decreased catalytic activity of AuNPs, and the degree of
inhibition was related to the concentration of glutathione, as shown in Figure 2.9 With a
concentration of 1 mM, glutathione can inhibit 98.9% of the CL signal, from 19,977 to 211. In the
luminol-NaOCI-AuNPs system, there are some oxygen intermediates. A decrease of CL intensity

can be caused by the competition between reducing groups of -SH and luminol for active
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intermediate radicals [17]. The surface of AuNPs was occupied by the compounds and this
interrupts reactions occurring on the surface of AuNPs [37]. Therefore, the catalytic activity was

decreased when organic molecules bound on the surface of AuNPs.
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Figure 2.9 CL signals of luminol-NaOCI mixed with AuNPs and different concentration of glutathione
(0.01,0.1,0.2,0.4, 0.6, 0.8, 1.0, 2.0 mM).

2.4. Conclusions

A new online CL sensing method was proposed for online synthesis of AuNPs with a 3D
hydrodynamic focusing microreactor and direct characterization of the catalytic activity in the flow.
AuNPs were synthesized through a single-phase reaction using glucose as reducing agent and
stabilizer at room temperature. The property of AuNPs was easily controlled by tuning
concentration of reagents in a 3D microreactor during synthesis. The catalyst property of
synthesized AuNPs was characterized by microfluidic CL sensing of luminol and NaOCI. With
optimized parameters of synthesis, the CL signal was enhanced 171 times. Without adding another
stabilizer, AUNPs were stable for more than one month. Two kinds of reagents were used to change
the property of AuNPs and to investigate their effect on catalytic activity. The addition of salt
could cause aggregation of synthesized AuNPs and the CL signal for the luminol-NaOCI-AuNPs
sensing system was greatly enhanced because of the change of surface charge property.
Glutathione was applied as an example of a molecule which binds on the surface of AuUNPs. The

catalytic activity of AuNPs was decreased and the extent of inhibition was related to the
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concentration of glutathione. This method offers a good way to confirm optimal synthesis
condition of AuNPs for a certain CL sensing application. Researchers can use their own synthesis
methods and CL systems according to specific applications. The synthesized AuNPs with good
catalyst property can be applied in flow-based CL microarrays instead of enzymes [41, 42].
Another potential application is labeling AUNPs with luminol for ultrasensitive CL-based chemical
analyses [43]. The quenching effect can also be utilized to detect molecules with special functional

groups [44]. For specific detection, AuNPs can bind with antibodies or aptamers [45, 46].

Supplementary Materials: The following are available online. Figure S2.1: SEM images of
synthesized AuNPs with optimal synthesis conditions. Histograms with the respective particle size

distributions and the percentage are included as inset.
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Abstract

Gold nanoparticles-catalyzed chemiluminescence (CL) of luminol is an attractive alternative to
strategies relying on enzymes, as their aggregation leads to significantly enhanced CL signals.
Consequently, analytes disturbing such aggregation will lead to an easy-to-quantify weakening of
the signal. Based on this concept a homogeneous aptamer-based assay for the detection of
sulfadimethoxine (SDM) is developed as a microfluidic CL flow-injection platform. Here, the
efficient mixing of gold nanoparticles, aptamers and analyte in short channel distances is of utmost
importance, and 2D and 3D mixer designs made via Xurography were studied. In the end, since
2D designs could not provide sufficient mixing, a laminated 3D 5-layer microfluidic mixer was
developed and optimized with respect to mixing capability and observation by the CCD camera.
Furthermore, the performance of standard luminol and its more hydrophilic derivative m-carboxy
luminol was studied identifying the hydrophilic derivative to provide 10-fold more signal
enhancement and reliable results. Finally, the novel detection platform was used for the specific
detection of SDM via its aptamer and yielded a stunning dynamic range over 5 orders of magnitude
(0.01 - 1000 ng/ml) and a limit of detection of 4 pg/ml. This new detection concept not only
outperforms other methods for SDM detection, but can be suggested as a new flow-injection
strategy for aptamer-based rapid and cost efficient analysis in environmental monitoring and food

safety.

Keywords: 3D mixer; chemiluminescence; m-carboxy luminol; AuNPs; aptamer;

sulfadimethoxine
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3.1 Introduction

Sulfadimethoxine (SDM) is one of the antibacterial drugs which plays a significant role in
preventing and treating diseases caused by bacterial infections [1]. However, SDM residues have
been found in food and environmental water samples, which not only harm human health through
the food chain, but also lead to antibiotic resistance and increase the difficulty of using antibiotics.
Therefore, the maximum SDM residue in food stuffs have been proposed as 100 ng/ml by many
countries [2]. Conventional methods for determination of SDM involve high performance liquid
chromatography (HPLC), gas chromatography-mass spectrometry (GC-MS) and enzyme-linked
immunosorbent assay (ELISA) [3-5]. Although these methods are reliable and sensitive, the
complex operation, high cost, or tedious treatment process limited their application of convenient

and rapid detection.

Chemiluminescence (CL) is a luminescence emission mechanism produced by a chemical reaction
without the use of external light source or optical filters. The significant advantages of CL analysis
(such as low detection limit, wide linear range, simple instrument, low cost and fast response speed)
make CL as a simple, sensitive and cost-effective analysis technique [6]. Recently, some
researchers have applied gold nanoparticles (AuNPs) as catalyst in CL systems [7-9]. Compared
with enzymes, they have the advantages of easy preparation and modification, large surface area
to volume ratio and stability [10]. In our recent work, the synthesis parameter for glucose reduced
AuNPs were optimized as good catalyst for luminol-NaOCI-based CL measurements [11].
Luminol is one of the most applied CL reagents. However, applications are limited by its
insolubility under physiological conditions. A water-soluble m-carboxy luminol was investigated
by the Baeumner group and exhibited higher CL signal compared to commercial luminol [12].

In modern analytical instruments, manual handling of solutions has been replaced by flow-based
injection, which is compatible with computers and can be automatically processed under strict
control of reaction conditions. The combination of CL method and flow-injection analysis reduces
the analysis time, and obtains high precision and high sensitivity [13]. For CL sensing, continuous
flow-injection improves mixing between the luminol and oxidant, which can result in a higher
intensity of CL signal than in a cuvette [9]. If luminol, oxidizer and catalyst are continuously
pumped into the microfluidic chip, the flow-based method can emit light continuously. On a

microfluidic platform, effective fluid mixing is an essential process, during nanomaterials
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synthesis, drug delivery, bioreactors, and sample analysis [14]. Mixing can be easily achieved by
turbulence of fluid in a macro system. However, in microfluidic system, mixing is a time-
consuming process. Due to the size of the micro-channel and the low flow rate, the fluid movement
is laminar, and the mixing mainly depends on molecular diffusion [15]. Therefore, micromixers
are an important part in the microfluidic system. Active mixing which apply an additional effect
(such as electric fields, sound waves, and magnetic fields) on the flow field through external
equipment, can periodically disturb the flow field to improve mixing efficiency [16]. Hence, it
takes a short time to complete the mixing. However, complex structures were the bottleneck in the
design and manufacture of these mixers. Moreover, additional equipment is required to provide
driving force, which greatly increases the cost of the microfluidic chip. The passive mixers involve
no external energy and they change the flow field through geometrical modifications (such as a
specially designed flow channel shape), thereby improving the mixing efficiency [17, 18]. Based
on their specific structures, a variety of passive mixing methods have been developed, such as
spiral micromixers [19], zigzag-shaped channels [20, 21], floor-grooved channels [22], split and
recombine (SAR) mixers [23, 24] obstacle-based mixers [25], herringbone mixers [26], T-shaped
mixers [27], and convergent-divergent walls [28]. All the above designs can be used in 2D and 3D
devices. 3D passive micromixers usually benefit from the spatial structure to produce more
effective vortices. However, the fabrication of 3D devices is generally more complicated and more
expensive than 2D devices. Xurography is a rapid alternative for conventional microfluidic device
fabrication methods. This method attracted attention during the last decade for cheap and rapid
prototyping of microfluidic devices without using a cleanroom [29]. The 3D multilayer

micromixer using Xurography is an option to fabricate effective mixer.

The CL signal in microchannels can be imaged by a CCD camera for sensing applications. The
possible limitation of these methods is the lack of selectivity. Antibody-based immunoassays have
good sensitivity and selectivity, however, the poor stability of antibodies can result in false
negative results [30]. Furthermore, animals are needed for the development or production of
polyclonal and monoclonal antibodies. To overcome the above limitations for rapid test systems
applicable in the field, aptamers have emerged as new promising recognition biomolecules for
analytical applications. Aptamers are single-stranded DNA or RNA oligonucleotides that can
specifically bind various target molecules (such as nucleic acids, proteins, metal ions, and other

small molecules) with high affinity, selectivity and sensitivity [31]. Aptamers can be routinely
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produced in large quantities at low cost by chemical synthesis, avoiding the use of animals for
antibody production, and they can be easily modified with different functional groups for labelling
or immobilization. Moreover, they are chemically stable, and their shelf life is prolonged. Given
all these attractive features, various aptamer-based analytical CL systems have been developed [32,
33]. However, to our knowledge, there is no homogeneous aptamer assay developed for SDM
detection by CL. In the present paper, a microfluidic CL measurement system with AuNPs as
catalyst and m-carboxy luminol as CL reagent was applied. Synthesized AuNPs aggregated in PBS
with an enhanced CL signal and aptamer can inhibit the aggregation. To achieve efficient mixing
in limited space, a novel 3D mixer was developed with five layers according to the optimal mixing
pattern. The 3D mixer was fabricated by a rapid and low-cost Xurography method. The
combination of 3D microfluidic flow-injection with m-carboxy luminol and gold nanoparticles as
miniaturized chemiluminescence analysis system yielded in a stunning dynamic range of 5 orders
of magnitude and a very low limit of detection. This method could by applied for continuous

monitoring of antibiotics in food or environmental samples.
3.2 Experimental

3.2.1 Reagents and materials

All reagents were purchased from Sigma-Aldrich (www.sigmaaldrich.com) unless stated

otherwise. Poly (methyl methacrylate) (PMMA) sheets (thickness of 0.2 mm) were purchased from
modulor material total (Berlin, Germany, www.modulor.de). Double-sided pressure-sensitive
adhesive (PSA) tapes (ARcare 90106) were supplied by Adhesive Research (Glen Rock, PA, USA,

www.adhesivesresearch.com). The black PMMA carrier sheets with a thickness of 2 mm were

fabricated in our in-house workshop. Erythrosin extra bluish and Fast Green FCF were used to
show flow profile. Commercial luminol stock solution (4 x 102 M) was prepared by dissolving 3-
aminophthalhydrazide in 0.10 M sodium hydroxide (NaOH, reagent grade, =98%, pellets). m-
carboxy luminol was provided by the Baeumner group [12] and the stock solution (1 mM) was
prepared in carbonate buffer. Carbonate buffer (pH 9.6, 1 L) was prepared by adding 5.76 g of
sodium bicarbonate (NaHCO3, ACS reagent) and 3.33 g of sodium carbonate (Na2COs, anhydrous,
ACS reagent) to water. Working solutions of luminol were prepared by diluting the stock solution
with carbonate buffer. Working solutions of sodium hypochlorite (NaOCI) were prepared freshly

from NaOCI (12% CI) purchased from Carl Roth (Karlsruhe, Germany, www.carlroth.com). Gold
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(1) chloride trihydrate (HAuCls -3H20) (= 99.9%, trace metal basis) and D-glucose were used

for synthesis of gold nanoparticles (AuNPs). Sulfadimethoxine (SDM) was prepared in water. The
sequence of SDM binding aptamer (SBA) 5’-GAGGGCAACGAGTGTTTATAGA-3"[34] was

synthesized by Eurofins Genomics (Ebersberg, Germany, www.eurofinsgenomics.eu) and SBA

was prepared in phosphate buffered saline (PBS, pH 7.4).
3.2.2 Devices and software

The layout of the mixer was designed with the software CorelDRAW (www.coreldraw.com). The

digital cutting plotter (Graphtec CE6000-40) was provided by Graphtec Corporation (Yokohama,

Japan, www.graphteccorp.com) to cut sheet into designed layers. Cutting conditions and settings

were executed via the Cutting Master 3 from Graphtec Corporation (Yokohama, Japan,
www.graphteccorp.com). The pH of solutions was measured with a FiveEasy pH meter FP20
(Mettler Toledo, Columbus, OH, USA, www.mt.com). The CCD camera (16-bit, Model SXV-

H9C) was from the Starlight Express Ltd (www.sxccd.com). ImageJ (www.imagej.net) was used

to analyse pixel values of pictures taken by the camera. A pump (pump 11,

www.harvardapparatus.com) was used to inject the reagents. UV-Vis absorbance spectra for gold

nanoparticle suspensions were recorded using a SPECORD 250 PLUS UV/Vis spectrometer

(Analytik Jena, Jena, Germany, www.analytik-jena.com). 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, www.sigmaaldrich.com) were used

for containing samples and reference.
3.2.3 Chemiluminescence in mixers

CL measurement was performed with a CCD camera, equipped with a microfluidic mixer. The
chip had two inlets for injecting fluids (luminophore and NaOCI) to the main mixing channel, an
observation zone for CCD camera and one outlet, as shown in Figure 3.1 a. The light generated
by luminol-NaOCI reaction was recorded by the CCD camera. The CL intensity was the gray value
of each pixel, ranging from 0 to 65,536 a.u.. The microchip was composed by transparent PMMA
layers, PSA layers and one black PMMA carrier with holes for inlets and outlet. The 2D
micromixer was composed of three layers (Figure 3.1 b). The transparent PMMA cover allows
generated light to pass through. The middle PSA layer with different channels offers a place for
reagents mixing and CL generation. The black PMMA carrier can shield the light from the
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environment and offers a dark blank. For 3D mixer (Figure 3.1 c¢), additional PMMA and PSA
layers were added to provide more mixing space and cause turbulence. The m-carboxy luminol
and commercial luminol from Sigma-Aldrich were compared by flow injection method in the 3D
mixer. The concentration of luminophore was 0.5 mM and the pH was adjusted by carbonate buffer
to 9.6. Luminophore was mixed with 1% NaOCI in 3D mixer by a pump with a flow rate of 10
ml/h. The signal was recorded by a CCD camera with an exposure time of 30 s and repeated 25-

times.

Luminol and analytes o

@)

NaOCI Waste

Pump Flow CL mixer

(b) (c)

= <\/ PMMA
PSA -

2D mixer 3D mixer

Figure 3.1 (a) Scheme of chemiluminescence (CL) measurement system: the reagents were pumped into
mixer to generate CL signal which was recorded by a CCD camera (the observation area was marked by
red dashed lines); (b) scheme of 2D mixer structure with 3 layers; (c) scheme of 3D mixer structure with 5
layers.

3.2.4 Homogeneous detection of sulfadimethoxine

AuUNPs were synthesized in an automatic way through a single-phase reaction using glucose as
reducing agent. The synthesized AuNPs were used as catalyst in luminol-NaOCI system and the
synthesis parameter had been optimized by our group [11]. Briefly, 0.05% HAuCls, 2 mM NaOH
and 1 M glucose were mixed in a 3D microreactor in a flow rate of 0.5 /s, 2.5 /s and 2.5 /s,
respectively. The synthesized AuNPs were quasi-spherical with a diameter of 15.32 +1.09 nm and
aggregated AuNPs caused by salt can enhance the CL signal [11]. The principle for homogeneous
detection of SDM was shown in Figure 3.2. The SBA can protect AuNPs from aggregation in
PBS. When there is SDM in the system, it will bind with SBA with a strong affinity. In this case,
there will not be enough SBA to stabilize the AuNPs causing aggregation and thus a stronger CL
signal. If SDM is absent, SBA will adsorb on the surface of AuNPs and inhibit the aggregation.
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Therefore, the dispersed AuNPs generate a weak CL signal. 100 i 1 M aptamer (in PBS) was
mixed with 100 i SDM at different concentrations. Then, 200 A synthesized AuNPs were added
to the mixture and incubated for 5 min. Subsequently, 200 i 0.1 mM m-carboxy luminol was
added to the solution and incubated for 30 min. The mixture was mixed with 0.2% NaOCI in 3D
mixer by a pump with a flow rate of 20 ml/h. The signal was recorded by a CCD camera with an

exposure time of 10 s and repeated 3-times.
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Figure 3.2 Schematic illustration of homogeneous chemiluminescence detection of SDM using AuNPs
probe.

3.3 Results and discussion

3.3.1 Design of 2D mixers

For realization of better mixing, seven geometrical structures were applied and comparative
analysis for these different micromixers have been done. The reagents can only mix in the middle
of the channel for line pattern (LP) mixer and the mixing was not efficient (Figure 3.3 a). Tesla
pattern (TP) mixer was recommended considering high mixing performance and easy fabrication
due to the planar structure [17]. However, the mixing liquid did not fill the complete channel
structure as half of the channel remained dark. (Figure 3.3 b). Similar was observed when the split
and recombine pattern (SAR) mixer was applied (Figure 3.3 c¢). This is probably due to the two
channel which merge and separate again, which generates an inhomogeneous pressure distribution
guiding the mixing liquid along the path of least resistance. Therefore, mixers with only one
channel were designed. For the convergent-divergent pattern (CD) mixer, the channel was
symmetrical, only half of the channel showed bright light generation (Figure 3.3 d). Other designs
such as the zigzag pattern (ZP) and the obstacle-based pattern (OB) favored small bubble

entrapment (Figure 3.3 e and f). The mixer with wavy line pattern (WL) showed a better result as
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most of the channel lighted up and no bubbles were trapped (Figure 3.3 g). To confirm the
efficiency of 2D mixing, the same design (WL) was applied to a transparent chip with dyes to
illustrate the flow profile. The chip had two inlet channels for directing the dyes (green and pink)
to the main WL mixing channel. As shown in Figure S3.1 (Supplementary material), the dye flow
of green and pink went along the channel separately and only the interface of the two dyes changed
the color to purple. Although the mixing channel was prolonged 2-times, no complete mixing was

achieved.

Figure 3.3 Different designs of 2D micromixer (yellow dash line) and images recorded by a CCD camera
(black area with bright light): (a) design of central PSA layer with two inlets and one outlet with line pattern
(LP), the area with red dash line can be recorded by a CCD camera; (b) Tesla pattern (TP); (c) Split and
recombine pattern (SAR); (d) Convergent-divergent pattern (CD); (e) Zigzag pattern (ZP); (f) Obstacle-
based pattern (OB) and (g) Wavy line pattern (WL).

3.3.2 Design of 3D mixers

As 2D mixers cannot manage the efficient mixing according to the limited space, a 3D mixer was
designed with WL for better mixing performance. The structure is shown in Figure S3.2. This 3D
mixer was composed of two pressure-sensitive adhesive tape (PSA) layers and three PMMA layers.
The two PSA layers with an inlet channel for injection and a WL mixing channel were designed
for mixing. A PMMA layer with holes was laminated between two PSA layers to expand the

mixing space. Various designs of these three layers were compared afterwards. Then, these
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channels were closed by a transparent PMMA cover and a black PMMA carrier. The thickness of
the central PMMA layer was optimized in transparent 3D mixers using dyes to show the flow
profile. For better comparison, the mixing channel was 2-times longer of the length of the CL chip
channel. Different thickness of 0.08 mm, 0.17 mm and 0.25 mm were compared. The thicker layer
with holes offers more space for mixing, hence the mixing performance was better as shown in
Figure S3.3. Due to the limitation of the cutting plotter, much thicker PMMA layer cannot be
applied, and the thickness was chosen as 0.25 mm.

Three different structures were compared in transparent 3D mixers, and the sectional view

schemes and top view images were shown in Figure 3.4. For the first design, the layers with
injection channels for two kinds of dyes were WL pattern without obstacle. In this case, liquid can
be mixed in the central PMMA layer. However, both flows prefer to run parallel along the channel
and show no motivation to mix causing inefficient mixing at the end of channel (Figure 3.4 a).
For the second design, both injection channels were blocked alternately. The two dyes were forced
to flow up and down along the channel barriers improving the overall mixing. As shown in Figure
3.4 b, mixing was achieved, and the color changed to purple already in the middle of the channel.
Unfavorable for this design was small bubble entrapment in the upper channel blocked behind the
obstacle which were not easy to be flushed out. Moreover, the slight opacity of the PSA layer
would hinder the recording of CL light. Therefore, a third design without obstacles in the upper
layer channel, blocking only the lower injection layer, was applied. As the image shows, the
mixing was finished earlier with more obstacles (Figure 3.4 c). Different flow rates were applied
in the optimal designed 3D mixer. As shown in Figure S3.4, with a lower flow rate of 5 mi/h, the
mixing was efficient in the mixer. Increasing the flow rate, increases the mixing abilities and for a

flow rate of 40 ml/h the mixing was finished even with one fifth of the mixing channel length.
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(c) |

Figure 3.4 Different designs of 3D structure of micromixer and images recorded with dyes showing flow
profile (sectional view schemes on the left and top view images on the right).

The design was then transferred to the CL chip. The CL signal obtained with the WL pattern in
the 2D and 3D chip were compared. For the 2D chip, the signal only emerged in the center of the
mixing channel. The signal was low at the beginning and increased along the channel. The signal
was still high at the end of the channel (Figure 3.5 a). This can be explained with inefficient
mixing taking place only at the interface of both liquid streams. With progression of the liquid
flow along the channel, mixing becomes more effective and a higher CL signal was obtained as
shown in Figure 3.5 b. In contrast, with the 3D chip the generated light filled the complete mixing
channel and higher signals were obtained at the beginning (Figure 3.5 c). Afterwards, the signal
decreased and then almost disappeared at the end indicating the mixing was well and all the
reagents were consumed. As shown in Figure 3.5 d, the mixing occurs across the whole channel

and it was efficient.
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Figure 3.5 Images of chemiluminescence reaction in (a) 2D and (c) 3D mixer. (b) and (d) show the mixing
profile of 2D and 3D mixer which have the same structure as (a) and (c), respectively.

3.3.3 Comparison of luminol and m-carboxy luminol in 3D mixer

The commercial luminol and m-carboxy luminol were injected in a 3D mixer to react with NaOCI
and the result was shown in Figure S3.5. With commercial luminol, the mean signal was 3787 a.u.
with standard deviation of 852 a.u.. When commercial luminol was substituted by m-carboxy
luminol, the CL signal was increased more than 10-times to 55914 a.u.. Moreover, the signal was

more stable with a standard deviation of 303 a.u.
3.3.4 Homogeneous detection of sulfadimethoxine

The synthesized AuNPs were stable in water and have a strong plasmon absorption at 548 nm.
After adding PBS, the absorption spectrum of AuNPs was broad and featureless, indicating that
AUNPs aggregated as shown in Figure 3.6 a. After the aptamer was introduced, the absorption
spectrum was restored close to that of AuNPs in water which indicated that aptamers can protect
AuNPs from aggregation [35]. The amount of aptamer was investigated. Aptamers at low
concentration do not adequately stabilize AuNPs in PBS. However, if the aptamer concentration
is too high, SDM could bind with extra aptamer and the detection is not sensitive. Experimental
results showed that the optimal concentration of aptamer was 1 uM. UV-Vis absorption spectrum
analysis was performed to check whether the SDM was bound to the aptamer in the system. As
shown in Figure 3.6 b, without SDM, the absorption of AuNPs was high and narrow, indicating

the dispersion of AuNPs. As the concentration of SDM increased, the intensity of plasmon
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absorption decreased. Moreover, the absorption spectra were broader and shifted to a high value,
indicating aggregation of AuNPs. This phenomenon can be explained by the binding of SDM and
aptamer, and the remaining SBA was not enough to stabilize AuNPs in PBS.

0.15 0.15
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Figure 3.6 (a) UV—Vis spectra of AuNPs in water, PBS and various concentrations of aptamer in PBS; (b)
UV—Vis spectra of AuNPs solution in 1 pM aptamer (in PBS) and various concentration of
sulfadimethoxine (in water).

As shown in Figure 3.7, the CL signal increased with increasing concentration of SDM. When
SDM concentration changed from 0.01 to 1000 ng/ml, there was a linear relationship between the
CL signal and the logarithm of the SDM concentration. The linear regress equation can be
expressed as 'y = 1955.5 x + 34513.7 (y is the intensity of CL signal, x is the logarithm of SDM
concentration) with a correlation coefficient of 0.9986 (n = 3, m =5). The detection limit that is
taken to be three times the standard derivation in the blank solution (29302.6 +179.5) was found
to be 0.004 ng/ml. To evaluate the applicability of the developed method, 50 ng/ml SDM was
spiked in water and the recovery was 96.8% (48.42 ng/ml). Compared with other reported work
for determination of SDM, this approach has wider linearity range and higher sensitivity [2, 36,
37]. The wider linear range could be attributed to the huge catalytic difference between dispersed
AuNPs and aggregated AuNPs. The m-carboxyl luminol with higher CL quantum yield further
enhanced the CL signal difference [12]. Moreover, the water-soluble m-carboxyl luminol can be
more uniformly dissolved in the solution, therefore, the signal was more stable with lower standard

deviation, which leads to the lower limit of detection.
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Figure 3.7 The calibration plots of chemiluminescence intensity versus the logarithm of sulfadimethoxine
concentration using AuNPs catalyzed chemiluminescence with m-carboxy luminol in a homogeneous
aptamer-based assay in a flow-based 3D mixer chip, n = 3.

3.4 Conclusions

In this paper, a 3D microfluidic flow-injection platform with AuNPs-catalyzed and m-carboxy
luminol enhanced chemiluminescence for highly sensitive aptamer-based homogeneous assays
was developed. The novel detection platform was used for the specific detection of SDM and
yielded a stunning dynamic range over 5 orders of magnitude (0.01 - 1000 ng/ml) and a limit of
detection of 4 pg/ml. This new detection concept not only outperforms other methods for SDM
detection, but can be suggested as a new flow-injection strategy for aptamer-based rapid and cost
efficient analysis in environmental monitoring where antibiotics often occur at concentrations from
ng/l to pg/l [38]. The more water-soluble m-carboxy luminol was used for the first time for
AuNPs-catalyzed CL with high sensitivity and reliable results. As it can be applied in physiological
conditions, m-carboxy luminol can be used for the detection of analyses in complex matrices with

purification systems [39].
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General conclusion and outlook

This thesis contains three main parts. The first part aims to propose a simple, cheap, fast, and
versatile way to fabricate 3D microfluidic chips based on the laminated method. A low-cost cutting
plotter was used to cut PMMA sheets and double-sided PSA tapes. Then the layers were assembled
manually by a roller with moderate pressure. It is a strategy to develop highly flexible multilayered
microfluidic chips without masks, molds, and cleanroom requirements due to the absence of

lithographic methods [1].

This fabrication protocol was used to generate a 3D hydrodynamic focusing microreactor for the
synthesis of AuNPs. It could be shown that reproducible spherical colloidal AuNPs were
synthesized. Compared with a 2D microreactor, the sheath stream can focus the central flow and
avoid fouling. The concept of flow-based modulation of size and properties for AuNPs was
implemented by changing synthesized parameters. It was an improvement compared to
conventional batch synthesis, where the properties of nanoparticles vary from batch to batch. The
3D hydrodynamic focusing microreactor has the potential to be applied in other syntheses and
reactions. Also, the microfluidic reactor makes it possible to do online synthesis and characterizing
or detection [2]. The proposed fabricating method provides another option for research institutes
where specialized microfabrication equipment is unavailable. The fabrication method can be used
to create 3D multilayer laminated microfluidic chips. One microfluidic chip can be fabricated in
minutes, and the design is easy to be modified. The only needed tool is a cutting plotter. Although
limited to the resolution of cutting plotter (25 um), more sophisticated microanalytical systems are
not suitable to fabricated with this method, it still can be applied in the area of diagnostics,

environment and food analysis where complex matrices may clog microfluidic channels.

In the second part of this dissertation, for the first time, online synthesis using a 3D hydrodynamic
focusing microreactor was combined with microfluidic CL sensing. The catalytic properties of
AUNPs continuously produced by a single-phase reaction can be directly characterized by the CL
reaction of luminol and NaOCI in a microfluidic channel with a CCD camera. AuNPs were
synthesized using glucose as a reducing agent and stabilizer at room temperature. Therefore, the
properties of AuNPs were easily controlled by changing the concentration of reagents to obtain

the best catalytic activity in enhanced luminol-NaOCI CL reaction. The CL signal was 171 times
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enhanced using synthesized AuNPs with optimized parameters. This method provides a good
method to obtain the optimal synthesis parameters of AuNPs for specific CL applications. This
continuous synthesis method with microreactor has the potential to couple online with other
analytical instruments, such as inductively coupled plasma mass spectrometer (ICP-MS) and flow-

based UV-Vis spectrometers.

The AuNPs synthesized under optimal conditions were stable for at least one month without
adding other stabilizers. However, after adding an amount of salt, AuNPs aggregated with an
enhanced catalytic activity which induced higher CL signal. On the contrary, the CL signal was
guenched by molecules that can bind on the surface of AuNPs. For example, the CL signal was
inhibited by glutathione. A concentration-dependent quantification of glutathione could be shown.
The synthesized AuNPs with excellent catalytic activities can replace enzymes and be applied to
flow-based CL microarrays [3, 4]. The other option is the labeling of AuNPs with luminol for
ultra-sensitive chemical analysis [5]. The property that AuNPs catalyzed CL reaction can be
quenched by some molecules with specific functional groups can also be used in analytical
applications [6]. The synthesized AuNPs can act as labels which bind with recognizing molecules
such as antibodies and aptamers for specific detection [7, 8].

With the need for efficient mixing in a microfluidic platform and the application of specific
detection, the AuNPs catalyzed CL sensor system with aptamer was applied in a newly developed
3D mixer in the third part of this thesis. Different mixing patterns were investigated. As a result, a
five-layer laminated 3D mixer was developed for CL measurement, and the structure was
optimized to achieve better mixing and signal recording. The 3D mixer was an essential part of
the microfluidic platform to improve mixing efficiency and save time, and it can also be applied

in other flow-based systems.

Furthermore, the performance of standard luminol and its more hydrophilic derivative m-carboxy
luminol was investigated in the developed 3D mixer, and m-carboxy luminol provided a 10-fold
signal enhancement and repeatable results. A certain amount of salt caused aggregation of AuNPs
with enhanced CL signal, and aptamers interacting with AuNPs and inhibiting the aggregation
showed the successful application of aptamers in the platform. Finally, the 3D microfluidic flow-
injection platform with AuNP-catalyzed and m-carboxy luminol enhanced CL for highly sensitive

aptamer-based homogeneous assays was developed. The platform was successfully applied for the
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detection of sulfadimethoxine (SDM) with its specific aptamer. A linear relationship between CL
signal and the logarithm of SDM concentration was obtained in the range of 0.01 - 1000 ng/ml
with the detection limit of 0.004 ng/ml. This new detection concept not only outperforms other
methods for SDM detection but can be suggested as a new flow-injection strategy for aptamer-
based rapid and cost-efficient analysis in environmental monitoring where antibiotics often occur
at concentrations from ng/l to pg/l [9]. The water-soluble m-carboxy luminol was used for the first
time in AuNPs-catalyzed CL and showed reliable results. This combination of m-carboxy luminol
and AuNPs-catalyzed CL has a great potential for other aptamer-based sensor systems with high
sensitivity and a simple treatment process [10]. As it can be applied in physiological conditions,
the platform with m-carboxy luminol can also be applied to detect analytes in complex matrices in

combination with purification systems like solid phase extraction [11].
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Appendix Al Supplementary material for Chapter 1
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Figure S1.1 Main dimensions of the microreactor.

The effect of flow rates on the focus stream

There were two sheath flows, and the flow rates were the same. The sum of these two flow rates
was defined as flow rate (FR) of sheath flow. By variation of both flow rates of sheath flow and
central flow, the profile of the focused stream could be adjusted. The flow profile was made visible
by using blue dye for the central stream and water for the sheath streams. The profiles of focus
streams for varied flow rates are shown in Figure S2.1. With the same flow rate ratio between
sheath streams and central stream (Figure S2.1 a and c), the central stream was slightly focused
for a stream flow rate of 5 pul/s and it was focused to a line by a stream flow rate of 50 ul/s. For the
same central flow rate of 0.5 pl/s (Figure S2.1 a and b), the one with higher sheath flow rate was
more focused. It can be concluded that increasing the flow rate of the sheath stream made the
central stream more focused. Also, higher flow rates of both streams with the same flow rate ratio
led to a narrow focus stream. The microfluidic reactor can withstand a maximum total flow rate of

300 pl/s which is applicable to most applications [1].
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Figure S1.2 The profile of the focus stream with different flow rates: (a) central stream 0.5 pl/s, sheath
streams 5 pl/s; (b) central stream 0.5 pl/s, sheath streams 20 pl/s; (C) central stream 5 pl/s, sheath stream 50

ul/s.
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Figure S1.3 SEM image of AuNPs synthesized at pH = 8.46 with 20 mM AA, 1 mM HAuUCl4, 1% PVP
and FR 10-3. Histograms with the respective particle size distributions and the percentage are included as

inset.
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Figure S1.4 SEM images of AuNPs synthesized with 20 mM AA, 1 mM HAuCIs, 1% PVP and FR 10-5 at
different pH. (a) pH 4.30, (b) pH 9.34, (c) pH 11.30.

Figure S1.5 SEM images of AuNPs synthesized with 20 mM AA (pH 9.34), 1 mM HAuCl4, 1% PVP and
different FR. (a) FR10-4, (b) FR 10-8, (c) FR 10-16.
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Figure S2.1 SEM images of synthesized AuNPs with optimal synthesis conditions. Histograms with the
respective particle size distributions and the percentage are included as inset.
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Appendix A3 Supplementary material for Chapter 3

Figure S3.1 Image of 2D mixing chip with dyes showing flow profile.
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Figure S3.2 Structure of 3D micromixer for chemiluminescence.
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Figure S3.3 Images of 3D mixer with different thickness of central PMMA layer: (a) 0.08 mm; (b) 0.17
mm; (c) 0.25 mm.

Figure S3.4 Mixing with different flow rate: (a) 5 ml/h; (b) 10 ml/h; (c) 20 ml/h; (d) 30 ml/h; (e) 40 ml/h.
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Figure S3.5 Comparison of chemiluminescence signal in 3D mixer for commercial luminol and m-carboxy
luminol. The concentration of both luminophores was 0.5 mM (pH 9.6) mixed with 1% NaOCI. The
measurement was repeated 25-times, respectively.
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Pictures were recorded by CCD camera when different concentrations of SDM were mixed with
1 M aptamer in PBS, synthesized AuNPs, and CL reagents. The results were shown in Figure
S3.6. Since the dispersed AuNPs have excellent catalytic activity under the optimal synthesis
parameters, the mixture without SDM also generates strong light signals of about 30,000 a.u..
Therefore, the naked eye cannot distinguish the difference in signal strength because all signals
were very high. Signals were subtracted by 30,000 a.u. to make the difference easy to distinguish.
As the signal was an average value, there were still some white pixels whose value exceed 30,000
a.u. left. The left signals were doubled to enhance the difference. In this case, it can be seen that
the CL signal increases with the increase of the SDM concentration. For further analysis with

software, values of original pictures were used.

Concentration of SDM 0 ng/ml 0.01 ng/ml 0.1 ng/ml 10 ng/ml 100 ng/ml 1000 ng/ml

Orignal pictures

Signal subtracted
30,000 a.u.

Doubled
the subtracted signal

Figure S3.6 Pictures recorded by the camera with different concentrations of SDM (0 ng/ml to 1000 ng/ml).
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AuNPs

CL

SEM

SPR

PMMA

PVP

LSP

SERS

AA

CTAB

PEG

UV/Vis

DLS

PDI

PTFE

NaOCl

NaBH4

TOAB

Abbreviations

Gold nanoparticles
Chemiluminescence

Scanning electron microscope
Surface plasmon resonance
Poly (methyl methacrylate)
Polyvinylpyrrolidone
Localized surface plasmon
Surfaced enhanced Raman scattering
Ascorbic acid

Cetrimonium bromide
Polyethylene glycol
Ultraviolet/Visible light
Dynamic light scattering
Polydispersity index
Polytetrafluorethylen

Sodium Hypochlorite

Sodium borohydride
Tetraoctylammonium bromide
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9-BBN

PTS

PAA

DMSO

mPEG-SH

TCPO

CRP

SDM

SBA

PBS

9-borabicyclo[3.3.1]nonane
Poly[2-(3-thienyl)ethyloxy-4-butylsulfonate] sodium salt
Poly(acrylic acid)

Dimethyl sulfoxide

Thiolated polyethylene glycol

(2,4,6-trichlorophenyl) oxalate

C-reactive protein
Sulfadimethoxine
Sulfadimethoxine binding aptamer

Phosphate buffered saline
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