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Synthesis of Anisotropic Gold Microparticles via
L-Glutathione-Mediated Pathways in Droplet Microfluidics
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Microfluidic-assisted synthesis of nanoparticles has generated significant
interest for its precise control and high throughput capabilities. Among
various nanomaterials, gold nanoparticles (AuNPs) have shown remarkable
potential in numerous applications, such as disease detection,
photothermotherapy, drug delivery, and even defense applications. Recent
synthesis strategy of peptide-mediated method has sparked greater interest
by offering unique chiroptical properties and their applications in biomedical
applications. In this study, the use of droplet microfluidics is explored for the
synthesis of peptide-mediated AuNPs, aiming to accelerate automated
production via flow chemistry. This method leads to the formation of
anisotropic gold particles, with sizes ranging from hundreds of nanometers to
the micron scale. The interfacial energy is identified at the water/oil interface
as a critical factor influencing this outcome, with L-glutathione (L-GSH)

such as nano-liposomes,®! carbon quan-
tum dots,®”] and metal oxides.B In
particular, due to promising applica-
tions demonstrated by gold nanoparticles
(AuNPs) in disease detection,['’"13] photo-
thermotherapy,*** drug delivery,[*) and
even defense applications,’! the synthesis
of gold nanoparticles using microfluidic
devices has also been a keen focus.['8-22]
Recently, the use of peptide in modulating
seed-mediated growth of gold nanoparticles
has sparked interest in peptide-mediated
synthesis strategies,[?*?° showing inter-
esting chiroptical responses and tissue
engineering prospects.[?*?’] In an attempt
to translate bulk solution-based synthesis

playing a significant role in the development of hyper-branched structures.
These results demonstrate the capability of droplet microfluidics in producing
anisotropic gold particles at micron scales, presenting new possibilities for

the advancement of nanoparticle synthesis techniques.

1. Introduction

Microfluidic-assisted production of nanoparticles has gained at-
tention in both academia and industry in recent years due to
microfluidics’ potential in good controllability of fluid flow and
potential of high throughputs.'=* Inevitably, different types of
nanomaterials have been translated into this production method,

strategy of peptide-mediated gold nanopar-
ticles, we adopted droplet microfluidic
device for such purpose, hoping to accel-
erate the automated production of AuNPs
via flow chemistry in the future.?s3%

Amino acids and peptides have been
demonstrated to produce AuNPs.[}1-33] Al
though many reports have shown the
ability to form sub-100 nm sized NPs,323¥ only a hand-
ful reported biomolecules’ capability in large particle forma-
tion beyond 1 um range.*>] Recent awareness of sustain-
able synthesis of nanoparticles have also brough the focus into
microfluidics,[“*#1] that offers different designs to support the
requirements of a diverse range of nanoparticle synthesis.[*>~4]
Interestingly, droplet microfluidics have been shown the ability
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Figure 1. Design, simulation, and testing of the droplet microfluidics. a) Schematic sketch of the two reagents droplet microfluidic device with an
incubation viewing port. b) An enlarged detailed one the droplet microfluidic device’s cross section. c¢) An optical image of the master at the cross
section. d) COMSOL simulation of the droplet production (left) and a visualization of the mesh size (physics-based fine mesh). e) An optical microscope
image of droplet formation of the produced device. f) An optical microscope image of the droplets at the incubation viewing window.

to control the size of the gold particles.[*] However, previous
reports have shown that emulsion assisted AuNPs could pro-
duce dendritic structures instead.[*] Specifically, it seems that
the oil/water interface may play a role in modulating AuNPs
formation.

In this study, we investigate the impact of oil/water interface
on the formation of gold nanoparticles (AuNPs) using droplet
microfluidics and explore methods of anisotropic particle syn-
thesis. Since L-glutathione (L-GSH) has previously demonstrated
its ability to direct anisotropic chiroptical AuNPs,[*’! we choose
this chemical for our synthesis condition. We herein report the
production of anisotropic gold nanoparticles (AuNPs) with sizes
ranging from a few hundred nanometers to the micron range us-
ing droplet microfluidics. The mechanisms behind the formation
of these anisotropic AuNPs is yet to be fully understood. How-
ever, the system’s simplicity enables the generation of various
morphological shapes through minor changes in solution com-
position, including the production of hyper-branched structures
at micron scales in a short timeframe. We attribute this formation
to the role of the water/oil interface and the use of L-GSH.

2. Results and Discussion

2.1. Droplet Microfluidics

Different types of microfluidics have already been utilized to pro-
duce AuNPs. Some achieved high controllability over the mor-
phology of the AuNPs in segmented flow,[*¥! while some were
able to demonstrate the ability to continuously produce AuNPs
without the need for introducing immiscible fluids.l*! Previous
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work by Shin et al. demonstrated the emulsion assisted produc-
tion of branched particles under continuous stirring.!*¢! Draw-
ing inspirations from it, we have translated the mechanically in-
duced emulsion into chemically governed emulsion system via
droplet microfluidic to create a stable emulsion system of sim-
ple surfactant-oil system. The droplet microfluidic device has
the advantage of producing stable droplets at consistent sizes,>!
and has previously demonstrated the ability to produce large
anisotropic gold particles.l>!]

2.1.1. Simulation and Fabrication of Droplet Microfluidics

To gain full control of the microfluidic device parameters,
we designed and fabricated a two-reagent droplet microfluidic
device, a modified design adopted from Dolomite, Ltd., UK
(uEncapsulator 2 Reagent Droplet Chip, 3200527).52] A viewing
window is designed to observe the droplet stability in-device and
to serve as an incubation chamber by temporarily slowing down
the droplets existing the device, as shown in Figure 1a. To in-
duce mixing in the droplets, serpentine structures immediately
follow the cross junction.>3! The fluid path in the main channel
has a width of 300 um where the orifice has a narrower width of
105 um (Figure 1b). Prior to the fabrication of the master mold,
we performed a COMSOL Multiphysics (6.1) computational flu-
idic dynamics (CFD) simulation to validate the cross-junction
design. The simulation focused on the validation of the orifice
design (105 um), where a two-phase flow level-set simulation
was conducted (Supporting Information). As demonstrated in
Figure 1d, the 2D simulation showed a positive result of droplet
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Figure 2. Droplets production stability test with a focus on surfactants, scale bar of 500 um. a) Representative optical microscope images of droplet
production in System A (CTAC-based mineral oil) with four flow rates (reagents/oil [uL min~']) of 1/6, 2/8,2/10, 8/25 (from i to iv respectively), scale bar
of 500 um. b) Representative optical microscope images of droplet production in System B (CTAC-based mineral oil with depleted CATC in Octa-AuNPs
solution) with four flow rates (reagents/oil [uL min~']) of 1/6, 2/8, 2/10, 8/25 (from i to iv respectively), scale bar of 500 um. c) Representative optical
microscope images of droplet production in System C (surfactant-free mineral oil) with four flow rates (reagents/oil [uL min~']) of 1/10, 3/12, 8/22
(from i to iii respectively), scale bar of 500 um. d—f) Boxplots of the droplet sizes in the three systems at three time points (start, middle, and end of the

reaction) with corresponding flowrates.

production. Subsequently, the proposed design was fabricated at
100 pym thickness. Figure le,f is exemplary pictures of droplet
production using the fabricated device, showing good agreement
with the simulation.

2.1.2. Droplet Stability Test

Droplet production is highly dependent on the effectiveness of
the surfactant to reduce the surface energy.>#l Translating the
bulk synthesis of gold nanoparticles (AuNPs) into the droplet
microfluidics demand further understanding of additional
effects from other foreign surfactants. Commonly, cetyltrimethy-
lammonium chloride (CTAC) and cetyltrimethylammonium
bromide (CTAB) are used in numerous protocols for AuNPs
synthesis.>>>7] However, the use of foreign surfactant such as
tween-20 to stabilize droplet formation in the microfluidic device
may have their unpredictable effects on 1) the droplet stability
when mixed with the stabilizing agents (CTAC and CTAB),
and 2) on the morphological change of nanoparticles.[58]
Hence, to simplify the reaction system, no foreign surfactants
were used, and a screening test was evaluated in three systems
(system A, B, and C). For all the systems, the reagents are CTAC
stabilized octahedron gold nanoparticles (Octa-AuNPs) seed
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solution, and a growth solution (comprised of ascorbic acid,
CTAB, L-glutathione, and HAuCl,). Simply, the Octa-AuNPs
solution is referred as the seed reagent solution. In system A,
mineral oil with CTAC (5% w/v) was used as the continuous
phase along with the two reagent solutions mentioned above.
In system B, the seed solution was centrifuged to deplete the
existing stabilizing agent CTAC, and the continuous phase
was mineral oil with CTAC at 5% w/v while no amends were
made to the growth solution. In system C, pure mineral oil
was used without any addition of surfactants and there was no
modification to seed solution and growth solution. One way to
assess the droplet formation is to monitor the droplet size during
the entire process of the collection, that is at the beginning of
the collection, midway, and at the end time point, as shown in
Figure 2a—c.

The objective is to identify optimal flow rates that achieve two
main criteria: 1) maintaining a high speed with minimal impact
on droplet size during collection, and 2) ensuring the camera
can capture real-time imaging without deformation of droplets
due to frame rate limitations. Variations in droplet size can in-
fluence particle synthesis by altering surface areas. The necessity
for real-time monitoring of droplet formation to confirm consis-
tent production dictates that the flow rate must be adjusted to ac-
commodate the camera’s limited capabilities. Too slow of a flow
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Figure 3. Schematic representation of the synthesis scheme and representative (nano-/micro-)particle morphologies, all scale bars of 500 nm. a) Two-
reagent systems for the synthesis of gold (nano-/micro-)particles. The octahedron gold nanoparticles (Octa-AuNPs) and the growth solution, containing
gold chloride solution (HAuCl,), cetyltrimethylammonium bromide (CTAB), ascorbic acid (AA), and L-glutathione (L-GSH), are fed through the two
inlets. Mineral oil, with/without cetyltrimethylammonium chloride (CTAC), is the continuous phase. The droplets are collected at in an Eppendorf tube
and incubated for one hour at room temperature (approximately 25 °C). b) Schematic representation of the three systems with representative scanning

electron images (SEM).

rate may result in prolonged collection of reaction fluid, where it
may result in temporal variations, that is the first time point of
droplets will have a substantially longer reaction time compared
to the last time-point of droplets under the low flowrates. Thus, a
sufficiently high flow rate without compromising real-time mon-
itoring is desirable.

System A and system B differ at the concentration of CTAC,
while the two systems’ oil both contained CTAC at 5% w/v, the
seed solution of system B had depleted CTAC by centrifuge. Inter-
estingly, the average droplet size showed fluctuations for the cho-
sen flow rates shown in Figure 2a,b. The droplet in system A and
system B would have two surfactants (CTAC and CTAB) dynam-
ically exchange at the interface to achieve stability and ensures
that the aqueous phase remains segmented in the continuous oil
phase.’%61621 The change in flow rate would change the amount
of CTAC/CTAB availability at the interface; thus, showing an un-
predictable trend. However, in system C where no surfactant is
added to mineral oil. The increase of flow rates, especially the
continuous phase, would have minimal impact on the availabil-
ity of CTAC in the droplets. Hence, the dynamic change of the
droplet sizes in system C is much more linear. We chose a final
flow rate of 8/22 [uL min~"] for the reagent/oil from system C for
the particle synthesis thanks to the relatively good stability and a
sufficiently fast rate.

2.2. Synthesis of Gold Nano-/Microparticles

The synthesis scheme of the anisotropic particles is depicted in
Figure 3. The octahedron gold nanoparticles (Octa-AuNPs) were
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synthesized according to previously reported method prior to its
use in microfluidic-assisted synthesis.*6*] The average diame-
ter of Octa-AuNPs, measured by its major axis, is determined
to be 27.46 + 0.39 nm and with a peak absorbance at 565 nm
(Figure S7b, Supporting Information). For the two-reagent mi-
crofluidics, the Octa-AuNPs solution is fed through one of the
inlets without mixing any other chemicals; while the other inlet
is fed with growth solution, containing gold ions, CTAB, ascor-
bic acid, and L-glutathione (L-GSH), as depicted in Figure 3a. For
the production of particles, we followed system C: flow rates of
reagents/oil:8/22 [uL min~!] with pure mineral oil.

We adapted all the chemicals of Lee et al. work to the droplet
microfluidic system,?*! and the scanning electron microscopy
(SEM) images showed surprising anisotropic particles at mi-
cron sizes. An energy-dispersive X-ray analysis (EDXA) was per-
formed on the samples and confirmed gold element composi-
tion (Figure 5). To decouple the reaction scheme, two other re-
action schemes were investigated, as indicated in Figure 3b. Re-
sults from system 1 showed anisotropic structures similar to pre-
viously reported structures.[®¢] However, the branches showed
significant elongation (Figure 4). Further, it is possible to observe
that satellite AuNPs are present in the background or adhering
the micro-particle.

The origin of the smaller nanoparticles was unknown but sus-
pected to be of L-GSH induced synthesis of AuNPs. To exam-
ine this theory indirectly, two other systems were investigated.
Concerning the seed solution may act as growth site for the re-
duced Au'* ions, System 2 excluded the use of Octa-AuNPs and
System 3 excluded the use of L-GSH. Surprisingly, as shown in
Figure 3b, even in the absence of Octa-AuNPs (the seed), large
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Figure 4. Representative scanning electron images (SEM) from System 1. a) SEM image of octahedron gold nanoparticles (Octa-AuNPs) with an average
diameter of 27.46 + 0.39 nm (Supporting Information). b—f) Representative SEM images of the droplet-assisted production of branched (nano-/micro-

)particles from b-d) system 1and e,f) 2, scale bars as shown.

particles were produced, suggesting a potential seedless synthe-
sis of gold nanoparticles mediated by L-GSH. Since there were
no seed particles present in the reagents, the formation of fan-
shaped particles could only be a direct result from the reduction
of Au'* to Au® by L-GSH.[%”] While the observed large fan-shaped
particles are of surprise, the presence of smaller satellite particles
in the background is consistent with literature reports (Figures
S1and S2, Supporting Information), similar to previous reported
seedless synthesized AuNPs.[%8]

4

Au Mol

f&On;’t
N

500 nm

T 5000m '

Several hyper-branched structure and elongated structure
were found in the products of System 1 and System 2
(Figure 4b—f). It is evident that despite overall enlarged mor-
phology, the gold microparticles (AuMPs) still retains fine fea-
tures of sub 100 nm dendritic branches. In some cases, spher-
ical nanoparticles showed attachment to the large AuMPs as
shown in Figure 4c. To confirm that the particles are indeed
of element gold, SEM-EDXA was conducted. Encouragingly, all
the branched structures exhibited positive screening of element

—
500 nm

[ |

e 1um
——— ¢

Figure 5. Scanning electron images (SEM, top images) and energy dispersive X-ray (EDS, bottom images) of selected nano-/micro-particles. a) A gold
nano-bar, scale bar of 250 nm. b) A gold nano-spike, scale bar of 500 nm. c) A gold microcrown, scale bar of 500 nm (SEM) and 1 pm (EDS). d) A

gold-maple leaf, scale bar of 500 nm (SEM) and 1T pum (EDS).
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gold, shown in Figure 5. Thus, to the best of our knowledge, this
work would be the first account of the synthesis of microscale
anisotropic gold particles using droplet microfluidics.

In contrast, results from System 3 where the absence of L-GSH
showed dormant growth of Octa-AuNPs where visible truncated
structures were observed on the surface, implying a likely conse-
quence of the further growth of Octa-AuNPs.[®! To summarize,
these results suggested that L-GSH not only had the ability to di-
rect further gold nanoparticle growth, but it also demonstrated
its ability to reduce Au'* to Au® and facilitate hyper growth at the
water/oil interface.

While we cannot fully explain the exact mechanisms behind
the formation of gold microparticles, we suspect that interactions
at the oil/water interface play a critical role in this observation.
Previously, Shin et al. demonstrated that inducing an emul-
sion system could produce branched AuNPs, although these
anisotropic AuNPs were significantly smaller than the sizes
we observed.[*] Lee et al.’s studies showed that microdroplets
at the air/water interface could produce AuNPs with a kinetic
profile showing a fivefold increase, observing spontaneous
AuNP formation without a reducing agent or externally applied
charge.[”% Thus, an accelerated kinetic reaction at the oil/water
interface might also hold true for our systems, leading to the
spontaneous formation of satellite AuNPs. The inclusion of
system 3 further underscores the role of L-GSH in not only
reducing Au [I4] into gold atoms but also in facilitating the for-
mation of elongated branches.[*”7!] L-GSH might self-assemble
into oligomers or aggregate Au [I] complexes, suggesting that
nanoparticles could self-assemble at the oil/water interface to
act as a template, 274 with interactions with L-GSH further
assisting in the reduction of Au [I+] into gold atoms at the
self-assembled layer.””1] While current synthesis methods pro-
duce random structures, a more controlled morphology could
be achieved by better understanding these reaction schemes,
specifically by leveraging the combined effects of accelerated
droplet interfacial kinetics and L-GSH’s directed synthesis
capability.

3. Conclusion

In conclusion, we have demonstrated the synthesis of gold mi-
croparticles (AuMPs) via peptide-directed seed-mediated meth-
ods in conjunction with droplet microfluidics. Small gold
nanoparticles are formed in the presence of a tripeptide, L-GSH
(L-glutathione), without the need of a strong reducing agent. Fur-
ther, the inclusion of L-GSH has been demonstrated to play a
crucial role in facilitating anisotropic morphologies. The droplets
provide a necessary reaction condition for the dendritic particles
at the oil/water interface. The synthesis method described herein
is an attempt to translate the peptide directed nanoparticle syn-
thesis method to a droplet microfluidic platform, demonstrat-
ing the advantages of not requiring long reaction times, temper-
atures, or templates to produce the asymmetric gold particles.
From a synthesis standpoint, the droplet microfluidic platform
can be a perfect tool for the study of interfacial synthesis of gold
nanoparticles. While the potential applications of these synthe-
sized anisotropic gold nano-/microparticles were not explored, it
is reasonable to predict that these structures may have a substan-
tial impact on catalysis, biosensing, and other field of research
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due to the unusual high surface area. Further, the optical proper-
ties of these structures may need to be looked upon for to under-
stand whether they possess chiroptical or near-/far-field optical
properties.

4. Experimental Section

Experimental section is given in the Supporting Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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