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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 on-
line 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 character-
ized in a luminol-NaOCl 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-NaOCl 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 re-
duced 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; microflu-
idic chip

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 advan-
tages 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
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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 nanoma-
terials, 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-H,O, 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-H,O,
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 AulNPs, 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 reaction have not been determined, AuNPs have been successfully used
in many practical applications, as shown in Table 1. Even though 38 nm AuNPs have been
proven to show better catalytic activity in the luminol-H;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 1. Practical applications of gold nanoparticles (AuNPs) in different chemiluminescence (CL) systems.

CL System Size of AuNPs Application Ref
Luminol-H,O, 13 nm Detection of L-cysteine in pharmaceutical samples [19]
Luminol-H,0O, 12 nm Detection of fibrillar fibrin in plasma samples [20]

. 31 £3nm . . .
Luminol-H,O, 27 4 2 nm Detection of C-reactive protein in serum samples. [18]
Luminol-H,0, 13nm Detection of single-strand DNA in plasma samples [15]
Lucigenin-H,O, 13 £ 3.0nm Detection of histone in serum samples [21]
Luminol-104~ 4 nm Determination of polyphenols in tap water. [14]
Luminol-hydrazine 15 nm Determination of hydrazine in boiler feed [11]

water samples.
Luminol-AgNO; 13 nm Detection of antigen with antibody functionalized [22]

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 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
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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 cat-
alytical characterization of AuNPs produced continuously through a single-phase reaction
were directly measured by CL reactions of luminol and NaOCl in microfluid channels by a
CCD camera. NaOCl 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 (III) 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 synthe-
sized at room temperature, unlike with citrate solutions where heating is required [35].
Moreover, compared with the strong reducing agent sodium borohydride (NaBHy), 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]. There-
fore, the sizes and properties of AuNPs were modulated by varying the concentration
of reagents to obtain optimal catalytic activity in enhanced CL detection by luminol and
NaOCl. 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 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 AuNPs. 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 AuNPs,
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 1. Possible mechanism for luminol-NaOCl-AuNPs CL system.

2. Materials and Methods
2.1. Materials

Gold (III) chloride trihydrate (HAuCly - 3H,O, >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 solu-
tion (4 x 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 (NaOCl, 12% CI) supplied by Carl Roth (Karlsruhe, Germany) was
diluted for the working solution. Hydrochloric acid (HCl, Sigma-Aldrich, Munich, Ger-
many, 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. 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 HAuCly, glucose and NaOH, and one outlet for AuNPs as
shown in Figure 1. A series of different concentrations of NaOH (10~3~1 M) and glucose
(3 x 107#-3 x 10! M) was tested to see at which concentration AuNPs were generated.
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Figure 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 HAuCly, glucose and
NaOH, and one outlet for AuNPs.

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. 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 au. 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.

Glass
PSA tape
: ’ Plastic
:
T == -
-

CCD camera Microfluidic CL sensing chip Image of reaction cell

Figure 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.

2.4. 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
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Figure 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., Mdnnedorf, Switzerland). The first ports of each valve
were used for intake of glucose, NaOH and HAuCly, 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., Natick, MA 01760, 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 pL/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. NaOCl 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.

—

Washing Glucose NaOH Water HAuUCIly Waste

solution

Microreactor

!

AuNPs
_ | CCD camera ‘
Property-changing reagents
Luminol >__>/, Waste
NaOCI ]
Pump Flow CL chip

Figure 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.

2.5. 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 spec-
trometer 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 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 pre-
pared in ultrapure water. Scanning electron microscopy (SEM) images were acquired on a
model Sigma 300 VP microscope (Zeiss Gemini, Graz, Austria). The samples were analyzed



Sensors 2021, 21, 2290 7 of 13

with an InLens detector using an acceleration voltage of 10 kV, a 30 um aperture and a
working distance of about 1.4 mm.

3. Results and Discussion
3.1. 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 4a. 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 (10~! M and 1 M),
there were inconspicuous broad peaks. This implied that AuNPs 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 102 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 10~2 M. The effect of glucose concentration
on the UV-Vis absorption spectra of AuNPs synthesized with 1072 M NaOH is shown
in Figure 4b. For very low concentration of glucose (3 x 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 x 1073 M to 3 x 107! M, more AuNPs were produced. The surface-plasmon
maximum absorption wavelength (Amax) of AuNPs shifted to a lower value (from 578 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.

a —— 084 (b =
0.8 ( ) 103 M NaOH ( ) — 3x 10_3M Glucose
10"2M NaOH . :33 x 0_2M Glucose
. 10-' M NaOH . 06. — 3x 10_1 M Glucose
3 06+ 1 MNaOH 3 3x 107" M Glucose
) )
e e
8 04- § 041
2 2
< <<
02 Tl 0.2 .
— BV
—/\
0.0 1
0.0 1
400 500 600 700 800 900 400 500 600 700 800 900
Wavelength (nm) Wavelength (nm)

Figure 4. UV —Vis spectra of AuNPs synthesized with various reagent concentrations: (a) 0.1% HAuCly, 3 X 1072 M glucose
and various concentrations of NaOH; (b) 0.1% HAuCly, 102 M NaOH and various concentrations of glucose.

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 activ-
ity [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
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CL sensing. The properties of AuNPs were easily controlled with the 3D microreactor
during synthesis. The parameters for synthesis were optimized for the luminol-NaOCl-
AuNPs system to obtain the highest CL signal. To test the catalytic activity of AuNDPs, 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% HAuCly and 0.3 M glucose (Figure 5a). 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 inten-
sity 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 5b). 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 HAuCly concentration was also investigated as shown in Figure 5c. When
the concentration of HAuCly solution was lower than 0.05%, the intensity of CL increased
with the increase of HAuCly concentration. The reason could be that more AuNPs were
generated with higher concentration of HAuCly solution. When the concentration of
HAuCly 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% HAuCly Under the optimal conditions,
the synthesized AuNPs were quasi-spherical with a diameter of 15.32 &= 1.09 nm, as shown
in Figure S1 (Supplementary Materials).

18,000, 30,000, b 45,000,
El El (b) . 3 (c)
16,0001
g™ 8 25,0004 g 40,000,
@ @ @
g 14,000 2 $ 35,000
o) @ 20,000 o)
£ 12000/ £ £
5 ’ g 5 30,0004
& 10,000 g 15,000 g
< _ < £ 25,0001
O O O
8,000+— : . : : . 10,000+— . : . . . . . . :
0 2 4 6 8 10 02 04 06 08 10 002 004 006 008 010
Concentration of NaOH (mM) Concentration of glucose (M) Concentration of HAuUCls (%)

Figure 5. Effects of synthesis conditions on the CL intensity: (a) 0.01% HAuCly 0.3 M glucose and different concentrations
of NaOH, 0.5, 1, 2, 4, 6, 8, 10 mM; (b) 0.01% HAuCly 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 HAuCly 0.02%, 0.04%, 0.05%, 0.06%, 0.08%, 0.1%.

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 6. The back-
ground 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 6a). When luminol and NaOCl 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, as shown in
Figure 6b. 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 6c. The enhancement was
171 times. Blank experiments were also carried out, including with NaOH, glucose and
HAuCly solutions with the same concentrations for synthesis. As shown in Figure 6, there
was no significant enhancement of CL signal when HAuCly 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
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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+

30,000+

20,0004

Chemiluminescence (au)

10,000

0

Background Water NaOH Glucose HAuCl4 AuNPs
Figure 6. Comparison of CL signals generated from background and luminol-NaOCl mixed with four

blank solutions: water, 2 mM NaOH, 1M glucose and 0.05% HAuCl4, and synthesized AuNPs. Inset
(a—c) were images recorded by CCD camera of background, water blank and AuNPs, respectively.

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 7 shows the UV-Vis spectra
of AuNPs 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 AuNPs was maintained and aggregation did not take place.

1.0 1
0.8+
0.6

0.4+

Absorbance (au)

0.2+

0.0 1

T T T T T T T T T T T
400 500 600 700 800 900
Wavelength (nm)

Figure 7. UV —Vis spectra of synthesized AuNPs recorded on day1, day 3, day 6 and day 31.
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3.4. Effect of Property-Changing Reagents on Catalytic Property of AuNPs

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 8a. 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 8b, without salt addition, the absorption 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 AuNDPs aggregated [17]. Luminol-NaOCI CL reaction occurred in
alkaline solution and the main molecules in the reaction were hypochlorite ion (OCl™) 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.

40,000+ 0.12
(a) (b) — 0MNaCl
. 0.104 ——0.5M NaCl
5 35,0001 / ' —— 1 M NaCl
& ' ) 3 M NaCl
3 £ 0.08- —— 5M NaCl
[0]
§ 30,000 o
8 8 0.064
£ o
E 25,000 38
2 < .
E 0.04 A /
Q
ey S~———
O 20,0004 0,02
' =
15,000 T T T T T T 0-00 T T T T T
0 1 2 3 4 5 400 500 600 700 800

Concentration of NaCl (M)

Wavelength (nm)

Figure 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 [42]. 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 9. With a concentration of 1 mM, glutathione can inhibit 98.9% of the CL
signal, from 19,977 to 211. In the luminol-NaOCl-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 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 9. CL signals of luminol-NaOCl mixed with AuNPs and different concentration of glutathione
(0.01,0.1,0.2,04, 0.6, 0.8, 1.0, 2.0 mM).

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-NaOCl-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 AuNPs. The
catalytic activity of AuNPs was decreased and the extent of inhibition was related to the
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 [43,44]. Another potential application is labeling AuNPs with luminol for
ultrasensitive CL-based chemical analyses [45]. The quenching effect can also be utilized to
detect molecules with special functional groups [46]. For specific detection, AuNPs can
bind with antibodies or aptamers [47,48].

Supplementary Materials: The following are available online https://www.mdpi.com /1424-822
0/21/7/2290/s1. Figure S1: SEM images of synthesized AuNPs with optimal synthesis conditions.
Histograms with the respective particle size distributions and the percentage are included as inset.

Author Contributions: Conceptualization, Y.W. and M.S.; methodology, Y.W.; software, Y.W.; valida-
tion, Y.W,; formal analysis, Y.W.; investigation, Y.W. and M.S.; data curation, Y.W.; writing—original
draft preparation, Y.W.; writing—review and editing, M.S. and Y.W.; supervision, M.S.; project
administration, M.S.; funding acquisition, Y.W. and M.S. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the China Scholarship Council (CSC) with number 201706210083.

Institutional Review Board Statement: Not applicable.


https://www.mdpi.com/1424-8220/21/7/2290/s1
https://www.mdpi.com/1424-8220/21/7/2290/s1

Sensors 2021, 21, 2290 12 of 13

Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: We gratefully thank Jonas Bemetz for helping with the Matlab program and
building the automatic synthesis setup. We also thank Roland Hopper from the workshop for the
fabrication of the PMMA carrier. Many tanks to Christine Benning for SEM measurement.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Li,N,; Liu, D.; Cui, H. Metal-nanoparticle-involved chemiluminescence and its applications in bioassays. Anal. Bioanal. Chem.
2014, 406, 5561-5571. [CrossRef]

2. Sun, Y; Ly, J. Chemiluminescence-based aptasensors for various target analytes. Luminescence 2018, 33, 1298-1305. [CrossRef]

3. Chen, G; Jin, M,; Du, P; Zhang, C.; Cui, X.; Zhang, Y.; Wang, J.; Jin, E; She, Y.; Shao, H.; et al. A review of enhancers for
chemiluminescence enzyme immunoassay. Food Agric. Immunol. 2017, 28, 315-327. [CrossRef]

4. Chen, W, Lij, B;; Xu, C.; Wang, L. Chemiluminescence flow biosensor for hydrogen peroxide using DNAzyme immobilized on
eggshell membrane as a thermally stable biocatalyst. Biosens. Bioelectron. 2009, 24, 2534-2540. [CrossRef] [PubMed]

5. Aslan, K; Geddes, C.D. Metal-enhanced chemiluminescence: Advanced chemiluminescence concepts for the 21st century. Chem.
Soc. Rev. 2009, 38, 2556-2564. [CrossRef] [PubMed]

6.  Yeh, Y.-C; Creran, B,; Rotello, V.M. Gold nanoparticles: Preparation, properties, and applications in bionanotechnology. Nanoscale
2012, 4, 1871-1880. [CrossRef]

7. Duan, C; Cui, H; Zhang, Z; Liu, B.; Guo, ].; Wang, W. Size-Dependent Inhibition and Enhancement by Gold Nanoparticles of
Luminol—Ferricyanide Chemiluminescence. J. Phys. Chem. C 2007, 111, 4561-4566. [CrossRef]

8.  Cui, H; Guo, J.-Z,; Li, N,; Liu, L.-J. Gold Nanoparticle Triggered Chemiluminescence between Luminol and AgNOs. J. Phys.
Chem. C 2008, 112, 11319-11323. [CrossRef]

9.  Karabchevsky, A.; Mosayyebi, A.; Kavokin, A.V. Tuning the chemiluminescence of a luminol flow using plasmonic nanoparticles.
Light Sci. Appl. 2016, 5, €16164. [CrossRef] [PubMed]

10. Zhang, Z.F; Cui, H.; Lai, C.Z; Liu, L.J. Gold nanoparticle-catalyzed luminol chemiluminescence and its analytical applications.
Anal. Chem. 2005, 77, 3324-3329. [CrossRef]

11. Safavi, A.; Absalan, G.; Bamdad, F. Effect of gold nanoparticle as a novel nanocatalyst on luminol-hydrazine chemiluminescence
system and its analytical application. Anal. Chim. Acta 2008, 610, 243-248. [CrossRef]

12.  Lin, ].M,; Liu, M. Chemiluminescence from the decomposition of peroxymonocarbonate catalyzed by gold nanoparticles. J. Phys.
Chem. B 2008, 112, 7850-7855. [CrossRef]

13. Dong, Y.P; Gao, T.T.; Chu, X.E; Chen, J.; Wang, C.M. Flow injection-chemiluminescence determination of ascorbic acid based on
luminol-ferricyanide-gold nanoparticles system. J. Lumin. 2014, 154, 350-355. [CrossRef]

14. Li, S,; Li, X,; Xu, J.; Wei, X. Flow-injection chemiluminescence determination of polyphenols using luminol-NalOy4-gold nanoparti-
cles system. Talanta 2008, 75, 32-37. [CrossRef]

15. Qi Y, Li, B.; Zhang, Z. Label-free and homogeneous DNA hybridization detection using gold nanoparticles-based chemilumines-
cence system. Biosens. Bioelectron. 2009, 24, 3581-3586. [CrossRef]

16. Qi, Y.; Li, B. A sensitive, label-free, aptamer-based biosensor using a gold nanoparticle-initiated chemiluminescence system.
Chemistry 2011, 17, 1642-1648. [CrossRef] [PubMed]

17.  Qi, Y,; Li, B. Enhanced effect of aggregated gold nanoparticles on luminol chemiluminescence system and its analytical application.
Spectrochim. Acta A Mol. Biomol. Spectrosc. 2013, 111, 1-6. [CrossRef] [PubMed]

18. Islam, M.S.; Kang, S.H. Chemiluminescence detection of label-free C-reactive protein based on catalytic activity of gold nanoparti-
cles. Talanta 2011, 84, 752-758. [CrossRef] [PubMed]

19. Liu, W,; Luo, ].; Guo, Y.; Kou, J.; Li, B.; Zhang, Z. Nanoparticle coated paper-based chemiluminescence device for the determination
of L-cysteine. Talanta 2014, 120, 336-341. [CrossRef]

20. Zhang, Y,; Liu, J; Liu, T.; Li, H.; Xue, Q.; Li, R.; Wang, L.; Yue, Q.; Wang, S. Label-free, sensitivity detection of fibrillar fibrin using
gold nanoparticle-based chemiluminescence system. Biosens. Bioelectron. 2016, 77, 111-115. [CrossRef]

21. He, Y,; Cui, H. Label free and homogeneous histone sensing based on chemiluminescence resonance energy transfer between
lucigenin and gold nanoparticles. Biosens. Bioelectron. 2013, 47, 313-317. [CrossRef]

22. Luo, J.; Cui, X;; Liu, W.; Li, B. Highly sensitive homogenous chemiluminescence immunoassay using gold nanoparticles as label.
Spectrochim. Acta A Mol. Biomol. Spectrosc. 2014, 131, 243-248. [CrossRef]

23. Wagpner, J.; Kohler, ].M. Continuous synthesis of gold nanoparticles in a microreactor. Nano Lett. 2005, 5, 685-691. [CrossRef]

24. Wagner, ].; Kirner, T.; Mayer, G.; Albert, J.; Kohler, ]. M. Generation of metal nanoparticles in a microchannel reactor. Chem. Eng. J.
2004, 101, 251-260. [CrossRef]

25. Gomez-de Pedro, S.; Puyol, M.; Alonso-Chamarro, J. Continuous flow synthesis of nanoparticles using ceramic microfluidic

devices. Nanotechnology 2010, 21, 415603. [CrossRef] [PubMed]


http://doi.org/10.1007/s00216-014-7901-x
http://doi.org/10.1002/bio.3557
http://doi.org/10.1080/09540105.2016.1272550
http://doi.org/10.1016/j.bios.2009.01.010
http://www.ncbi.nlm.nih.gov/pubmed/19201596
http://doi.org/10.1039/b807498b
http://www.ncbi.nlm.nih.gov/pubmed/19690736
http://doi.org/10.1039/C1NR11188D
http://doi.org/10.1021/jp068801x
http://doi.org/10.1021/jp800749y
http://doi.org/10.1038/lsa.2016.164
http://www.ncbi.nlm.nih.gov/pubmed/30167128
http://doi.org/10.1021/ac050036f
http://doi.org/10.1016/j.aca.2008.01.053
http://doi.org/10.1021/jp8008805
http://doi.org/10.1016/j.jlumin.2014.05.011
http://doi.org/10.1016/j.talanta.2007.10.001
http://doi.org/10.1016/j.bios.2009.05.021
http://doi.org/10.1002/chem.201001856
http://www.ncbi.nlm.nih.gov/pubmed/21268167
http://doi.org/10.1016/j.saa.2013.03.006
http://www.ncbi.nlm.nih.gov/pubmed/23602952
http://doi.org/10.1016/j.talanta.2011.02.001
http://www.ncbi.nlm.nih.gov/pubmed/21482278
http://doi.org/10.1016/j.talanta.2013.12.033
http://doi.org/10.1016/j.bios.2015.09.029
http://doi.org/10.1016/j.bios.2013.03.019
http://doi.org/10.1016/j.saa.2014.04.076
http://doi.org/10.1021/nl050097t
http://doi.org/10.1016/j.cej.2003.11.021
http://doi.org/10.1088/0957-4484/21/41/415603
http://www.ncbi.nlm.nih.gov/pubmed/20844325

Sensors 2021, 21, 2290 13 of 13

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Shalom, D.; Wootton, R.C.R.; Winkle, R.F,; Cottam, B.F,; Vilar, R.; deMello, A.J.; Wilde, C.P. Synthesis of thiol functionalized gold
nanoparticles using a continuous flow microfluidic reactor. Mater. Lett. 2007, 61, 1146-1150. [CrossRef]

Reizman, B.J.; Jensen, K.F. Feedback in Flow for Accelerated Reaction Development. Acc. Chem. Res. 2016, 49, 1786-1796.
[CrossRef] [PubMed]

Chang, C.-H.; Paul, B.K.; Remcho, V.T.; Atre, S.; Hutchison, J.E. Synthesis and post-processing of nanomaterials using microreac-
tion technology. |. Nanoparticle Res. 2008, 10, 965-980. [CrossRef]

Wang, C.H.; Lee, G.B. Automatic bio-sampling chips integrated with micro-pumps and micro-valves for disease detection. Biosens.
Bioelectron. 2005, 21, 419-425. [CrossRef]

Lu, M.; Ozcelik, A.; Grigsby, C.L.; Zhao, Y.; Guo, E; Leong, K.W.; Huang, T.]. Microfluidic Hydrodynamic Focusing for Synthesis
of Nanomaterials. Nano Today 2016, 11, 778-792. [CrossRef]

Bemetz, J.; Wegemann, A.; Saatchi, K.; Haase, A.; Hafeli, U.O.; Niessner, R.; Gleich, B.; Seidel, M. Microfluidic-Based Synthesis
of Magnetic Nanoparticles Coupled with Miniaturized NMR for Online Relaxation Studies. Anal. Chem. 2018, 90, 9975-9982.
[CrossRef] [PubMed]

Wang, Y.; Seidel, M. Rapid fabrication of laminated 3D hydrodynamic focusing microreactors and its application for synthesis of
gold nanoparticles. Lab. A Chip. 2021. [CrossRef]

Francis, P.S.; Barnett, N.W.; Lewis, S.W.; Lim, K.F. Hypohalites and related oxidants as chemiluminescence reagents: A review.
Luminescence 2004, 19, 94-115. [CrossRef]

Liu, J.; Qin, G.; Raveendran, P; Ikushima, Y. Facile “green” synthesis, characterization, and catalytic function of beta-D-glucose-
stabilized Au nanocrystals. Chemistry 2006, 12, 2131-2138. [CrossRef]

Shi, L.; Buhler, E.; Boue, F.; Carn, F. How does the size of gold nanoparticles depend on citrate to gold ratio in Turkevich synthesis?
Final answer to a debated question. J. Colloid. Interface Sci. 2017, 492, 191-198. [CrossRef]

Xu, L.; Wu, X.C.; Zhu, ].J. Green preparation and catalytic application of Pd nanoparticles. Nanotechnology 2008, 19, 305603.
[CrossRef]

Yang, P; Chen, Y.; Zhu, Q.; Wang, F.; Wang, L.; Li, Y. Sensitive chemiluminescence method for the determination of glutathione,
I-cysteine and 6-mercaptopurine. Microchim. Acta 2008, 163, 263-269. [CrossRef]

Thanh, N.T.; Maclean, N.; Mahiddine, S. Mechanisms of nucleation and growth of nanoparticles in solution. Chem. Rev. 2014, 114,
7610-7630. [CrossRef] [PubMed]

Kang, H.; Buchman, J.T.; Rodriguez, R.S.; Ring, H.L.; He, J.; Bantz, K.C.; Haynes, C.L. Stabilization of Silver and Gold Nanoparti-
cles: Preservation and Improvement of Plasmonic Functionalities. Chem. Rev. 2019, 119, 664-699. [CrossRef]

Qi, Y; Xiu, E-R. Sensitive and rapid chemiluminescence detection of propranolol based on effect of surface charge of gold
nanoparticles. J. Lumin. 2016, 171, 238-245. [CrossRef]

Xu, C.; Ying, Y.; Ping, J. Colorimetric aggregation assay for kanamycin using gold nanoparticles modified with hairpin DNA
probes and hybridization chain reaction-assisted amplification. Mikrochim. Acta 2019, 186, 448. [CrossRef]

Ghosh, S.K; Nath, S.; Kundu, S.; Esumi, K;; Pal, T. Solvent and Ligand Effects on the Localized Surface Plasmon Resonance
(LSPR) of Gold Colloids. J. Phys. Chem. B 2004, 108, 13963-13971. [CrossRef]

Gopfert, L.; Elsner, M.; Seidel, M. Isothermal haRPA detection of blaCTX-M in bacterial isolates from water samples and
comparison with qPCR. Anal. Methods 2021, 13, 552-557. [CrossRef]

Meyer, V.K,; Chatelle, C.V.; Weber, W.; Niessner, R.; Seidel, M. Flow-based regenerable chemiluminescence receptor assay for the
detection of tetracyclines. Anal. Bioanal. Chem. 2020, 412, 3467-3476. [CrossRef] [PubMed]

Syed, L.U.; Swisher, L.Z.; Huff, H.; Rochford, C.; Wang, F; Liu, J.; Wu, J.; Richter, M.; Balivada, S.; Troyer, D.; et al. Luminol-labeled
gold nanoparticles for ultrasensitive chemiluminescence-based chemical analyses. Analyst 2013, 138, 5600-5609. [CrossRef]
[PubMed]

Yang, D.; He, Y.; Sui, Y.; Chen, F. Determination of catechol in water based on gold nanoclusters-catalyzed chemiluminescence. J.
Lumin. 2017, 187, 186-192. [CrossRef]

Huang, Y.; Gao, L.; Cui, H. Assembly of Multifunctionalized Gold Nanoparticles with Chemiluminescent, Catalytic, and Immune
Activity for Label-Free Immunoassays. ACS Appl. Mater. Interfaces 2018, 10, 17040-17046. [CrossRef]

Yao, L.-Y.; Yu, X.-Q.; Zhao, Y.-].; Fan, A.-P. An aptamer-based chemiluminescence method for ultrasensitive detection of platelet-
derived growth factor by cascade amplification combining rolling circle amplification with hydroxylamine-enlarged gold
nanoparticles. Anal. Methods UK 2015, 7, 8786-8792. [CrossRef]


http://doi.org/10.1016/j.matlet.2006.06.072
http://doi.org/10.1021/acs.accounts.6b00261
http://www.ncbi.nlm.nih.gov/pubmed/27525813
http://doi.org/10.1007/s11051-007-9355-y
http://doi.org/10.1016/j.bios.2004.11.004
http://doi.org/10.1016/j.nantod.2016.10.006
http://doi.org/10.1021/acs.analchem.8b02374
http://www.ncbi.nlm.nih.gov/pubmed/30044615
http://doi.org/10.1039/x0xx00000x
http://doi.org/10.1002/bio.756
http://doi.org/10.1002/chem.200500925
http://doi.org/10.1016/j.jcis.2016.10.065
http://doi.org/10.1088/0957-4484/19/30/305603
http://doi.org/10.1007/s00604-008-0006-5
http://doi.org/10.1021/cr400544s
http://www.ncbi.nlm.nih.gov/pubmed/25003956
http://doi.org/10.1021/acs.chemrev.8b00341
http://doi.org/10.1016/j.jlumin.2015.11.013
http://doi.org/10.1007/s00604-019-3574-7
http://doi.org/10.1021/jp047021q
http://doi.org/10.1039/D0AY02000A
http://doi.org/10.1007/s00216-019-02368-y
http://www.ncbi.nlm.nih.gov/pubmed/31950237
http://doi.org/10.1039/c3an01005h
http://www.ncbi.nlm.nih.gov/pubmed/23851397
http://doi.org/10.1016/j.jlumin.2017.02.067
http://doi.org/10.1021/acsami.8b02521
http://doi.org/10.1039/C5AY01953B

	Introduction 
	Materials and Methods 
	Materials 
	Synthesis of AuNPs in 3D Microreactor 
	Procedures for CL Measurements 
	Automated Synthesis and Online CL 
	Offline Characterization of AuNPs 

	Results and Discussion 
	Effects of the Reagent Concentrations on AuNPs Synthesis 
	Effect of Synthesis Parameters on Catalytic Property of AuNPs 
	Stability of Synthesized AuNPs 
	Effect of Property-Changing Reagents on Catalytic Property of AuNPs 

	Conclusions 
	References

