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Labs-on-a-micromotor flying & at work: tailored synthesis of
nanoparticles. Janus micromotors encapsulating nanoparticle
precursors Cd?* or citrate are used as mobile microreactors.
Micromotor navigation in microliter “reagent solutions” results
in the generation of CdS quantum dots or AuNPs inside the
“microreactor” body with negligible reagent consumption and
waste generation.
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Catalytic Janus micromotors encapsulating Cd?* or citrate are used here as mobile microreactors for “on
the fly” CdS quantum dot and gold nanoparticle synthesis. Micromotor navigation in microliter “reagent
solutions” results in the generation of the corresponding nanoparticles inside the micromotor body with
high yield and negligible waste generation. Nanoparticle generation can be attributed to convective
diffusion of reagents into the moving reactor body. “On-demand” modulation of nanoparticle size and
catalytic activities can be achieved by judicious control of the motion behavior of the microreactor. The
use of confined reagents in connection with such enhanced movement allows for efficient operation in
very low (less than 800 plL) volumes. The new microreactors developed here hold considerable promise
for reactions in aqueous environments for novel synthetic schemes in different sites along with
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Introduction

The ultra-miniaturization of chemical analysis and synthesis
processes is a cutting-edge research topic which aims to
perform high throughput operations using extremely small
amounts of reagents with minimal waste generation. Common
synthesis strategies include the use of tiny liquid droplets or
microparticles decorated with active nanocatalysts. For
example, halloysite,* silica nanotubes,” metal-organic frame-
works?® or Janus particles* coated with catalytic nanoparticles
have been used for in situ organic reactions. Silica nanobottles
prepared by anisotropic sol-gel growth can be used as vessels
for nanoparticle synthesis.? Yet, such configurations are prone
to unwanted size reactions and difficult to integrate in ultra-
miniaturized environments. As an alternative, the use of
microfluidic devices to generate liquid droplets containing
adequate additives has been extensively explored to produce
noble metal particles, nanocrystals or fluorescent dyes.® Despite
its great potential, such technology still suffers from channel-
associated cross-contamination and fouling and requires
external pumps to drive the fluids and microchannel networks.
As an alternative, the so-called liquid “marbles”, or droplets
wrapped by a shell composed of hydrophobic magnetic
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multiplexed capabilities for a myriad of catalytic reactions.

nanoparticles, show considerable potential for small-scale
laboratory operations. Indeed, the ability of such tiny droplets
to actuate under external forces including magnetic and electric
fields has formed the basis for their application in the synthesis
of nanocomposites and as “moving” carriers in miniaturized
detection systems.’

Self-propelled micromotors represent another example of
small devices capable of performing complex tasks in solution.?
Such moving particles can induce efficient fluid mixing and
carry active components (“reagents”) in their structure, thus
being extremely useful for accelerating chemical operations.®
Such capabilities have been exploited in a myriad of environ-
mental,’ biomedical," energy,"” and analytical applications.”
Value-added product mediated synthesis (vanillyl alcohol) using
sodium borohydride propelled graphene based micromotors
has also been described.” Wang's group reported the use of
micromotors for fabrication of micro- and nano-structures. In
a first approach, glucose oxidase modified Au/Ag/Ni flexible
nanowires were used for generating 3D Au microstructures with
high topological features (e.g., helical shape) on Au patterned
substrates.”® Later on, metallic nanowires and Janus sphere
motors were used as mobile nanomasks and nanolenses to
manipulate light beams for generating controlled patterns on
a surface in a lithographic like process.'® Yet, the application of
micromotors as microreactors in ultra-miniaturized synthesis
schemes remains unexplored. Herein we report on a new
application of Janus micromotors as mobile microreactors for
nanoparticle synthesis. The concept, which is illustrated in
Fig. 1, relies on cadmium acetate (Cd*") or citrate loaded Janus
micromotors for the synthesis of CdS quantum dots and gold
nanoparticles (AuNPs), respectively. Micromotor navigation in

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Janus micromotors as mobile microreactors for nanoparticle
synthesis. Schematic illustration of the synthesis of CdS quantum dots
(top) and AuNPs (bottom) using Cd?* or citrate loaded Janus micro-
reactors navigating in “reagent solutions” containing sulfur ions and
ATP or Au®", respectively. The insets at the top (A) show the corre-
sponding fluorescence microscopy images of the micromotors before
and after navigation in the reagent solution. The plots at the bottom (B)
correspond to the UV spectra of 4-nitrophenol before (blue) and after
(red) catalytic reduction by the as-synthesized gold nanoparticles.
Scale bars, 20 pm.

microliter “reagent solutions” (sulfur ions and adenosine 5'-
triphosphate (ATP) or chloroauric acid (HAuCly), respectively)
results in the generation of the corresponding nanoparticles
inside the micromotor body with high yield and negligible
waste generation. Compared with previous studies on micro-
motors, synthesis can be performed without the need for any
enzyme, patterned surfaces or light sources.

The strategy described here is inspired by our recent work on
the use of oil-in-water prepared Janus micromotors encapsu-
lating graphene quantum dots for endotoxin detection."” In this
work we adopt a similar bottom-up approach to synthesize our
moving microreactors, which contain a huge loading of Cd** or
citrate precursors, PtNPs for autonomous propulsion and Fe;0,
NPs for “on-demand” transport in small settings. Convective
diffusion of sulfur ions and ATP or Au®" into the micromotor
body triggers the reaction with the precursors facilitating the
generation of the nanoparticles (see Fig. 1). To gain further
insights into the mechanism behind such nanoparticle gener-
ation, we evaluated the effect of different “microreactor”
configurations using Cd** loaded micromotors and S*>~ solu-
tions and vice versa. Similarly, for AuNP synthesis, citrate loaded
microreactors in Au®" reagent solutions were used, and vice
versa. From the results of such experiments, and as will be
further described, nanoparticle generation can be attributed to
convective reagent diffusion into the moving reactor body. We
will also illustrate the “on-demand” modulation of the synthesis
conditions in the overall reaction yield and in the catalytic
activity of the as-prepared nanoparticles. To the best of our
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knowledge, this is the first time that self-propelled micromotors
have been applied as mobile microreactors in chemistry-based
synthesis schemes.

Results and discussion

Fig. 2 shows a schematic and the corresponding characteriza-
tion of the Janus nature of our microreactor. Following several
reports, Janus microparticles can be defined as nano-/micro-
objects with asymmetry in their structure. Such asymmetry
can thus impart different chemical or physical properties and
most importantly directionality within a single particle. Micro-
reactors were prepared using an emulsion polymerization
technique. First, an organic solution (chloroform) containing
polycaprolactone (PCL), catalytic PtNPs and magnetic Fe;0,
NPs is mixed with an aqueous 10% sodium dodecyl sulfate
solution (please note that nanoparticle precursors are included
here). After vigorous stirring, PCL droplets containing Pt and
Fe;0, nanoparticles inside are generated. Such nanoparticles
are not miscible with PCL; thus, during chloroform evaporation
they tend to separate from the organic phase and accumulate on
the droplet surface to reduce the interfacial energy at the water/
oil interface. This results in the asymmetric accumulation of the
nanoparticles in one hemisphere of the particle for efficient
propulsion/directionality (see Fig. 2A-C). Thus, following the

Directional
propulsion

Assymetry
Janus character

Fig. 2 (A) Schematic of the Janus character of the PCL-PtNPs-FezO,4
NP microreactor and (B) optical microscopy image of the micromotor.
The asymmetric character is marked with a white circle. (C) Scanning
electron microscopy (SEM) and energy-dispersive X-ray spectroscopy
(EDX) images showing the asymmetric distribution of the catalytic
patch in the microreactors. (D) Time-lapse images (taken from ESI
Video 1) showing the propulsion of the microreactor in helical (left)
and circular—linear circular (right) trajectories in peroxide solutions and
the control of its direction using an external magnetic field. Scale bars,
20 pm.
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Janus microparticle definition, we define our microreactor as
a “Janus microreactor” since the Janus character is introduced
by the incorporation of asymmetry/directionality via platinum
and iron oxide nanoparticle incorporation on one side of the
micromotor. As can also be seen in Fig. 2D, such asymmetry
induces efficient microreactor propulsion in peroxide solutions,
in circular and spiral like motion. Interestingly, the incorpora-
tion of magnetic nanoparticles allows for microreactor motion
using an external magnetic field for future “on demand”
synthesis in ultra-miniaturized environments and other
schemes.

Fig. 3 illustrates the synthesis of CdS quantum dots using
our Janus microreactors. Two different configurations were
explored, one using cadmium acetate dihydrate loaded micro-
reactors (3 x 10° micromotors pL,~ ') in hydrogen peroxide, ATP
and Na,S solutions and the other using the same amount of
Na,$ loaded microreactors in hydrogen peroxide, ATP and Cd**
solutions. After 15 min, Cd>" microreactors display a strong
fluorescent emission at 482 nm after excitation at 340 nm,
which was attributed to the generation of the CdS quantum
dots. In contrast, no apparent fluorescent emission is noted for
$*~ loaded microreactors, even after 60 min of navigation in the
solutions. From these result, we hypothesized that nanoparticle
generation can be attributed to a convective diffusion process
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into the microparticles.*® In Cd** microreactors, the overall
positive charge inside the microreactor body (along with the
induced movement) induces the diffusion of oppositely charged
ions (S>~ and ATP) and the corresponding CdS QD generation.
ESI Video 27 illustrates the efficient navigation of the micro-
motor and the strong fluorescent emission attributed to CdS
generation. In contrast, microreactors loaded with Cd** but
navigating in solutions in the absence of S~ do not display
fluorescent emission (see the video) even after 30 min of navi-
gation. The synthesis mechanism relies on the use of ATP as
a capping ligand, which represents a powerful mean for ratio-
nally controlling CdS QD properties. This capping ligand
prevents irreversible aggregation by stabilizing the colloid
through entropic repulsion, increasing the water solubility.”
The low total solution volume (500 pL), which is 4 to 240 times
lower than that used in traditional formats,***“*® meets the
demands of green chemistry principles and holds considerable
promise for its use in small settings were mixing constraints can
hamper the overall process. Surprisingly, in >~ microreactors,
no apparent quantum dot generation is observed. The reason
lies in the strong affinity of Cd*>" for ATP molecules. Indeed,
strong electrostatic interactions between the positive Cd*>* ions
and the negatively charged oxygen atoms in the phosphate
backbones along with the coordination between Cd** and NH,

(A) Schematic of the synthesis of CdS quantum dots using Janus microreactors with different configurations. The plots in the bottom part

show the fluorescence intensity in the microreactor over time in (a) peroxide solution, (b) under magnetic stirring, (c) with microreactors
containing FesO, in peroxide solutions and (d) under static conditions. (B) SEM and EDX images showing the distribution of Cd, S, P, Pt and Fe in
the microreactor. (C) Fluorescent emission and UV/VIS spectra of the as-synthesized CdS quantum dots. (D) HRTEM images of the CdS quantum

dots. Scale bars, 5 pm (SEM) and 20 or 5 nm (HRTEM).
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groups™” in ATP result in the generation of a neutral adduct,
preventing its diffusion into the microreactor body.

The crucial role of the enhanced fluid mixing generated by
the “moving” microreactor toward accelerating the reaction
kinetics is illustrated in the time-dependent fluorescence
graphics of Fig. 3A. As can be seen, for moving micromotors (a)
fluorescence intensity increases rapidly with time up to 5 min of
navigation, then reaching a plateau. Please also note that the
slope of the graphic in (a) is almost two times higher than the
one in (b), indicating the higher yield of CdS. The fluorescence
intensity is two times higher than that obtained under magnetic
stirring (b), which also reveals a lower yield of CdS quantum
dots, further indicating the superior fluid mixing imparted by
the micromotors in reduced volumes. For comparison, Fe
microreactors in peroxide solutions (c) and static micromotors
(d) did not show any apparent increase in the fluorescence
intensity, which reveals that the presence of peroxide does not
accelerate the synthesis. These results were obtained after
analyzing a total of 100 individual micromotor-based reactors,
yielding similar fluorescence intensities in all cases. Under the
optimized conditions, the as-synthesized CdS quantum dots
were further characterized. As can be seen in Fig. 3B, elemental
mapping shows a uniform distribution of Cd, S and P in the
microreactor body, corresponding to the CdS quantum dots.
Also, it can be seen from the fluorescence spectra of Fig. 3C that
the CdS quantum dots display a strong fluorescent emission at
482 nm after excitation at 340 nm, which is similar to that re-
ported in other studies for its synthesis.*** UV/VIS spectroscopy
was used to determine the direct optical band gap according to
the Tauc relation,”* with the bandgap calculated to be 3.8 eV,
yielding a particle size of over 3.6 nm (see the ESIt). The particle
size was further confirmed from the HRTEM images of Fig. 3D.
Particle analysis of over 50 CdS QDs recorded by HRTEM reveals
a mean particle size of 3.6 £ 0.5 nm. Also, the EDX images of
Fig. S1t indicate the presence of Cd*>* and S>~ in the particles.

Another practical utility of the CdS microreactors is illus-
trated in Fig. 4. The fluorescence intensity dependence on ATP
concentration can be exploited for detection of this important
analyte in small settings/ultra-miniaturized environments
where common agitation means are not available, revealing its
role as a useful microsensor with plenty of capabilities. The
maximum signal was obtained after 5 min of microsensor
navigation, which was then selected as optimal. Thus, as shown
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Fig. 4 (A) Influence of ATP concentration on the fluorescence
intensity of CdS microreactors. (B) ATP detection using CdS micro-
reactors. Scale bars, 20 pm.
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in Fig. 4B, the plot of fluorescence intensity vs. ATP concen-
tration displays a linear dependence up to 1 mM concentration
and then remains constant. The slight decrease in fluorescence
after 15 min was attributed to the aggregation of the CdS
quantum dots over time, which can also be partly observed in the
HRTEM images of Fig. 3D. Yet, at the optimal ATP concentration,
very low aggregation is noted. This strategy offers a convenient
way for future sensing profile schemes in different media.
Additional efforts in our lab have been aimed at characterizing
the CdS quantum dots synthesized under different conditions
and extending the concept to synthesize other types of quantum
dots, gaining better control of the whole process. On the other
hand, the magnetic Fe;0, nanoparticles in our microreactor body
can be used to selectively transport for controlled “on-demand”
release in a pre-determined area, thus opening new and exciting
applications in fields such as microfluidics.

The utility of micromotors acting as highly efficient micro-
reactors was also illustrated for “on-demand” gold nanoparticle
synthesis. To this end, 200 pL of a solution containing sodium
citrate loaded microreactors (optimal value, 4 x 10® micro-
motors pL ') was re-dispersed in 200 pL of gold(m) chloride
trihydrate containing 400 pL of H,O (for static or magnetic
stirring control experiments) or 30% H,O0, (for bubble pro-
pulsion and Fe microreactor control experiments). Similarly,
200 pL of a solution containing gold(m) chloride trihydrate
(optimal value, 4 x 10° micromotors pL~ ') microreactors was
re-dispersed in 200 pL of citrate solution containing 400 puL of
the appropriate chemicals. Both microreactors display efficient
propulsion in these solutions at a speed of 25 & 5 um s~ " in the
presence and in the absence of a surfactant (see ESI Video 37).
In both configurations, and as can be seen in Fig. 5A, efficient
AuNP generation was observed. Yet, for citrate microreactors,
fast AuNP generation (which started after 15 min of micro-
reactor navigation) was noted, which can also be visualized by
the deep-blue colors of the photograph of the corresponding
solutions. This strategy is competitive with conventional
approaches. In contrast, 5 h was needed for Au®>* microreactors.
The slight negative charge of the microreactor surface - due to
its preparation in a negative surfactant medium - prevented to
some extent the diffusion of negative ions in the microreactor,
resulting in slow kinetics.”” To demonstrate the quality of the
synthesized AuNPs as proof that our approach is viable, we have
explored the catalytic reduction of 4-nitrophenol®>* using these
AuNPs after degrading the micromotor body with lipase (see the
Experimental section and Fig. S2 in the ESIf for additional
control experiments). The experiments clearly demonstrate that
these AuNPs have the expected catalytic properties. From the
results plotted in Fig. 5B, nearly 100% degradation of 4-nitro-
phenol was obtained after the “moving micromotors” experi-
ment (bubble), as compared with magnetically stirred
micromotors and static conditions. Such results indicate
a higher reaction yield and catalytic activity of the AuNPs
associated with the enhanced fluid mixing of the moving
microreactors. Additional control experiments using Fe micro-
reactors reveal negligible nanoparticle generation, indicating
that peroxide alone is not enough to induce nanoparticle
synthesis inside the micromotor.

Chem. Sci,, 2018, 9, 8056-8064 | 8059
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(A) Tailored synthesis of gold nanoparticles using Janus microreactors. The pictures show the resulting colored solution after micro-

reactor navigation for different time periods. (B) UV/VIS spectra of 4-nitrophenol catalytically reduced by AuNPs synthesized under static
conditions, with Pt micromotors in bubble solution, under magnetic stirring and with microreactors containing FezO4 in peroxide solutions. (C
and D) SEM, EDX and TEM images showing the distribution and morphology of the as-synthesized AuNPs. (E) Plot showing the particle size of the

synthesized AuNPs. Scale bars, 5 um (SEM) and 20, 10 and 5 nm (TEM).

SEM and HRTEM characterization reveals a uniform distri-
bution of Au in its body, with a variable distribution with most
of the particles displaying an average size of 20 nm (Fig. 5E, for
more details see also the Experimental section). To further
demonstrate the advantages of our micromotor/microreactor,
we investigate nanoparticle formation in bulk solution by mix-
ing 5 mM gold(m) chloride trihydrate, 3% sodium citrate and
15% hydrogen peroxide (total volume, 800 pL) in the absence of
microreactors. Gold nanoparticle formation is observed after
5 min of addition; yet, after 30 min particles tend to aggregate
and become unstable (see Fig. S31). In addition, the 4-nitro-
phenol test revealed the poor catalytic activity of the as-prepared
nanoparticles, with no degradation of the compound (not
shown). On the other hand, gold nanoparticles remain stable
when synthesized using our micromotor approach, which
reveals an additional advantage of our procedure over batch
synthesis in the presence of high concentrations of H,0,. Please
note here that in experiments conducted with Fe microreactors,
no apparent gold nanoparticle formation was observed. This
further reveals the microreactor enhanced fluid mixing effect
associated with the fast nanoparticle generation.

Interestingly, the reaction rate and catalytic activity of the
resulting AuNPs can be modulated by the judicious control of
the mobile microreactor motion behavior. For example, the
addition of a surfactant to the mixture results in the generation
of AuNPs with no apparent catalytic activity as illustrated in

8060 | Chem. Sci., 2018, 9, 8056-8064

Fig. 6A. This can be attributed to the passivation of their surface
with the surfactant.* Further experiments to evaluate the effect
of the surrounding media (propelling environment) reveal that
AuNPs synthesized with the mobile microreactors at room
temperature (25 °C, Fig. 6C and D) display higher catalytic
activity than those synthesized with microreactors navigating in
water at 100 °C (Fig. 6B). With this data we evaluate the catalytic
performance of the catalytic nanoparticles for the reduction of
4-nitrophenol according to the Langmuir-Hinshelwood model.
The apparent rate constant (Kpp) was determined from the
slope of the linear correlation of In(4,/4,) with time, where 4,
and A, denotes the absorbance at time ¢ and at the beginning,
respectively (see Fig. S4 in the ESIT).*

The reduction of 4-nitrophenol catalyzed by AuNPs synthe-
sized with Au®*" motors followed pseudo-first order kinetics,
with apparent rate constants of 0.0004 and 0.0035 s~ ' for the
experiments conducted at 100 °C and room temperature,
respectively. This corresponds to a particle size of about 100 and
20 nm, respectively. For citrate and Au motors (synthesized at
25 °C) similar apparent rate constants were noted for the
synthesized nanoparticles. As can be seen, K,,, decreases as the
particle size increases, which provides a convenient means to
tailor the morphology and requirements of such nanoparticles
for an intended application.

Future applications of gold microreactors can be directed to
the evaluation of the antioxidant capacity of phenolic

This journal is © The Royal Society of Chemistry 2018
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Fig. 6 Control of the synthesis rate and catalytic activity of AuNPs
using the "moving” microreactors under different experimental
conditions: (A) in surfactant-rich media (navigation time, 24 h), (B) Au®*
motors at 100 °C (navigation time, 30 min) and (C) Au®" motors
(navigation time, 24 h) and (D) citrate motors (navigation time, 30 min)
at 25 °C, respectively.

compounds and other antioxidants in food® or to surface
enhanced Raman scattering (SERS) sensing schemes for the
detection of important analytes. In the latter case, the
confinement and aggregation of AuNPs inside the micro-
reactors hold considerable promise to create hot spots for
enhanced detection.”” In this work, to prove the synthesis
capabilities of our microreactors, we replace citrate with
ascorbic acid, which is an essential antioxidant in food and is
also involved in cellular functions. Thus, the assessment of
such analytes in intracellular and extracellular environments is
relevant for disease diagnosis or to ensure food quality. The
concept is shown in Fig. 7. We mix the micromotors (loaded
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Fig. 7 Gold micromotor ‘“reactors” using ascorbic acid as the
precursor. (A) Schematic of the ascorbic acid triggered generation of
gold nanoparticles. The right part shows the photographs of water and
serum solutions containing 2 M ascorbic acid before and after 24 h
navigation of the microreactors. (B and C) UV/VIS spectra of 4-nitro-
phenol catalytically reduced using AuNPs synthesized at different
ascorbic acid concentrations in serum and water samples, respec-
tively. to and t; correspond to 0 and 24 h, respectively. For details on 4-
nitrophenol experiments, see the Experimental section.
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with Au®") with increasing concentrations of ascorbic acid in
water and diluted serum samples. As can be seen, after micro-
motor navigation (24 h) a slight color change is observed in this
solution, which is attributed to gold nanoparticle formation
following the mechanism depicted in Fig. 7A. To further
support such a hypothesis, we treated the motor with lipase and
determined the catalytic activity of the as-prepared nano-
particles through the reduction of 4-nitrophenol. As can be seen
in Fig. 7B and C, the 4-nitrophenol degradation rate increases
along with the concentration of ascorbic acid, indicating
a higher yield of nanoparticles at increased concentrations.
Such results hold considerable promise for the future applica-
tion of the micromotor to monitor intracellular events involving
ascorbic acid. The concept can also be extended to evaluate the
antioxidant capacity of food based on the microreactor trig-
gered gold nanoparticle generation as well as to synthesize
tailored AuNPs using natural sources with different properties.

Conclusions

In conclusion, we have illustrated here, for the first time, the use
of catalytic Janus micromotors as “all-in-one” mobile micro-
reactors for nanoparticle synthesis. Cd*>" loaded micromotors
were used for CdS quantum dot synthesis using ATP as the
capping and stabilizing agent. In addition, one practical utility of
such an approach is the use of micromotors as microsensors for
ATP detection and for controlled transport and release opera-
tions. The concept is also applied for AuNP synthesis using
citrate or HAuCl, microreactors. The overall nanoparticle size
and catalytic activity can be modulated by the judicious control
of the motion behavior of the microreactor. The use of confined
reagents along with the efficient microreactor navigation allows
for a drastic reduction of reagent and waste volumes to less than
800 pL. Also, unlike vessels for gold nanoparticle synthesis that
require 24 h for adequate nanoparticle generation,® the moving
nature of our microreactors allows for a drastic reduction (to 15
min) of the overall time required (in “citrate” mode). The high
catalytic activity of the synthesized AuNPs in the micromotor
body can be exploited for future environmental studies on 4-
nitrophenol degradation or in precious metal recovery schemes.
Additional applications can be directed to the evaluation of the
antioxidant capacity in functional foods or in SERS sensing
schemes where the confinement and aggregation of AuNPs
inside the microreactors hold considerable promise to create hot
spots for enhanced detection. Future efforts should be aimed at
extending the concept to the synthesis of other nanoparticles
and to explore additional polymers as components of the
micromotor body for faster degradation and nanoparticle
release. To decrease the overall cost, the PtNPs used to propel the
micromotor can be replaced by economically viable catalysts
such as MnO,. In addition, the microreactors can be mass
prepared in a cost-effective manner. Overall, the new micro-
motor based microreactors hold considerable promise to
address growing concerns about the impact of chemicals
released in the environment and for a myriad of analytical,
biomedical and material synthesis applications. Compared with
previously developed strategies for miniaturized synthesis,>® the

Chem. Sci,, 2018, 9, 8056-8064 | 8061


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8sc03681k

Open Access Article. Published on 01 October 2018. Downloaded on 1/25/2026 4:51:56 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

new microreactors developed here represent a “fresh” and fast
approach with unprecedented capabilities for their use in
microvolume settings where alternative means for agitation are
not available. The new microreactors allow for simultaneous
mixing, transportation and reaction to accelerate the synthesis of
nanoparticles and do not require micropumps or microvalves to
drive fluids, avoiding common fouling phenomena. Such
a simple synthetic approach allows for controlled synthesis in
aqueous environments and in different compartments along
with multiplex capabilities for a myriad of catalytic reactions.
The moving nature and magnetic properties of the microreactor
vessel allow controlled synthesis in ultra-small settings and
controlled transport and release in pre-determined settings, with
many possibilities that remain to be explored in the near future.

Experimental
Chemicals

Polycaprolactone (cat. 440752), iron oxide nanoparticles (20 nm,
cat. 700304), chloroplatinic acid hydrate (cat. 398322), hydra-
zine (30% in H,O0, cat. 309400), chloroform (cat. 650498),
cadmium acetate dihydrate (cat. 289159), sodium sulfide non-
ahydrate (cat. 208043), Trizma® hydrochloride solution (pH 7.4,
1 M, cat. T2194), adenosine 5'-triphosphate disodium salt
hydrate (cat. A26209), lipase from Pseudomonas cepacia (cat.
62309), gold(m) chloride trihydrate (cat. 520918), sodium boro-
hydride (cat. 71320), 4-nitrophenol (cat. 1048), sodium cholate
(cat. C9282), hydrogen peroxide (30% solution, cat. 216763) and
human serum AB plasma (cat. H4522) were purchased from
Sigma-Aldrich (Spain). Sodium dodecyl sulfate (cat. 71727) was
supplied by Merck (Germany). Ascorbic acid (cat. 95210) was
obtained from Fluka (Spain).

Instrumentation

Scanning electron microscopy and energy-dispersive X-ray
mapping analysis images were obtained using a JEOL JSM
6335F instrument, at an acceleration voltage of 10 kV and 22 kv,
respectively. High resolution transmission electron microscopy
images were obtained using a JEOL JEM 3000 F microscope at
an acceleration voltage of 300 kV. An inverted optical micro-
scope (Nikon Eclipse Instrument Inc. Ti-S/L100), coupled with
20x objective was used to track the speed of the micromotors.
Fluorescence images were obtained using an Epi-fluorescence
attachment with a UV-2E/C (DAPI) filter cube. UV-VIS experi-
ments were carried out using a Perkin-Elmer Lambda 20 spec-
trophotometer. Fluorescence spectra were recorded at 25 °C
with a PerkinElmer LS-50B luminescence spectrophotometer
equipped with a Xe flash lamp. The excitation and emission slit

widths were 5 nm and scan speed was 1000 nm min "

Microreactor synthesis

Janus microreactors were prepared using an emulsion poly-
merization technique. Cadmium or $>~ microreactors for CdS
synthesis were prepared by mixing a 10% sodium dodecyl
sulfate solution (8 mL) with 1 mL of cadmium acetate dihydrate
(40 mM) or sodium sulfide (0.18 M), respectively. For the gold
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nanoparticle microreactor, a solution of 5 mM gold(ur) chloride
trihydrate (10 mg) or 3% sodium citrate was mixed with the 10%
sodium dodecyl sulfate solution. Next, each solution was rapidly
mixed with 1 mL chloroform solution containing poly-
caprolactone (100 mg), platinum nanoparticles (average particle
size 100 nm; 5 mg) and iron oxide nanoparticles (20 nm,
200 pL). Fe microreactors were synthesized by mixing the 10%
sodium dodecyl sulfate solution containing gold(m) chloride
trihydrate (5 mM) with 1 mL chloroform solution containing
polycaprolactone (100 mg) and iron oxide nanoparticles (20 nm,
200 pL). The solutions were vigorously stirred for 10 min and
added dropwise onto a Petri dish to improve the evaporation of
solvents and polymer solidification. Micromotors were collected
in water with a pipette and washed to remove excess reagents at
5000 rpm for 15 min.

Cadmium sulfide quantum dot and gold nanoparticle
synthesis

For CdS synthesis, 100 pL of cadmium or $> -loaded micro-
reactors (3 x 10° micromotors pL~ ') were dissolved in 100 puL of
0.1 mM Tris-HCI buffer (pH 7.4, for static and magnetic stirring
experiments) or hydrogen peroxide solution (final concentra-
tion in the mixture, 6%) and mixed with 200 pL of ATP solution.
After 5 min, 100 uL of Na,S (18 mM) or Cd>* (4 mM) solution was
added dropwise into the mixture, and was left to react for
15 min. Next, the fluorescence emission of the microreactors at
482 nm was checked using an optical microscope after excita-
tion at 340 nm.

For AuNP synthesis, 200 pL of a solution containing a known
amount of gold(ur) chloride trihydrate loaded microreactors (4
x 10° micromotors puL ™) was redispersed in 200 pL of 3%
sodium citrate (in H,O) or 0-2 M ascorbic acid (in H,O or
human serum diluted 1 : 2). For reverse micromotor configu-
ration, 200 pL of a solution containing a known amount of
citrate loaded microreactors was mixed with 200 pL of Au®* (5
mM). To these solutions were added 400 pL of H,O (for static or
magnetic stirring control experiments) or H,O, (final concen-
tration in the mixture, 15%).

The mixture was retained in the centrifuge tube for 24 h at
25 °C to complete the reaction. This method was compared with
the classic synthesis of gold nanoparticles that consists in
a reduction chemistry of gold(um) chloride trihydrate with
sodium citrate at 100 °C (reaction time, 30 min). Experiments
with solutions containing surfactant (sodium cholate, 5%) were
performed in a similar fashion. The generation of gold nano-
particles and their catalytic activity were monitored via catalytic
reduction of 4-nitrophenol. To this end, 125 pL of aqueous
NaBH, solution (100 mM) was added to 1.5 mL of the 4-nitro-
phenol solution (100 pM) in a quartz cuvette. 1 mL of gold
nanoparticles released from the microreactors after their enzy-
matic degradation was then added to the mixture. To monitor
the reaction progress, the mixture was measured at regular
intervals of time (5 min) for 30 minutes with UV-VIS spectro-
photometry. The average size of gold nanoparticles was deter-
mined by analysing over 150 particles from the TEM images

n
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using Image] software developed by the National Institutes of
Health.

Please note that in both cases we carried out experiments to
study the influence of peroxide concentration (over the range of
5 to 20%) on CdS and AuNP formation. Similar results were
observed along the entire range; thus peroxide does not have
any influence on nanoparticle generation. To adjust the optimal
concentration of precursors in the final mixture and minimize
the use of reagents and subsequent waste, we adjust the amount
of peroxide in each set of experiments.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

The Spanish Ministry of Education (M. Pacheco, FPU 16/02211);
Spanish Ministry of Economy and Competitiveness (B. J. S.;
RYC-2015-17558, co-financed by the EU and A. E. CTQ2017-
86441-C2-1-R), University of Alcala (CCGP2017-351 EXP/040)
and NANOAVANSENS program (52013/MIT-3029).

References

1 M. Massaro, C. G. Colletti, G. Lazzara, S. Milioto, R. Noto and
S. Riela, J. Mater. Chem. A, 2017, 5, 13276-13293.

2 Z.Zhang, C. Shao, Y. Sun, J. Mu, M. Zhang, P. Zhang, Z. Guo,
P. Liang, C. Wang and Y. Liu, J. Mater. Chem., 2012, 22, 1387-
1395.

3 A. Dhakshinamoorthy and H. Garcia, Chem. Soc. Rev., 2012,
41, 5262-5284.

4 (a) J. Cho, J. Cho, H. Kim, M. Lim, H. Jo, H. Kim, S.-]. Min,
H. Rhee and J. W. Kim, Green Chem., 2018, 20, 2840-2844;
(b) L. Zhao, L. Zhu, Y. Chen, Q. Wang, J. Li, C. Zhang,
F. Liang, X. Qu and Z. Yang, Chem. Commun., 2013, 49,
6161-6163; (c) P. Schattling, C. Dreier and B. Stadler, Soft
Matter, 2015, 11, 5327-5335; (d) T. Yang, L. Wei, L. Jing,
J. Liang, X. Zhang, M. Tang, M. J. Monteiro, Y. I. Chen,
Y. Wang, S. Gu, D. Zhao, H. Yang, J. Liu and G. Q. M. Lu,
Angew. Chem., Int. Ed., 2017, 56, 8459-8463.

5 D. Yi, Q. Zhang, Y. Liu, J. Song, Y. Tang, F. Caruso and
Y. Wang, Angew. Chem., Int. Ed., 2016, 55, 14733-14737.

6 (a) S. Tao, M. Yang, H. Chen and G. Chen, ACS Sustainable
Chem. Eng., 2018, 6, 8719-8726; (b) L. Lignos, L. Protesescu,
S. Stavrakis, L. Piveteau, M. J. Speirs, M. A. Loi,
M. V. Kovalenko and A. J. de Mello, Chem. Mater., 2014, 26,
2975-2982; (¢) S. Abalde-Cela, P. Taladriz-Blanco, M. G. de
Oliveira and C. Abell, Sci. Rep., 2018, 8, 2440-2446; (d)
J. B. Wacker, 1. Lignos, V. K. Parashar and M. A. M. Gijs,
Lab Chip, 2012, 12, 3111-3116; (¢) N. Hassan, V. Cabuil and
A. Abou-Hassan, Angew. Chem., Int. Ed., 2013, 52, 1994-1997.

7 (@) Y. Zhao, Z. Xu, H. Niu, X. Wang and T. Lin, Adv. Funct.
Mater., 2015, 25, 437-444; (b) Y. Xue, H. Wang, Y. Zhao,
L. Dai, L. Feng, X. Wang and T. Lin, Adv. Mater., 2010, 22,
4814-4818; (¢) Y. Chu, Z. Wang and Q. Pan, ACS Appl.
Mater. Interfaces, 2014, 6, 8378-8386; (d) Y. Sheng, G. Sun,

This journal is © The Royal Society of Chemistry 2018

View Article Online

Chemical Science

J. Wu, G. Ma and T. Ngai, Angew. Chem., Int. Ed., 2015, 54,
7012-7017.

8 (@) G. A. Ozin, I. Manners, S. Fournier-Bidoz and
A. Arsenault, Adv. Mater., 2005, 17, 3011-3018; (b)
S. Sanchez and M. Pumera, Chem.-Asian J., 2009, 4, 1402-
14105 (¢) A. A. Solovev, Y. Mei, E. B. Urefa, G. Huang and
O. G. Schmidt, Small, 2009, 5, 1688-1692; (d) S. ]J. Ebbens
and J. R. Howse, Soft Matter, 2010, 6, 726-738; (¢) Y. Mei,
A. A. Solovev, S. Sanchez and O. G. Schmidt, Chem. Soc.
Rev., 2011, 40, 2109-2119; (f) ]J. Wang, Nanomachines:
Fundamentals and Applications, Wiley-VCH, Weinheim,
2013; (g) W. Wang, T. Y. Chiang, D. Velegol and
T. E. Mallouk, J. Am. Chem. Soc., 2013, 135, 10557-10565;
(h) E. Karshalev, B. Esteban-Fernandez de Avila and
J. Wang, J. Am. Chem. Soc., 2018, 140, 3810-3820; (i)
J. Orozco, G. Cheng, D. Vilela, S. Sattayasamitsathit,
R. Vazquez-Duhalt, G. Valdes-Ramirez, O. S. Pak,
A. Escarpa, C. Kan and ]J. Wang, Angew. Chem., Int. Ed.,
2013, 52, 13276-13279.

9 J. Orozco, B. Jurado-Sanchez, G. Wagner, W. Gao, R. Vazquez-
Duhalt, S. Sattayasamitsathit, M. Galarnyk, A. Cortés,
D. Saintillan and J. Wang, Langmuir, 2014, 30, 5082-5087.

10 B. Jurado-Sanchez and J. Wang, Environ. Sci.: Nano, 2018, 5,
1530-1544.

11 (a) F. Peng, Y. Tu and D. A. Wilson, Chem. Soc. Rev., 2017, 46,
5289-5310; (b) J. Li, B. Esteban-Fernandez de Avila, W. Gao,
L. Zhang and J. Wang, Science Robotics, 2017, 2, 6431-6440.

12 V. V. Singh, F. Soto, K. Kaufmann and J. Wang, Angew.
Chem., Int. Ed., 2015, 54, 6896-6899.

13 (a) B. Jurado-Sanchez and A. Escarpa, Electroanalysis, 2017,
29, 14-23; (b) J. Wang, Biosens. Bioelectron., 2016, 76, 234~
242.

14 S. K. Srivastava and O. G. Schmidt, Chem.-Eur. J., 2016, 22,
9072-9076.

15 K. M. Manesh, S. Campuzano, W. Gao, M. J. Lobo-Castafion,
I. Shitanda, K. Kiantaj and J. Wang, Nanoscale, 2013, 5, 1310~
1314.

16 J. Li, W. Gao, R. Dong, A. Pei, S. Sattayasamitsathit and
J. Wang, Nat. Commun., 2014, 5, 5026.

17 B. Jurado-Sanchez, M. Pacheco, ]J. Rojo and A. Escarpa,
Angew. Chem., Int. Ed., 2017, 129, 7061-7065.

18 M. Xuan, X. Lin, J. Shao, L. Dai and Q. He, ChemPhysChem,
2015, 16, 147-151.

19 (a) S. Liu, X. Wang, S. Pang, W. Na, X. Yan and X. Su, Anal.
Chim. Acta, 2014, 827, 103-110; () J. H. Choi, K. H. Chen
and M. S. Strano, J. Am. Chem. Soc., 2006, 128, 15584—
15585; (¢) H. B. Ren and X. P. Yan, Talanta, 2012, 97, 16-22.

20 (@) A. K. Bansal, F. Antolini, S. Zhang, L. Stroea, L. Ortolani,
M. Lanzi, E. Serra, S. Allard, U. Scherf and I. D. W. Samuel, J.
Phys. Chem. C, 2016, 120, 1871-1880; (b) K. Shivaji, S. Mani,
P. Ponmurugan, C. S. De Castro, M. L. Davies,
M. G. Balasubramanian and S. Pitchaimuthu, ACS Appl
Nano Mater., 2018, 1, 1683-1693.

21 B. Jurado-Sanchez, J. Wang and A. Escarpa, ACS Appl. Mater.
Interfaces, 2016, 8, 19618-19625.

22 S. W. Pok, K. N. Wallace and S. V. Madihally, Acta Biomater.,
2010, 6, 1061-1068.

Chem. Sci,, 2018, 9, 8056-8064 | 8063


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8sc03681k

Open Access Article. Published on 01 October 2018. Downloaded on 1/25/2026 4:51:56 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

23 K. B. Narayanan and N. Sakthivel, J. Hazard. Mater., 2011,
189, 519-525.

24 M. A. Wall, S. Harmsen, S. Pal, L. Zhang, G. Arianna,
J- R. Lombardi, C. M. Drain and M. F. Kircher, Adv. Mater.,
2017, 29, 1605622.

25 (a) P. Suchomel, L. Kvitek, R. Prucek, A. Panacek, A. Halder,
S. Vajda and R. Zboril, Sci. Rep., 2018, 8, 4589-4600; (b)
S. Wunder, Y. Lu, M. Albrecht and M. Ballauff, ACS Catal.,
2011, 1, 908-916.

8064 | Chem. Sci., 2018, 9, 8056-8064

View Article Online

Edge Article

26 F. Della Pelle, M. C. Gonzalez, M. Sergi, M. Del Carlo,
D. Compagnone and A. Escarpa, Anal. Chem., 2015, 87,
6905-6911.

27 (a) C. Hamon and L. M. Liz-Marzan, J. Colloid Interface Sci.,
2018, 512, 834-848; (b) A. Sanchez-Iglesias, N. Claes,
D. M. Solis, J. M. Taboada, S. Bals, L. M. Liz-Marzan and
M. Grzelczak, Angew. Chem., Int. Ed., 2018, 57, 3183-3186.

This journal is © The Royal Society of Chemistry 2018


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8sc03681k

	Lab-on-a-micromotor: catalytic Janus particles as mobile microreactors for tailored synthesis of nanoparticlesElectronic supplementary information (ESI) available: Supporting videos and figures. See DOI: 10.1039/c8sc03681k
	Lab-on-a-micromotor: catalytic Janus particles as mobile microreactors for tailored synthesis of nanoparticlesElectronic supplementary information (ESI) available: Supporting videos and figures. See DOI: 10.1039/c8sc03681k
	Lab-on-a-micromotor: catalytic Janus particles as mobile microreactors for tailored synthesis of nanoparticlesElectronic supplementary information (ESI) available: Supporting videos and figures. See DOI: 10.1039/c8sc03681k
	Lab-on-a-micromotor: catalytic Janus particles as mobile microreactors for tailored synthesis of nanoparticlesElectronic supplementary information (ESI) available: Supporting videos and figures. See DOI: 10.1039/c8sc03681k
	Lab-on-a-micromotor: catalytic Janus particles as mobile microreactors for tailored synthesis of nanoparticlesElectronic supplementary information (ESI) available: Supporting videos and figures. See DOI: 10.1039/c8sc03681k
	Lab-on-a-micromotor: catalytic Janus particles as mobile microreactors for tailored synthesis of nanoparticlesElectronic supplementary information (ESI) available: Supporting videos and figures. See DOI: 10.1039/c8sc03681k
	Lab-on-a-micromotor: catalytic Janus particles as mobile microreactors for tailored synthesis of nanoparticlesElectronic supplementary information (ESI) available: Supporting videos and figures. See DOI: 10.1039/c8sc03681k
	Lab-on-a-micromotor: catalytic Janus particles as mobile microreactors for tailored synthesis of nanoparticlesElectronic supplementary information (ESI) available: Supporting videos and figures. See DOI: 10.1039/c8sc03681k
	Lab-on-a-micromotor: catalytic Janus particles as mobile microreactors for tailored synthesis of nanoparticlesElectronic supplementary information (ESI) available: Supporting videos and figures. See DOI: 10.1039/c8sc03681k

	Lab-on-a-micromotor: catalytic Janus particles as mobile microreactors for tailored synthesis of nanoparticlesElectronic supplementary information (ESI) available: Supporting videos and figures. See DOI: 10.1039/c8sc03681k
	Lab-on-a-micromotor: catalytic Janus particles as mobile microreactors for tailored synthesis of nanoparticlesElectronic supplementary information (ESI) available: Supporting videos and figures. See DOI: 10.1039/c8sc03681k




