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Microfluidic Synthesis of Luminescent and Plasmonic
Nanoparticles: Fast, Efficient, and Data-Rich

Julia Nette, Philip D. Howes,* and Andrew J. deMello*

Microfluidic approaches to nanomaterial synthesis provide an effective
means of making high quality products, with exquisite control over elec-
tronic, optical, and structural properties. Furthermore, microfluidic reactors
integrating analytics and real-time reaction control have recently emerged as
powerful tools in automating materials exploration and reaction parameter
mapping, with a rapidity and efficiency that is inaccessible to traditional
flask-based methods. Herein, the recent innovations in the microfluidic syn-
thesis of photonic nanoparticles, whose varied luminescent and plasmonic
properties have found great application in the biomedical and optoelectronic
sciences, are presented. Special attention is placed on the achievements and
promise of microfluidic approaches in automated multidimensional reac-
tion parameter screening employing in situ optical characterization. In an
extended outlook, the future of the field is explored, looking toward the inte-
gration of smart control systems and machine learning algorithms, and dem-
onstrating how maximal positive impact can be achieved. Far from degrading

functionality arises due to the interaction
with and/or generation of light.

The field of photonic nanoparticles is
wide in its variety of composition, mor-
phology, size, and property (Figure 1). Nano-
particles whose most beneficial optical char-
acteristics stem from their photolumines-
cence (PL) include inorganic and organic
semiconductor, organic dye-based and
semiconductor perovskite nanoparticles,
and noble metal nanoclusters.? In contrast,
the dominant functionality of noble metal
nanoparticles arises due to their ability to
form surface plasmons.! Together, such
nanoparticles have been the focus of a tre-
mendous amount of attention over the past
three decades, with a myriad of potential
applications including optical and biolog-

or replacing the ingenuity of the experimentalist, these tools will provide new
powers of exploration, augmenting the discovery process. Further, through
automation and miniaturization, it is expected that such approaches will
fulfill the moral imperative of maximizing the benefit derived from the natural

resources consumed in conducting research.

1. Introduction

Nanoscience describes the manipulation of matter on the
nanoscale, with a view to building novel functional (nano)
systems or uncovering new phenomena of fundamental and
practical importance. In simple terms, a nanomaterial may be
defined as any structure that has at least one dimension of a
size below 1 um (but typically below 100 nm), while a nano-
particle has the same size constraint in three dimensions.l!l On
such scales, many materials exhibit new and interesting phe-
nomena, forming a unique set of size-dependent properties.?!
This is particularly significant for photonic nanoparticles, a
term we use here to refer to any nanoparticles whose dominant
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ical sensing,>” medical imaging and drug
delivery,®l  photoacoustic ~ imaging,[1®!!
photothermal  therapy,*?l  light-emitting
diodes (LEDs),[*™ and photovoltaics.™l

Beyond the obvious dependence on
elemental composition, the properties of
most photonic nanoparticles are highly
dependent on their size, shape, and surface
character.'®! For example, the emission of
compound semiconductor quantum dots (QDs) is strongly cou-
pled to the particle diameter, while the plasmonic peak of noble
metal nanoparticles varies dramatically as a function of nanopar-
ticle shape. Such relationships mean that the ultimate proper-
ties of nanoparticles are acutely sensitive to the reaction condi-
tions used during their synthesis. Accordingly, the ability to exert
a tight control over the synthesis provides a route to ensuring
in-batch and batch-to-batch product consistency. Unfortunately,
such control is exceptionally difficult to achieve when using
traditional flask-based techniques (especially for rapid reactions),
due to an inability to control heat and mass transport in a rapid
manner.["]

In recent years, microfluidic reactors have emerged as out-
standing tools for synthesizing a wide range of photonic nano-
particles, providing for exquisite control over particle size, par-
ticle size distributions, and batch-to-batch reproducibility.'®!
The superior heat- and mass-transfer rates representative of
such environments, allow for dramatic reductions in mixing
timescales and guarantee uniform temperatures across the
entirety of the reaction volume. Additionally, microfluidic plat-
forms can be configured so as to isolate different steps within
complex reaction schemes and thus exert even finer control
over the synthetic process.
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Continuous- and segmented-flow reactors have been used
to synthesize a wide range of nanomaterials. Continuous-flow
formats offer a high degree of synthetic flexibility, are tolerant
to variations in flow rates and solvents, and facilitate multistep
processing using simple fluid circuits. That said, continuous
flow reactors are limited by issues related to Taylor disper-
sion, solute—surface interactions, cross-contamination, and the
need for extended channel lengths. Fortunately, segmented-
flow or droplet-based reactors elegantly overcome many of
these drawbacks. In droplet flows, reaction volumes con-
tained in the discrete phase are isolated from channel surfaces
by the carrier fluid (preventing solute—surface interactions)
and if large enough to fill the channel cross-section, move
at a constant linear velocity (thus removing residence time
distributions).['>21

Although the inherent advantages of microfluidic reactors
in photonic nanoparticle synthesis are of key importance, they
are not the primary focus of the current review. Herein, we
are more interested in assessing the prospects of automated
microfluidic reactors in conducting rapid, efficient, and data-
rich materials exploration and reaction optimization via multi-
dimensional parameter screening. Such approaches essentially
split synthesis parameter space into separate variables that can
be controlled in an automated fashion, through the variation
of input stream flow rates, reaction temperature, and resi-
dence time. Subsequently, integrated analytics (e.g., extracting
photoluminescence and absorption data) are used to analyze
products in real time, either logging data as part of a prepro-
grammed parameter scan, or feeding it back into an automated
reaction controller to tune synthesis variables toward a desired
product. Accordingly, we see that this technology set necessi-
tates advances in system automation, machine learning, and
analytics integration. Put simply, by combining the key advan-
tages of miniaturization and automation, dramatic gains in
both resource and time efficiency can be made. We believe
this generic approach will rapidly accelerate the optimization
of existing photonic nanoparticles, and open new avenues to
enhanced formulation complexities that cannot be effectively
explored using traditional flask-based approaches.

Herein, we first provide a general overview of microflu-
idic tools for the synthesis of nanoparticles, and follow this
by an assessment of studies where microfluidic systems have
been used for multidimensional parameter screening. Sub-
sequently, we discuss how system automation is beginning to
revolutionize our abilities to perform fast and efficient reaction
parameter optimization, discover new particle formulations,
optimize reaction conditions, and perform targeted synthesis.
Finally, we conclude with a discussion of some of the wider
challenges and opportunities in the field.

2. Methods in Microfluidics and Optical
Characterization

2.1. Nanoparticle Synthesis in Microfluidic Environments
The sensitivity of nanoparticle properties to their size, shape,

and surface effects necessitates a high level of control and
reproducibility in their synthesis.??l This is exceptionally
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difficult to achieve via classical flask-based methods,?3l where
small (but inevitable) variations in reaction conditions (such
as temperature, precursor concentration, ligands, and solvent
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Figure 1. Schematic of the various photonic nanoparticles discussed in this review, and the optical detection methods that can be used to

characterize them.

composition) yield dramatic shifts in product properties.?¥
Product inconsistencies in flask-based synthesis arise both in-
batch (through high polydispersities) and between batches.!’!
In contrast, the reduced reaction volumes typical in micro-
fluidic environments allow for greatly improved heat- and
mass-transfer, leading to higher reaction yields, reduced
product dispersities, %l and higher quality nanoparticles.!2-2227]

Synthetic approaches in microfluidics vary with regard to
flow scheme and device material. Two generic flow schemes
are commonly encountered in microfluidic systems, namely,
single-phase continuous flow and two-phase segmented (or
“droplet”) flow (Figure 2). Continuous flow schemes (Figure 2a)
involve the motivation of a single fluid phase along a micro-
fluidic flow path. As noted, such an approach can be used for
complex, multistep processes, but is limited by the parabolic
nature of the flow, which results in wide residence time distri-
butions and a propensity for reactor fouling. In continuous flow
schemes, mixing typically occurs through diffusion (Figure 2c)
at Reynolds numbers (Re) below 2000.12% In contrast, segmented
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flows involve a liquid-liquid or gas-liquid flow, and are most
normally characterized by a series of spatially separated reaction
volumes forming an “ordered emulsion” (with encapsulated vol-
umes typically on the fl-nL scale).’®! In a gas-liquid segmented
flow, elongated volumes of gas spatially separate liquid droplet
reaction volumes. A liquid-liquid segmented flow (Figure 2b)
describes the scenario where a carrier fluid (continuous phase)
physically separates distinct volumes (droplets) of an immis-
cible discrete phase. If the formed droplets are smaller than the
cross-section dimensions of the containing channel, they will
form spheres. Otherwise they will conform to the shape of the
channel, and for example form elongated allantoid droplets. It
is important to note that clean transport of droplet contents is
ensured if the continuous phase is chosen so as to preferentially
wet the channel surface. If such a condition is fulfilled, the dis-
crete phase will remain separated from the channel surface by
a thin layer of the carrier fluid.?"! Segmented flows are espe-
cially useful when performing reactive processes, and overcome
mixing restrictions associated with continuous flows due to

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Flow patterns in microfluidic channels: a) single-phase con-
tinuous flow with parabolic flow profile, b) two-phase segmented/droplet
flow, c) single-phase continuous flow with diffusive mixing, and d) two-
phase segmented/droplet flow in serpentine mixing channels.

negligible residence time distributions and the passive genera-
tion of chaotic advection in winding channels (Figure 2d).2329:30
In addition, segmented flows allow for precise temporal con-
trol over unit operations (such as reaction initiation or reagent
addition) and the separation of multiple process steps through
droplet merging, splitting, sorting, and picoinjection.l3%34
Multiphase microfluidic flows are not necessarily limited to a
two-phase system, for example, Duraiswamy and Khan demon-
strated microfluidic composite foams with an aqueous liquid
and a gas phase immersed in an oil phase for the synthesis of
gold “nanoshells” and “nanoislands” on silica nanoparticle sur-
faces. This three-phase flow evidently overcomes liquid-liquid
segmented flow limitations through residue prevention at the
junction and hindrance of droplet fusion.?

In addition to the distinction between flow formats, micro-
fluidic reactors can be categorized as being either capillary-
based or chip-based. Capillary reactors are most commonly
made from commercially available plastic tubing with high
chemical and temperature stability (such as polytetrafiuoro-
ethylene (PTFE) and fluorinated ethylene propylene (FEP)) or
glass capillaries, and offer a relatively simple way to construct
sophisticated flow systems.[?>3334 However, chip-based reactors
are far richer in respect to their structure, geometry, and mate-
rial choice. Chips can be made from many materials, including
glass, silicon,? elastomers,*®! plastics,’”) ceramics,*® and
metals.?”) Within the broad field of “microfluidics” the most
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popular chip material is poly(dimethylsiloxane) (PDMS).[
That said, its poor solvent and thermal compatibility severely
limits its use in most nanoparticle synthesis applications. It is
possible to coat PDMS channels with more robust materials
like PTFE,*# but this is a relatively specialized process and
not recommended when operating under harsh reaction con-
ditions. To conclude, while the chip-based approach excels in
controlling system complexity, variability, and flexibility,>4344l
it is far more involved than the capillary approach.

In continuous flow reactors, reagent streams are combined at
a junction. These can be simple in structure (e.g., a T-junction),
or they can be more complex, incorporating hydrodynamic
flow focusing structures, where an inner stream is introduced
between outer coflows (2D) or coaxially inside an outer flow (3D
focusing). Such coflows surround and focus the inner flow into
a thin stream.'®®! In a laminar flow regime, mixing between
the fluids occurs solely via diffusion. In an attempt to overcome
the limitations of diffusion-based mixing, transitional jet-based
mixers, where a coflowing outer fluid generates microvortices
surrounding an inner jet have been investigated.’! In the
example shown in Figure 3a, the sequential nanoprecipitation
of a nanoparticle core and shell at <5 ms mixing time and good
batch-to-batch reproducibility allowed for the synthesis of nano-
particles with a polydispersity index (PDI) below 0.2 at Re > 10,
and high drug loading degrees above 40% (compared to above
5% drug loading in particles synthesized via single nanoprecip-
itation).l*! In contrast, diffusive mixing in segmented flows can
be dramatically accelerated by conveying the droplets through
serpentine channels, which induce internal circulation and cha-
otic advection within the liquid segments.l?”l This is a signifi-
cant advantage of segmented flow microfluidic platforms.

For the synthesis of inorganic nanocrystals, reagents are
typically chemically bound in precursors of each component,
and react to form the desired nanoparticles (Figure 3b). In such
systems, the rate of mixing of precursors and solvents is not
always a reaction limiting step, so there may be some flexibility
in the requirements of superfast mixing. This is especially pres-
cient in cases where the reaction is initiated by temperature, as
a time delay between mixing and heating can be introduced to
ensure complete mixing before the reaction starts. An illustra-
tive example is shown in Figure 3b, where core and shell syn-
thesis of InP/ZnSeS nanoparticles proceeds in a two-step con-
tinuous flow reactor with integrated heating and cooling units
and an inline mixer.[*’]

a) inner fluid 1 &1 _——»MB-® Ovterflvid b) Core (InF) Inline Shell (ZnSeS)

Inner fluid 2 ( reactor Cooling  Mixer reactor Cooling

Module Module
""" : Heating N

( X Cartridge
Peristaltic | Peristaltic
Pump Pump
Outer Fluid Y 80n =0 Back-pressure
Core/shell " ( ) regulator
nanoparicies InP ZnSes

Precursor Precursor InP/ZnSeS

Figure 3. Nanoparticle synthesis in microfluidic systems: a) polymeric core—shell composites from nanoprecipitation in flow. Reproduced with permis-
sion.s] Copyright 2017, American Chemical Society. b) A millifluidic reactor for multistep-synthesis of InP/ZnSeS particles with two stages, cooling
modules, and a peristaltic pump system. b) Reproduced with permission./l] Copyright 2018, Wiley-VCH.
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For the synthesis of organic nanoparticles, reprecipitation
(or nanoprecipitation) is the most commonly used approach,
where a solution containing the nanoparticle precursor mate-
rial in a good solvent is rapidly injected into a miscible poor
solvent, resulting in rapid aggregation of the material into
solid nanoparticles.*¥l In contrast to the synthesis of inorganic
nanoparticles, here mixing is the nucleation-limiting step,
therefore the ability to realize rapid mixing is of utmost impor-
tance.*>>% Since organic nanoparticle production is usually
conducted in continuous flows (due to its relative simplicity),
with reagents dissolved in an organic solvent, these syntheses
are most easily performed using capillary-based systems.*?!
For example, Figure 3a shows a two-stage continuous-flow
nanoprecipitation platform for the core and shell synthesis of
polymer composite nanoparticles, demonstrating the use of
microvortices for rapid mixing (<0.5 ms) and two stage core/
shell formation.*! Here, we have only provided a cursory over-
view of nanoparticle synthesis within microfluidic reactors.
Interested readers can find excellent and detailed reviews on
this topic elsewhere.[20:23.2451]

2.2. Optical Characterization Methods

While the inherent advantages of the microfluidic approach
in synthesizing high quality nanoparticles are noteworthy,
the true power of these systems is only unleashed on integra-
tion of analytical tools able to probe reaction products in situ,
during and after particle formation. Such facility opens the
door to the design and implementation of multidimensional
parameter screening and reaction kinetics analysis. Optical
detection methods are ideal for such a purpose as they do not
interfere with the reaction, and are rapid and highly sensitive,
facilitating real-time analysis of the sample. Optical methods
most commonly assess the scattering, absorption or emission
properties of the sample,l? which in the case of photonic nan-
oparticles, tend to be strong optical effects that are well-suited
for product monitoring. We now provide a brief overview
of the optical characterization methods pertinent to in situ
analysis and monitoring of photonic nanoparticles in micro-
fluidic reactors.

2.2.1. Photoluminescence and Absorption Spectroscopy

Absorption and PL detection are quantitative tools that in
many circumstances allow the characterization of nanopar-
ticle size, population size distribution, shape, surface integrity
and composition.?? The advantages associated with optical
measurement techniques are numerous and include their
ease of use, high sensitivity, low (mass and concentration)
limits of detection, noninvasiveness, and fast response time."!
Although, both absorption and PL measurements can be used
for quantitative analysis of nanoparticle populations, with spec-
tral features providing information about electronic structure,
nanoparticle size and population size distributions,**>> absorp-
tion measurements are often compromised due to the fact that
optical pathlengths in microfluidic systems are by definition
small. That said, PL and absorption detection can be easily
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integrated with both capillary-based and chip-based reactors
(using free-space or integrated optical components?!)) to ensure
real-time product analysis on sub-millisecond timescales. 23]

2.2.2. X-Ray Studies

X-ray spectroscopic measurements can yield superior quan-
titative information on the crystal and electronic structure
of nanoparticles compared to conventional optical detection
methods, and thus they have been applied to excellent effect
in microfluidic systems, as we discuss later. However, the
complexity of the measurement process can be a considerable
challenge.?'*%l X-ray studies encompass a number of distinct
yet complementary methods. For example, in X-ray absorp-
tion spectroscopy (XAS), photons are used to excite inner elec-
trons, yielding spectra consisting of regions corresponding to
the X-ray absorption near edge structure (XANES)P”8l and
extended X-ray absorption fine structure (EXAFS).Pl XAS
measurements provide for the analysis of electronic structure
in specific oxidation states, coordination and crystal struc-
ture in local order and surface condition, with a time resolu-
tion between 1 and 100 ms.’”%1 The power of XAS lies in the
fact that every element has a different spectrum, which makes
the technique sensitive to the elemental composition of the
nanoparticle.” Conversely, both EXAFS and XANES provide
information on the immediate surroundings of absorbing
species. EXAFS is sensitive to the elemental composition and
disorder, while XANES probes the electronic states of absorbing
species. That said, although EXAFS is a potent technique for
structural elucidation, it is sensitive to artifacts, with interpreta-
tion often being difficult.®!! Finally, small angle X-ray scattering
(SAXS) is used to elucidate the morphology of a system, and
has been used to study the nucleation and growth mechanisms
of nanocrystals.[57:62]

3. Toward Multidimensional Parameter Screening

We now discuss the evolution of microfluidic tools for nano-
particle synthesis classified by material type. A key feature of
this analysis is an assessment of the status of and potential for
automated multidimensional parameter screening.

3.1. Generalized System Overview

Microfluidic systems for the synthesis and characterization
of nanoparticles involve multiple and distinct operations
linked in series, but with the option to readily add operations
in parallel. Such an integrated system can be automated to
coordinate each of its units, provide operational flexibility,
and allow multidimensional parameter screening if desired.
Furthermore, if a reactor is configured to perform real-time
product optimization, then data originating from the in situ
characterization channels (which can typically be incorpo-
rated at any point in the reaction time course) can be used to
calculate new reaction parameters, for example, via dedicated
algorithms.[%3]
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Characterization of reaction products can be performed
in situ and/or ex situ. Continuous characterization normally
involves either direct measurements within the nucleation
and growth channel (inline), or in a bypass or at the end of the
channel (online). Conversely, discontinuous measurements
are made away from the microfluidic platform, either through
collection of aliquots during synthesis (atline), or collection
of the entire product stream with postsynthesis characteriza-
tion (offline).* The form of the characterization unit depends
on the physiochemical properties of the nanomaterials under
investigation. Luminescent nanoparticles can be effectively
probed using PL and absorption, while plasmonic nanoparti-
cles are suited to analysis via absorbance, and when available,
X-ray absorption and scattering.

3.2. Inorganic Semiconductor Nanoparticles

QDs are inorganic semiconductor nanocrystals that are size
constrained in three dimensions. Such materials have received
much attention due to their bright and size-tunable PL, high
extinction coefficients, and excellent photostability. While their
composition is variable, they are typically composed of elements
of the II-VI, III-V, or IV-VI periodic groups (such as CdSe,
CdS, ZnSe, CdxHg; ,Te, InP, PbS, ZnO, and InAs). Among
these, II-IV cadmium chalcogenides (CdX with X = S, Se, Te)
are perhaps the most studied.[>%”] Confinement in the regime
of the material's Bohr radius limits exciton motion, leading to
the quantum confinement effect (QCE), where the electronic
bandgap varies as a function of particle diameter (with smaller
particles yielding higher energy emission).>”) A reduction in the
size of inorganic nanoparticles is hence correlated with a blue
shift in the absorption and PL. Accordingly, tuning the size and
size distribution of a QD population affords direct control over
optical properties. QDs have been extensively studied for both
biomedicall®®®] and optoelectronic applications.[®®7"] However,
in biomedical applications and consumer electronics appli-
cations, the toxic heavy metal content of traditional QDs can
be problematic. QD toxicity can arise due to leaking of heavy
metal ions, for example, cadmium leakage from organic-capped
CdSe QDs was observed after transfer to an aqueous environ-
ment (after at least 10 days).”! Further, the toxicity of oxida-
tively degraded PEG-5000-coated CdSe/ZnS QDs to developing
zebrafish was analyzed by Wiecinski et al.”l who reported
similar zebrafish mortality after exposure to degraded CdSe/
ZnS compared to pure selenium nanoparticles and cadmium
chloride. Further, the toxicity of chalcogenides, e.g., selenium
compounds, is not negligible.’?] While CdSe cores with intact
ZnS or polymer shells are less toxic, it is challenging to ensure
stability over longer periods of times.”3”¥ Thus, much research
has focused on identifying less toxic alternatives. Examples
include silicon-based QDs,/”! lead-free perovskites,”®””! carbon
dots (CDs),”8 I-111-VI, chalcopyrite QDs such as CulnS, or
CulnSe,””! and I1I-V QDs such as InP.[!

PL measurements are most frequently used for the charac-
terization of nanoparticles due to their high sensitivities, short
response times, low detection limits, and noninvasive character.
Krishnadasan et al.®% were the first to report a microfluidic plat-
form for the continuous flow synthesis of CdSe nanoparticles
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with online PL detection. This system was used for a real-time
kinetic study of the formation of CdSe QDs and its depend-
ence on temperature, volumetric flow rates, and reaction time.
In contrast, flow rate independent time scans were reported by
Yao et al.,B! in a picoliter droplet microreactor for CdTe syn-
thesis. Here, spectra were extracted at different positions along
the reaction channel to provide for time resolution in kinetic
studies. Such an approach involved relatively high flow rates
(up to =30 UL min~!) and allowed inline study of different time
points in the synthesis (instead of an end-point measurements),
which effectively increased the accessible parameter space.
Similarly, Sounart et al.®? studied the growth mechanism of
cysteine-capped CdS QDs via spatially resolved PL imaging.
Here, two precursors were mixed through diffusion in the
laminar flow. Spatially resolved PL imaging revealed diffusion
limited nucleation of CdS nanocrystals at the interface of the
two streams, thus demonstrating spatially resolved growth of
nanoparticles in a microfluidic reactor. An automated two-stage
microfluidic reactor has been demonstrated by Pan et al.B3l for
the preparation of PbS nanoparticles with photovoltaic perfor-
mance similar to bulk-synthesized particles. In this system, the
optimized two-stage reactor allowed for precise temperature
control and thus control over nucleation and growth, which
enabled the synthesis of high-quality PbS nanoparticles.

In situ PL measurements are most commonly achieved using
an LED or laser light source and spectrometer, with fiber optics
delivering light into and out of the microfluidic environment.
That said, there is a growing interest in the use of optically sec-
tioned measurements. For example, Seibt et al.®¥ employed a
double flow-focusing device for the synthesis of CdS nanopar-
ticles (Figure 4a), and studied the reaction using confocal laser
scanning microscopy (CLSM) (Figure 4b,c). Using a PL detec-
tion window of 410-650 nm, measurements were performed
at different positions along the reaction channel, with flow rate
variations being used to control detection times between 1 and
100 ms (Figure 4c). Importantly, these studies provided insight
into the early stages of CdS nanocrystal formation, revealing
that nucleation and growth kinetics strongly depend on flow-
rates and device geometries, while particle size is primarily con-
trolled by precursor concentration. Notably, the CLSM approach
allows for extraction of a full PL image, as opposed to single
spectral measurements in optical fiber detection schemes.

The concurrent use of PL and absorption spectroscopies can
be used to build a comprehensive picture of the electronic and
spectroscopic nature of target nanoparticles. Despite the fact
that absorption measurements are somewhat harder to perform
on small scales (due to reduced optical pathlengths), the basic
approach can be used to good effect in photonic nanoparticle
synthesis when product concentrations are high. For example,
Toyota et al.?¥ reported the combinatorial synthesis of CdSe
QDs using multiple parallel microreactors with coupled optical
fibers for optical characterization. Temperature, reaction time,
and additive concentration were varied, with the reaction being
probed using both online absorption, and offline absorption
and PL. Although the architecture required to integrate several
microreactors is relatively complex, the basic method enabled
the parallel study of multiple reactions, thus improving both
throughput and sample consumption. In a similar manner,
Kershaw et al.® integrated online PL lifetime measurements
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Figure 4. Microfluidic channel for flow focusing of a nanocrystal solution with a) a schematic of the channel with double flow focusing using an aqueous
buffer between the reactants, b) a CLSM image of the channel with a gray arrow indicating the start of nucleation, and c) snapshots and cross-sectional
CLSM images of the reaction solution. Reproduced with permission.® Copyright 2019, Elsevier.

for the study of cation exchange reactions of Cd,Hg;_,Te. In this
system, a continuous blue shift of the absorption and PL spectra
was observed during the cation exchange from Cd to Hg, with
an initially fast and complex decay in PL, with increased multi-
exponential character from to CdTe to Cd,Hg,; ,Te. This obser-
vation was tentatively correlated to the biexponential decay of
CdTe and triexponential decay of Hg compositions. It should
be noted that PL lifetime analysis of nanoparticles currently
lacks detailed interpretation, but the technique offers important
insights into the electronic state of such systems. The approach
reported by Kershaw et al. demonstrated the potential of a
microfluidic platform with multiple optical detection methods,
where the collection of both time-integrated and time-resolved
data can yield huge data sets for analyzing growth kinetics and
performing advanced parameter scanning.

In continuous flow systems, mixing of reactive species is
normally achieved via (relatively slow) diffusive transport and
defines the reaction limiting step. Minimizing the mixing time
offers inherent advantages in respect to minimizing nano-
particle size dispersity, and for offering more accurate kinetic
studies. The superior heat- and mass-transport associated with
segmented flow provides for a much higher reproducibility in
nanoparticle product properties, due to improved mixing and
temperature uniformity in the contained droplet environment.
Since temperature fluctuations as small as one or two degrees
can have a notable effect on nanoparticle character,% tempera-
ture uniformity is vital. Using a segmented flow approach in
a tubing-based reactor, Abolhasani et al.®”) introduced an oscil-
latory flow reactor for optical characterization of nanoparticle
suspensions. Building on this attempt, Abolhasani et al.l®®
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studied the synthesis of CdSe and InP nanoparticles in single
droplets using inline PL and absorption spectroscopy via optical
fibers in a fully automated reactor. This single droplet, oscilla-
tory approach allowed for the real-time characterization of one
droplet over an extended time (up to 10 min), which is not lim-
ited by tubing length. This work showed the first in situ optical
characterization of microfluidic CdSe/InP syntheses at elevated
temperatures, up to 220 °C. Based on a population balance
equation model from Rempel et al.® and a preceding variation
of this model from Maceiczyk et al.,® a theoretical model was
proposed by Lazzari et al.’!! to explain the evolution of the size
distribution of previously reported CdSe nanoparticles.®® This
model showed good agreement with a majority of the averaged
properties of the synthesized nanoparticles, thus showing the
efficacy of such models to describe nucleation and growth, and
to facilitate a higher level of control over nanoparticle synthesis.
Based on these single droplet oscillatory studies, Shen et al.l’l
then developed an oscillatory flow reactor for exchange reaction
studies using inline absorption spectroscopy. This approach
allowed for very low material consumption since reagents could
be “recycled” through repeated flow reversal. Here, the evolu-
tion of the absorption features with time was observed, through
the use of optical fibers on opposing sides of the tubing. Such
an oscillatory flow reactor allows for fast mixing without addi-
tional mixing units, and precise characterization of certain
reactions. However, it should be noted that the approach is
inherently limited in terms of throughput. While absorption
measurements in continuous-flow systems have been success-
fully executed,® detection in segmented flow is somewhat
limited due to scattering at the droplet-carrier fluid interfaces
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Figure 5. a) Schematic of a microfluidic platform with syringes for delivering precursors, a quartz reactor for absorption measurements, and collection
unit. b) Dependence of the ligand concentration [Lo] on the distribution of particles with the diameter D and time t=1200 s. Adapted with permission.[*4

Copyright 2018, American Chemical Society.

and competing signals from the carrier fluid.”® The use of an
inert gas (instead of an oil) is advantageous in this respect, as
it removes the problem of absorbance by oils.[®l For example,
Lazzari et al.® reported a method using a quartz reactor for
inline absorption analysis in an argon atmosphere. Optical
measurements were taken at 5 s intervals (with an integration
time 40 ms) on stationary droplets (Figure 5a). This system
was used to study the growth of CdSe nanocrystals in different
ligand environments. Through stopped-flow operation, a study
of an individual droplet over time was achieved, however with
a loss in time resolution. In the course of this ligand study, a
set of three ligand parameters were scanned; the ligand asso-
ciation rate constant, the ligand elimination rate constant, and
the initial free ligand concentration. In all three cases, the size
distribution of the nanoparticles at different time points was
recorded and linked to the ligand parameter (Figure 5b), as well
as the average number of ligands, monomer concentration, QD
concentration, and bound ligand concentration as a function
of time. The obtained parameters were fitted to an appropriate
model to draw conclusions on the kinetics underlying ligand-
mediated growth.

A sophisticated, multiparametric detection platform was
recently presented by Baek et al.?*! and comprised six units
connected in series with a mixing, aging, growth, shell forma-
tion and annealing elements, and a terminal PL/absorption

detection cell (Figure 6a). The first three units were used to
grow InP cores, which were furnished with a ZnS shell in the
two shell formation units, which themselves contain ten chan-
nels. The InP core particles were synthesized with diameters of
2 and < 5 nm with ZnS shells, with the resulting particles having
a lowermost 42 nm full width at half maximum (FWHM) of the
PL peak and a photoluminescence quantum efficiency (PLQE)
of 40%. The small, monodisperse core-shell particles with
relatively high quantum efficiencies are particularly impres-
sive since they are heavy metal free. While the in situ emission
measurements yielded sharp peaks (Figure 6¢), the absorption
features were less sharp, due to the lower signal-to-noise ratio
of in situ absorption measurements compared to PL measure-
ments. In general, obtaining superior absorption data is an
important goal for nanoparticle systems, not only for concentra-
tion and production yield analysis, but also to gain more knowl-
edge about the electronic states within nanoparticles.

The more analytics that can be integrated within a micro-
fluidic platform, the richer the experimental data set and the
deeper the resultant analysis. Beyond photoluminescence-
based analytics, X-ray studies also provide a wealth of impor-
tant information on nanoparticle character. Although there
have been more X-ray studies on noble metal nanoparticles
than QDs, there are still some notable reports in the literature.
For example, Sun et al.’! studied the growth of CdSe QDs with

b) c)
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Figure 6. a) Multistage microfluidic platform for the synthesis of InP/ZnS nanoparticles and online characterization via absorption and PL detection.
b) Absorption and c) PL spectra from online measurements. Reproduced with permission.?’! Copyright 2018, Wiley-VCH.
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inline EXAFS and online PL and absorption spectroscopy. By
monitoring the consumption of selenium ions, the authors
were able to follow the growth of CdSe nanocrystals and to pro-
pose a kinetic mechanism, demonstrating that rapid particle
growth was complete within 3 s. In this work EXAFS could be
used to study the whole reaction from 0 to 8.1 s. While useful,
EXAFS studies are however limited to detecting the concen-
tration of single ionic species, and cannot detect structural
changes or yield information on optical properties. In a related
study, Chan et al.l’®l revealed the use of XAS and stopped-flow
absorption spectroscopy for ion exchange experiments on
Ag,Se and CdSe, demonstrating some problems associated
with data extraction in flow. While in-flow operation could allow
for XAS measurements and time-dependent structural studies,
the low signal-to-noise ratios and small energy range could not
allow for EXAFS analysis of the sample.

QDs are popular materials due to the wide range of potential
applications in optoelectronic and biological fields. Automated,
characterization-integrated QD synthesis platforms provide for
the possibility to design bespoke materials according to the
desired application, with potential for (understudied) scale-up
for industrial production.®!

3.3. Metal Halide Perovskite Nanocrystals

Perovskite nanocrystals have received a tremendous amount
of attention over the past five years owing to their outstanding
promise in optoelectronics.’®! Such materials exhibit intense
PL over the entire visible spectrum and near infrared, size- and
composition-tunable PL and excellent defect tolerance.””) Lead-
halide perovskites (LHPs) have received the greatest attention,
with the most common structure being ABX; (where A is the
cation, B is Pb, and X: Cl, Br, I, with cesium (Cs), methylam-
monium (MA), and formamidinium (FA) the most commonly
used A-site cations). The LHP crystal lattice has a strongly ionic
character, which allows nanocrystals to form even at room
temperature,®® and to undergo postsynthetic anion exchange
much more readily than other QDs.8! Green- and red-emitting
LHP nanocrystals show external quantum efficiencies (EQEs)

www.advmattechnol.de

of 6-9%,°1 while blue-emitting LHP nanocrystals have max-
imum reported EQE of 1.5%.°1 However, it should be noted
that LHP nanocrystals with pure color PL in the red are still dif-
ficult to obtain.l””1%! A major problem with LHPs at the current
time relates to their chemical and physical instability,® arising
from their low lattice formation energies. Their low tempera-
ture resistance, oxygen sensitivity, and high surface-to-volume
ratio also make them highly unstable under atmospheric con-
ditions and in aqueous environments. Although water stable
LHP nanocrystals have been reported,! a long term stability
study has yet to be shown.[?® The instability of LHP nanocrys-
tals has drawn attention to their ligand chemistryl®1°2 and to
possibilities for encapsulation.[3l Due to concerns over the tox-
icity of lead, there have been efforts to identify lead-free alterna-
tives. While good progress has been made, these currently lag
some way behind LHP nanocrystals, with lower stabilities and
efficiencies.”]

LHP nanocrystals are ideal candidates for study in microflu-
idic reactors, as nucleation, growth (<10 s), and ion-exchange
are very fast, they do not require sequential growth of crystal-
line shells and their synthesis requires only moderate temper-
atures. The first demonstration of LHP nanocrystal synthesis
in a tubing-based microfluidic reactor was by Lignos et al. 14
who synthesized stable red-emitting quaternary and quinary
nanocrystals, while performing inline PL and absorption
measurements. The study of Cs/FA-Pb-Br/I for the synthesis
of red-emitting nanocrystals was obtained from a batch-syn-
thesis protocol,'! and then subjected to parameter scanning
to obtain optimized reaction conditions. Subsequently, these
parameters were cycled back to the batch process. Here, the
microfluidic platform was proposed as a parameter screening
stage to realize ideal reaction conditions to form stable parti-
cles with PL between 700 and 800 nm (Figure 7a). Addition-
ally, an automated script was used with preset parameters
that are scanned and eventually analyzed in sum. A similar
platform was subsequently used by the authors!'® to study
the nucleation and growth of blue-emitting formamidinium
LHP nanocrystals using PL spectroscopy. The particles were
characterized through their PL from 440 to 520 nm and tuned
through changing ion composition by variation of the ratio
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Figure 7. a) Schematic of the synthesis of LHPs in a microfluidic segmented flow reactor, with tubing conveying the reaction solution around a heating
rod, with fiber optics for PL detection and a multiple inlet union junction for precursor mixing. Adapted with permission.%l Copyright 2018, American
Chemical Society. b) PL spectra with the effect of the FA/Pb ratio at a set Br/Cl ratio, as well as c) the influence of the solvent access in the droplets.
Reproduced with permission.'%¢l Copyright 2018, American Chemical Society.
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Figure 8. a) Schematic of a microfluidic platform with mixing units for every precursor (black, blue, and red) and droplet formation in a t-union with
optical characterization using a movable optical fiber cell. b) Schematic of a droplet (green) in tubing (gray) showing the optical detection system with
an absorption light source from the left (I) or LED from top (I1) and a detector on the left (I, Il). Adapted with permission.l®l Copyright 2017, Royal
Society of Chemistry. c) PL spectra of a halide exchange of CsPbBr; with Znl, and ZnCl, mapping the intensity, time, and energy of PL. Adapted with

permission.%l Copyright 2019, Wiley-VCH.

from FA-to-Pb and Br-to-Cl in multiple variations, as well as
with the reaction temperature and the concentration of precur-
sors and particles in solutions (Figure 7b). The setup allows for
the study of multiple parameters associated with nanocrystal
synthesis, thus providing a multidimensional parameter map.
This kind of mapping of growth- and nucleation-related param-
eters would take an unacceptable amount of time and material
using classical flask-based approaches. Indeed, for a reaction
time of 7 s and stabilization time, every parameter set takes
maximum 12 s 1%l with a droplet size of =0.07 pL (assuming
a droplet diameter of 500 um).'°) When looking at 13 000
parameter sets (13 temperatures, 10 FA-to-Pb ratios, 5 Br-to-Cl
ratios, 20 Cs percentages!!%l), the described microfluidic setup
would take =2 days and use 0.004 mL of reagents. Assuming
10 syntheses per day, this encounter would on the other hand
take many years and many liters of sample in a classical batch
setup. Importantly, the authors highlight the use of parameter
scanning for the determination of ideal reaction conditions,
which can then be transferred back to the bulk. However, it is
worth mentioning that this microfluidic platform can also be
used to study reaction kinetics to understand the nucleation
and growth of QDs, as well as a tool to synthesize QDs faster,
more uniformly and with far less manual work.

A fully automated optofluidic platform that integrates fluo-
rescence lifetime measurements in droplet-based flow for the
real time extraction of lifetimes decays of CsPbX3 nanocrys-
tals was very recently reported by Lignos et al.'’”} Concurrent
time-integrated PL and time-correlated single photon counting
(TCSPC) measurements demonstrated the dependence of the
fluorescence lifetime on the nanocrystal composition, reagent
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ratio (Cs/Pb and Br/I) and temperature. This platform nicely
illustrates the great potential of microfluidic platforms with
their small reaction volumes (200 nL per measurement), fully
automated operation and reduced screening times (<1000 life-
time measurements in 5 h of operation) for the detailed map-
ping of parametric space.

A sophisticated modular microfluidic platform was also
developed by Epps et al.'%l as a tool for parameter screening
and synthesis optimization of LHP nanocrystals. This platform
includes precursor premixing for mass- and temperature uni-
formity, and a translational flow cell for optical characterization
(in contrast to previous stationary optical units). The automated
workflow (Figure 8a) consisted of initial precursor mixing on a
heating platform and subsequent droplet formation in a cross-
union piece. The reaction took place in tubing, which is opti-
cally accessible at fixed points along the flow cell. This setup
allowed for simultaneous collection of PL and absorbance in
every reaction droplet by rapidly alternating between a broad-
band light source (for absorption) and an LED light source (for
PL), both feeding into a single spectrometer (Figure 8b). This
approach allowed for the continuous acquisition of both types
of spectra throughout the synthesis. The fiber optic mount
extends along the flow cell (Figure 8a), allowing for sampling
at different time points in the synthesis, yielding information
on early reaction kinetics and the final nanocrystal characteris-
tics. The authors highlighted multiparametric parameter scan-
ning as a tool for growth characterization of LHP nanocrystals.
Assuming a volume of 20 uL per spectra and a rate of
30 000 spectra per day, the approach significantly outperforms
bulk methods and offline characterization. The same platform
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was later elaborated into a new concept coined the “quantum
dot exchanger” (QDExer),1%! which allowed the kinetics of
anion exchange reactions of LHP nanocrystals to be probed
(Figure 8c). PL and absorption spectra were recorded for dif-
ferent reaction times and precursor ratios, allowing for fast
parameter space mapping of the exchange reaction. The
authors were able to identify a three-stage anion exchange pro-
cess, suggesting that an initial pH disruption of the QD sur-
face leads to removal of surface ligands, revealing unoccupied
sites. Moreover, it was hypothesized that these vacancies are
then replaced with halide ions, with a new ligand shell forming
around the QD. The halide ions then move to the QD center,
leaving vacancies that are filled by further halide ions or ligand
molecules. The mechanism was relatively slow for iodide
exchange due to the large size of the ions limiting their diffu-
sion, a fact that concurs with known difficulties when working
with iodide LHP nanocrystals. This work highlights the utility
of automated microfluidic platforms in extracting previously
unknown information regarding early time processes, and
showcases the value of optical detection methods in studying
nucleation, growth, and exchange reaction kinetics.

3.4. Conjugated Polymer Nanoparticles (CPNs)

The study of semiconductor nanoparticles has not been
restricted to inorganic crystalline materials, with much recent
interest in the synthesis and use of organic semiconductors.
The m-conjugation along the backbones of conjugated polymers
gives rise to energy bands akin to inorganic semiconductors,
with high intra- and interchain mobility of charged species.!!’]
Many of these polymers exhibit extremely high extinction coef-
ficients, and large intrinsic PLQEs. Furthermore, they lack the
intrinsic toxicity of heavy metals and thus are excellent base
materials for making fluorescent nanoparticles. CPNs have
been intensively studied and have demonstrated great success
as biomedical imaging and therapeutic agents,>*101" and as
components in organic LEDs and photovoltaics.!312-14 The
optical properties of CPNs are strongly correlated to the nature
of the polymer, its side groups, chain length, and aggregation
state. Functional groups on the side chains of the polymers,
or on the capping agents, provide facile routes to the conju-
gation of further functional units.'>4¢] Although CPNs are
sometimes less chemically and physically stable than their QD
counterparts, and can exhibit interchain quenching,"! they are
stable toward photobleaching and have a bright and stable PL
with a reported photoluminescence quantum yield (PLQY) of
up to 60%.481171

CPNs are most commonly synthesized by solvent exchange
from a good solvent to an excess of a poor solvent. This poor
solvent can be either miscible with the good solvent resulting
in direct formation of solid nanoparticles (reprecipitation), or
immiscible leading to formation of solid nanoparticles after
removal of the good solvent (miniemulsion). Growth of the
particles proceeds via coagulation and condensation of the
polymer, which is stabilized by surfactants in solution./!6:!1]
Collapse of the polymer chains into compact coiled structures
allows close proximity and extensive inter- and intrachain inter-
actions,3] with interchain energy transfer causing a red shift
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in the PL spectrum. In small CPNs with a flexible backbone,
collapse causes dominant intrachain interactions, which leads
to a red shift in the absorption spectra due to the creation of
new nonradiative deactivation pathways.!"”) However, when the
polymer has a rigid backbone, coiling causes interruption to
the 7-conjugation yielding a shorter conjugation length, which
leads to a blue shift of the absorption spectrum. An important
aspect of synthetic work going forward will likely be hybrid
CPN materials, incorporating QDs, noble metal nanoparticles,
or upconversion nanoparticles (UCNPs).[3]

The synthesis and characterization of CPNs in microfluidic
platforms, especially with integrated optical detection, lag
somewhat behind systems for QDs. Nevertheless, there are
compelling reasons why the field has much promise for the
future. Nanoprecipitation and miniemulsion in flask-based
experiments tend to yield polydisperse nanoparticles due to
poor mixing, whereas microfluidic reactors provide for much
faster mixing. In microfluidic systems, control over size, pop-
ulation dispersity, uniformity, and tunability of the surface
through antisolvent and solvent tuning is possible,12%) and has
been demonstrated for various other types of nanoparticles
made by nanopreciptation.33412L1221 For example, Kuehne
and Weitz 1231 demonstrated the synthesis of monodisperse
polyfluorene (PFO) nanoparticles (with sizes between 150 nm
and 2 um) through the control of droplet size. The synthesis
was conducted in a PDMS chip, with a Parylene-C coating
being used to provide good solvent resistance. With particle
polydispersity below 10%, this approach nicely illustrates the
advantages that microfluidics brings to the synthesis of CPNs.
Similarly, Abelha et al.1?Yl demonstrated the generation of F8BT
(poly(9,9-dioctylfluorene-alt-benzothiadiazole)) and  cyano-
substituted poly(p-phenylene vinylene) (CN-PPV) CPNs in a
poly(ethylene glycol)—poly(lactide-co-glycolide) (PEG-PLGA)
matrix. Significantly, the matrix did not affect the optical prop-
erties of the particles, but served as a neutral host that could
be advantageous for many biomedical applications. The parti-
cles had high PLQYs (of up to 55%), with sizes between 140 and
260 nm, and polydispersities below 1%, with control over size
achieved by modulating the ratio of organic solvent to aqueous
phase. The antisolvent used in CPN synthesis is typically water,
which is advantageous for biomedical applications, although
there has been some work on supercritical fluids for solvent
free NPs. For example, Couto et al.''? showed the synthesis of
poly(3-hexylthiophene) (P3HT) CPNs via a supercritical anti-
solvent process rendering solvent-free particles. The use of
supercritical CO, in this regard also allows for the variation of
pressure, viscosity, and density of the antisolvent.

Although the above studies nicely demonstrated the advan-
tages of microfluidics in synthesizing high quality CPN
products, they did not leverage any integrated analytics or real-
time characterization. However, there has been the occasional
demonstration of such facility. For example, Schiitze et al.?%!
showed the reprecipitation synthesis of CPNs using a block
copolymer poly(fluorine ethynylene)-block-poly(ethylene glycol)
(PFE-PEG) in a glass device (Figure 9a). The kinetics of particle
formation was probed by placing the chip in a microscope for
PL measurements. Through measurement of the fluorescence
of a dye incorporated in the polymer solution, the authors con-
cluded that mixing was the limiting step for NP formation.

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS
TECHNOLOGIES

www.advancedsciencenews.com

a)

S

Change of
solvent quality

THF = water

www.advmattechnol.de

Tt = B, =]

l

R Streptavidin !l

& Biotin-Alexalf47? 2 -

@-roru A -m- *
Gold Colioid 3

Figure 9. a) Schematic of block copolymer nanoparticle reprecipitation, with b) fluorescence imaging of the continuous synthesis of PFE-block-PEG
CPNs with a shift from blue to green fluorescence. Adapted with permission.l%l Copyright 2011, Royal Society of Chemistry. c) Schematic of PFO Pdot
functionalization with biotin and streptavidin for single particle detection in a confocal microscope setup. Adapted with permission.['6l Copyright 2018,

American Chemical Society.

Such a PL detection technique allows for a broad view of the
entire flow, which affords a comprehensive overview of reaction
kinetics (Figure 9Db). In contrast, Jung et al.'%l demonstrated
a flow platform incorporating inline, confocal PL detection.
Although CPNs were not synthesized in the setup, they were
characterized inline. Specifically, the number of biomolecules
on the CPNs was studied, allowing direct quantification of the
average number of biomolecules per particle. A schematic of
the platform used for CPN functionalization and subsequent
analysis with PL in flow is shown in Figure 9c. This setup pro-
vides for low detection limits, and although not used for auto-
mated synthesis and characterization, it highlights the potential
of microfluidic platforms for the handling of CPNs and single
molecule studies. Accordingly, it can be seen that use of PL and
absorption detection for the quantitative analysis of nanoparti-
cles in flow enables single-particle resolution.

3.5. Carbon Dots

The growing interest in nontoxic nanomaterials with bright PL
has focused on a few useful materials with desirable proper-
ties. Among these are CDs. CDs are sub-10 nm spherical par-
ticles consisting of layered graphene sheets, possessing bright
PL with broadly tunable emission, high photostability, and low

) N-source _ CDots +—
CA

toxicity.”) CDs have mconjugated domains in their core, and
exhibit room temperature phosphorescence, which has raised
much interest in the scientific community, particularly for use
in white-light-emitting diodes (WLEDs), bioimaging and bio-
sensing, and for photothermal and photodynamic therapy.l’!
While promising, CDs remain under investigated, and are cur-
rently limited by an inability to precisely tune emission wave-
lengths, high levels of self-quenching, and low brightness at
longer wavelengths. Accordingly, more fundamental research
into this class of material is needed.'*’]

CDs have been studied using microfluidic systems with PL
and absorption spectroscopy.'?®! CD PL is dependent on sev-
eral factors, including dopant and ligand concentrations and
surface morphology, but not size or composition. This makes
the synthesis of CDs with target properties more challenging
than for QDs.?8] A three-step procedure of selecting precur-
sors, solvents, and additives, finding reasonable combinations
and then summarizing data was performed manually in this
study by Lu et al.,l?8 but resembles the workflow of algorithm
driven data analysis, suggesting the potential of such platforms
for automated operation. In addition, Berenguel-Alonso et al.l*8l
presented a solvent-resistant ceramic microreactor with inline
PL and absorption detection?”! for the synthesis of CDs. The
reactor consisted of a circular, low temperature cofired ceramic
(LTCC) flow unit with a window for PL imaging (Figure 10a,b).

Figure 10. a) 3D schematic of the LTCC microreactor with inlets and outlet (blue) and heating unit (yellow). b) Picture of the reactor with metal tubing
fixation. c) Combined image of HEK293 cells and PL image of CD loaded cells. Adapted with permission.® Copyright 2019, Elsevier.
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The reactor allowed for the systematic study of temperature,
pressure (up to 17 bar) and precursor chemistry, and suggested
ideal conditions for the production of highly photolumines-
cent CDs at 17 bar and 190 °C. Importantly, the ceramic reactor
allows for the study of harsh conditions inaccessible to con-
ventional microfluidic reactors. Finally, the work also included
studies of the CDs with HEK293 cells using brightfield and flu-
orescence imaging (Figure 10c), and toxicity testing. CDs owe
their popularity to their biocompatibility and low toxicity; there-
fore it is of vital importance to evaluate their degradation to
ensure that the by-products are also nontoxic. Such a question
is well-suited for future investigation using high-throughput
parametric screening using microfluidic platforms.

3.6. Noble Metal Nanoparticles

Nanoparticles of noble metals and their alloys can exhibit local-
ized surface plasmon resonance (LSPR) due to resonant oscil-
lations of the electric field of incident light and free electrons
in the metal. This electron oscillation frequency is strongly
correlated to particle composition, size, and shape.3” Their
strong absorption, low toxicity, high electron density, and facile
surface functionalization make noble metal nanoparticles
highly useful in a range of biological systems. They allow for
functional group attachment to their surfaces through cova-
lent (dative) and noncovalent binding, with a notable affinity
between gold and thiols.*”] Noble metal nanoparticles do not
typically exhibit PL, however particles of a certain size (which
varies from metal to metal, and is in the range of =1-3 nm for
gold™2)) do exhibit PL. These particles, termed nanoclusters,!**!
see the continuous bands of the bulk metal split as the struc-
ture is reduced in size, forming discrete energy levels through
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which electrons can be excited, leading to photon emission
upon relaxation.”l Although many of these nanoclusters have
only modest or low PLQY, there are some specific cluster sizes
that exhibit brighter PL that can be further enhanced by elec-
tron-rich ligands or a core—shell structure involving different
metal-ligand compositions.[132

Microfluidic studies on noble metal nanoparticles have pri-
marily focused on the use of X-ray and absorption spectros-
copy to analyze growth and nucleation, yielding detailed infor-
mation about structure and electronic state composition. For
example, a microfluidic study on Au-Ag core/shell nanopar-
ticles was performed by Knauer et al.'*¥l using online absorp-
tion spectroscopy. This system was fully automated with pro-
grammed parameters for flow rate variation during synthesis
(Figure 11). Both the particle size and shell thickness could
be precisely controlled by variation of the flow rates of input
streams. Furthermore, offline characterization was performed
by differential centrifugal sedimentation (DCS), transmission
electron microscopy (TEM) and X-ray photoelectron spectros-
copy (XPS). In another study, Karim et al.®¥ reported a SAXS
and X-ray absorption fine structure (XAFS) study of 1 nm Pd
nanoparticles. XAS measurements allowed for the detection of
the coordination number of Pd (EXAFS) and the percentage of
Pd in solution (XANES), yielding information on the amount
of Pd-Pd, Pd-O, Pd-C, and Pd acetate in the reaction solution.
Analysis of the SAXS data also shed light on the diameter and
number of particles, indicating a two-step growth process with
an initial fast and a secondary slower step.

While SAXS measurements are valuable in the analysis of
structural changes, XAS is useful for determining the elec-
tronic state of a system. Tofighi et al.’’! studied the growth
of Au nanoparticles in a microreactor at early reaction times.
Based on this work, Tofighi et al.’®! later demonstrated the
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Figure 11. Preset parameter conditions for the automated synthesis of Au-Ag core/shell nanoparticles, with descending Au core flow rate (yellow),
ascending water flow rate (blue), and counteracting oscillatory AgNO; (red) and water flow rates (green) at a stable carrier medium flow rate (orange).
Reproduced under the terms of the CC-BY 3.0 license.[*¥l Copyright 2014, The Royal Society of Chemistry.
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Online UV-Vis-NIR

L

Figure 12. a) Schematic of a microfluidic chip with an X-ray transparent window made of Si-glass with a stainless steel frame for support. Reproduced
with permission.¥ Copyright 2019, American Chemical Society. b) Schematic of a Kapton chip in a stainless steel frame for SAXS measurements;
Adapted with permission.[®* Copyright 2019, American Chemical Society, with c) an image of of the UV-vis flow cell; Adapted with permission.22

Copyright 2019, American Chemical Society.

combination of XAS, Fourier-transform infrared spectroscopy
(FTIR), and XPS to probe the catalytic activity of AuPd nanopar-
ticles in the oxidation of CO. FTIR was used to determine the
active surface sites of the metal nanoparticles, where Au parti-
cles have a neutral and Pd a positively charged surface, and Au—
Pd alloys have neutral Au and Pd surface sites. An ideal Au:Pd
ratio of 3:7 was determined for the oxidation of CO.

Thiele et al.3% presented a microfluidic reactor with mul-
tiple stages for Au seed formation and a residential channel
for particle growth. The two units were not directly connected,
which limited automation potential, and necessitated manual
collection and reinjection of samples. Specifically, growth was
followed by absorption spectroscopy through an optical detec-
tion window near the outlet, with peak positions being cor-
related to the size of the Au particles. Moreover, parametric
screening was executed by varying the concentration and com-
positions of the counter ions, and then studying their effect on
particle shape.

The union of absorption and X-ray studies was most recently
reported by Merkens et al.'®% in a 3D flow-focusing device
(Figure 12a) for the study of the solvent-induced self-assembly
of Au nanoparticles with SAXS and absorption measurements
(Figure 12b). This system provided for a time-resolution of
4.8 ms, and a maximum residence time of 2.8 s, which was lim-
ited by the beam size and flow speed on the early time scales,
and by the channel length and flow speed for longer times. Pre-
formed Au nanoparticles were induced to form clusters when
their polystyrene shells experience a hydrophobic collapse upon
solvent-exchange. While not being a multiparametric study,
this work combines absorption and SAXS measurements with
numerical simulations for advanced data interpretation, and
thus shows a complementary use of two distinct detection tech-
niques and theoretical studies.

X-ray detection techniques are powerful tools for uncovering
the structural and electronic state of nanoparticles, but they
are either limited to long integration times or typically involve
a reserved time slot for experiments at a synchrotron facility.
While access to such facilities has improved in recent years, 3¢l
experiments still require application months in advance,
around the clock work for a few days and then months of data
analysis and interpretation. Such effort makes these methods
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laborious and less widely applicable, but if used wisely can yield
vital and otherwise inaccessible data.

3.7. Rare-Earth Upconversion Nanoparticles

UCNPs doped with rare-earth elements, typically Er and Yb,
are most popular in biological applications, where highly pen-
etrating red/infrared light can be used to excite nanoparticles
in situ, with upconverted emitted light being used to trigger,
for example, targeted bond breaking or drug release.”! Fur-
ther advantageous properties of UCNPs include their high
stability and long radiative lifetimes. Upconverting PL stems
from multiphoton absorption, energy transfer, and emission
of high energy photons.®¥/ UCNPs are sensitive to concen-
tration quenching, where PL is reduced at high dopant con-
centrations due to interparticle energy transfer. This imposes
constraints on dopant concentrations and size of the particles,
and limits practically achievable brightnesses.®l The micro-
fluidic synthesis of UCNPs was demonstrated by Liu et al.l'*%
using a tubular microreactor, with reaction times below 10 min
and temperatures of 255 °C. The studied UCNPs were cubic
o-NaYF4:Yb,Er particles, which subsequently formed the hexa-
gonal phase exhibiting upconverting activity through Ostwald-
ripening. While the flask-based synthesis of the hexagonal form
takes multiple hours at elevated temperatures (300 °C),*% use
of a microfluidic environment enabled facile separation of the
cubic and hexagonal phase formation, thus allowing for initial
synthesis of the cubic phase in 10 min and at lower tempera-
tures.'3 It is clear that the study of UCNPs using microfluidic
systems could be especially useful in understanding the effects
of doping concentration, but so far this aspect is unexplored.

4. Advanced Automation and Analysis

As microfluidic platforms grow in power and complexity, the
manual control and subsequent analysis of the resulting data
sets becomes prohibitive. Accordingly, such complexity devel-
opments dictate the use of automated and “intelligent” control
and analysis systems. The first automated, multidimensional
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Figure 13. a) Schematic of an algorithm-controlled microfluidic platform with variable flow rates and online PL spectroscopy. b) A 3D parameter screen
of Cs and Rb doping and halide ratio with the preset parameter (blue) and the parameters computed by the algorithm (red). c) The kriging algorithm
used for optimization of reaction parameters to achieve a preset goal. Adapted with permission.#2 Copyright 2018, American Chemical Society.

parameter optimization in the synthesis of nanoparticles in
microfluidics was reported by Krishnadasan et al. in 200743 In
this study, the authors leveraged a stable noisy optimization by
branch and fit (SNOBFIT) algorithm™! to scan the parameter
space and a “dissatisfaction coefficient” to assess the success of
individual experiments. Specifically, the approach was applied
to the synthesis of bespoke CdSe QDs, where size, polydisper-
sity, and PLQY could be controlled by variations volumetric
flow rates and temperature. This work elegantly demonstrated
the potential of integrating an algorithm for a target-oriented
approach to synthesizing nanoparticles in microfluidics. More
recently, the same group presented a fully automated micro-
fluidic segmented-flow platform for the synthesis of hybrid
organic-inorganic quinary (Cs/FA)Pb(I/Br); and senary
(Rb/Cs/FA)Pb(I/Br); LHP mnanocrystals (Figure 13a).l'*
Here, the automated system performs targeted multidimen-
sional parameter scanning, with a control algorithm reading
data from inline PL detection and using it to refine reaction
parameters toward a target PL wavelength. This is achieved
by employing a custom kriging algorithm, termed “multipara-
metric automated regression kriging interpolation and adap-
tive sampling” or MARIA. The kriging algorithm employs
distance weighing interpolation, which has reduced “training”
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requirements when compared to neural networks.*l

Figure 13D illustrates the case of a 3D parameter scan, varying
Cs doping (xc), Rb doping (xgp,), and halide ratio (x;), toward
a targeted emission of 600 nm for (Rb/Cs/FA)Pb(Br/I);. The
algorithm takes in an initial set of user-defined parameter sets
spanning a parametric space (blue dots in Figure 13b), and
after executing the experiments and analyzing the results,
fits a model that provides a “best guess” of parameters that
will yield the target PL. After trying this best guess set, the
algorithm refines the model and tries again, repeating for a
fixed number of cycles, with the ultimate result being a list of
distinct parameters sets that yield nanocrystals with the target
PL (red dots in Figure 13b). Such a capability distinguishes
MARIA from earlier kriging-based optimizations, which only
returned a single value.'3] Additionally, from the collected list
of possible parameters, it is possible to analyze the data for
further optimization, looking to minimize the emission
FWHM or maximize fluorescence intensities, for example.
Importantly, this system runs with minimal user input,
requiring just the preparation of the precursors, filling of the
syringes and definition of the initial parameter set. Such a
target-oriented approach is extremely useful if desired prop-
erties are in demand. If, however, a general understanding
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Figure 14. a) Schematic of the OVAL system with feedback from a control unit, and parameter scans of b) velocity and c) slug length with gas and
liquid flow rates. Adapted with permission.*l Copyright 2019, Royal Society of Chemistry.

of nanoparticle nucleation and growth under different condi-
tions is sought, or a broader understanding of the relationship
between the reaction variables is required, then systematic
scanning of a larger parameter space will suffice.

As described previously, Epps et al.ll%l developed an auto-
mated optical flow cell platform, integrating PL and absorption
detection. In an extension of this work, the authors proposed
an optical velocity and length sensor (OVAL), incorporating an
integrated slug-counting algorithm (Figure 14).4 This system
was used to conduct parameter space mapping of gas and liquid
flow rates of the two-phase flow system. The OVAL sensor, in
combination with a two-input, two-output fuzzy logic system
(TITO FLS) algorithm was subsequently used to study the effect
of mixing and slug velocity on LHP optical properties, indicating
blue-shifted and broadened emission at higher slug velocities.

Artificial neural networks (ANNs) are machine learning
algorithms that mimic a biological neural network, and thus
represent a category of artificial intelligence (Al) algorithms.]
The use of ANNs in photonic nanoparticle synthesis should
have interesting capabilities compared to previously used
algorithms, however the development and implementation of
ANNs is much more time consuming and by definition less
intuitive. Nevertheless, ANNs show significant promise, and
have already been used to good effect. For example, Orimoto
et al. and Watanabe et al.'*] used ANNs for the analysis
of data originating from combinatorial CdSe nanoparticle
synthesis.}¥ Briefly, the ANN proceeds through three steps for
optimization. First, a synthesis with a set of predefined starting
parameters is initiated. Next, the ANN obtains the output
(properties of the nanoparticles) correlated to the input
(parameter set) and computes an input-output trend. Finally,
the input is changed to achieve an optimized output (in terms
of CdSe nanocrystal properties), which involves generating new
conditions, interpolating from the input-output data set and
a sensitivity analysis. For each condition and property, a 2D
landscape is used to show the property trend with changing
conditions. Such an analysis yields a multidimensional data
landscape showing the dependency of nanoparticle properties
with every parameter. Such an approach is both accurate and
sensitive, however it demands extensive training for the NN and
the formation of an ensemble neural network (ENN) comprised
of a number of component neural networks (CNNs). Indeed,
while a well-trained ANN can predict outputs, even to values
they were not trained with, training is very extensive. That said,
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the use of ANNs seems very promising for the combinatorial
synthesis of a range of nanoparticles.[l

A summary of the most relevant studies discussed in this
review is provided in Table 1.

5. Outlook

Methods for the synthesis of photonic nanoparticles within
microfluidic platforms have made excellent progress in recent
years, confirming their utility in exploring complex reaction
parameter spaces with concomitant savings in both reagent and
time. However, there is still much potential to be unlocked, with
the vision of automated microfluidic reactors as an indispensable
tool in the discovery, optimization, and realization of photonic
nanoparticles yet to be fully realized. Areas of potential include
expanding the dimensionality of accessible parameter space
(including temperature, time, pressure, a multitude of precur-
sors, ligands, and solvents), further reducing material require-
ments through minimizing reaction volumes and increasing the
rate and quality of information generation. Additionally, an area
of special interest is the development of methods for effective
nanoparticle sizing that work in flow and can be integrated into
an automated microfluidic platform. In the following sections,
we highlight some specific areas of potential and how innova-
tion is likely to contribute to developments in the field.

5.1. Addressing Nanoparticle Toxicity

The use of toxic elements in photonic nanoparticles can only
be justified if the benefits outweigh the potential harm. We are
quite familiar with such a risk-benefit analysis in medicine,
where for example the toxic side effects of chemotherapy drugs
are tolerated due to the chance of successful treatment. In con-
sumer electronics, small amounts of toxic metals are concealed
inside the device, with leakage being highly unlikely. However,
although toxicity at the point of use can be either eliminated
or tolerated, the destination of these materials after use and/
or disposal is extremely difficult to predict and contain. Con-
sequently, it is preferable, wherever possible, to move toward
materials with either no or minimal amounts of toxic elements
within. This concept has had its impact already, for example

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

www.advmattechnol.de

www.advancedsciencenews.com

sjuswainseaw 19|doip-a(3uls ‘awnay| awW3yl| 1d pue uon

7d PUB 1d JO uUoieUIqUIOD ‘Uoljesado pajewoiny

-2919p d [B204U0D BUIUQ

joou'|B 39 s0US17 uoljewWwIo) JdN pue DN ‘uoliesado pajewoiny U0I132333p d dUIUO
Buiusais pajewoine ‘Guneay Juunp Kdoosourdads uondiosqe
[vou'1® 32 Sous sjuawainseaw uoldiosqe pue 74 julod awes pue uo1d333p d dulju|

(s|earew mau Joy) s3as ejep pajedijdwiod ‘a8ie)
Kdodsoupdads uondiosqe
pUE U013D333p 1d BUllUO

lop1]' 1B 39 030WILO Buizhjeue 1oy 3|qeins (£8¢¢) S195 [BIUBWILIAdXD

[y "B 39 9qeUBIRM 40 Jaquinu a34e| ay3 jo Buissadoud exep NN
Adoosourpads
uondiosqe auijuo moyy

paddois ‘Syx auluj

uo1IN|0Sal B} PUOdIS
‘kdodsourdads uondiosqe pue Syx JO UOITBUIqUIOD)

o] [ 32 UBYD
Kdodsourdads uondiosqe
auljuo pue S4yX3 auljul

Adoosouidads

65 1B 32 UNS uondiosqe Yyim S4yx3 JO uoljeuIquiod

ainjesadway Kdoosouppads

ERERTLT:| y31y pue ainssaid y3iy ‘sadess ajdnnpy uondiosqe auljuQ

[se]

(0. 00z-051)
poJ uneay saddo)

(00 051-52)
poJ Suneay saddo)

(0. 0£1-52)
pou Suneay saddo)

(D5 00€-522) U3eq 42pjOS

(0o Lrz-3¢1)

(Do 0Z£-07L) 320|q Bunean

Mol pajuswdas

Mol pajuawdag

Moy pajuawdag

MO} snonuiuo)

MO|} snonuiuo)

MO|} snonuijuo)

MO} SnonuIIUoD

(swad yum
341d) 1122 Moy yum paseq-Buiqny | 4g ‘|2 =X FXqdsD

(341d) paseq-3uignL 198 ‘1D =X *X9dvA

s|eiskidoueu
aysrosad

oplley BN

(341d) paseq-8uigny £(YLig)gd ty4*sDd

paseq-Aie|jided aspD
(sse|3-gns) paseq-diyd 95%8y 031 a5pD
(uordey)) paseq-3uiqny aspd

dul/syul ‘spd/dul

(x214d-uodyis) paseq-diy> ‘asuz/qul ‘suz/dqul

uonpipaid Auadoud Kdoosouppads (3o 022-02)
el I8 30 LiBZZE] ‘[2pPOW D13SIUILLISIBP Y}M UOIFBUIGLUOD) uondiosqe auljuQ siajeay a3puied Moy} pajuawidag (z1enb) paseq-Aie|iden aspd
Kkdoosouypads (Do 00£-0¥2)
[ze]'|® 39 U3YS wiaysAs oiseydiq ‘moyy A101e||19SO uondiosqe aulju| siareay adpuiied Mol pajuawSas (d34) paseq-3uignp aspd
(3unypdesy 39)dosp Adodsourpads uondiosqe (D0 02Z —091)
[gg [B 39 1UBSBYjOqY  3|3Uls) Mo}y K1ose||1ps0 ‘uonesado pajewoiny puE uoI13IBP d dulju| siajeay a3puiied Moy} pajuawidag (d34) paseq-3uignp. du| pue aspd
Kedap aAljeIpEIUOU PUE DAIJRIPES JO LUOIIDBIIXD Kdodsourdads uondiosqe
[sg] | 12 MEBUSIDY| ‘SINOY 03 SPUODIS WIOJJ SD1IUD| UOIIDEIY puE UoI112313p 1d dUIUO - MO} snonuiuo) (z1enb/agny) paseq-Aie|ided 3" 18D
Kdoosouppads
[vel'|B 32 B3040]. S1012B2J0IDIW [BIDADS uondiosqe auljuQ (D, 00€-G6L) YIBG IO MO} shonuiuod) (e21)1s) paseq-Aiejjided aspD
soljaun| Adodsourpads uondiosqe
[vgl B 32 39195 ymmou3 pue uoneapnu (sw QL—L) aw AjJe3 puE U0112333p Td dulju| - MOJ} snonuiuod) (swad) paseq-diyd sk>-spd
((9£z-D Kojjs1seH 40 9315 SS9
u01123|[0 3|dwWies yum uol (2. 021-52) -UIe1S 40 34 1d) NN 23puquied “pi]
[eg)'|B 39 UE( -esado pajewoine Yoyoeas aSeis-ainjesadwial-leng uoI112333p Td AUIUO 3|npow Ja1eay |10 Moy snonuiuod  sisbiun) waiss x-nny uksmoyy sqd
[zg/'|E 32 HEUNOS uoinnjosai |eneds SuiBewi 14 - MO} snonuiuoy (sse|3/eo1)1s) paseq-diyd sky-spD
(00 z6-08)
(1g]'|B 32 OBA Suneay pajesdajul ‘sya|doup 1931j0d1d uo132333p d dul|u| Jareay paseq-wiy Ol Mol pajuawdas (sse|3/snad) paseq-diyd alpd
sisayjuhs quadijaaul
co] |B 32 UBSEPBUYSLIY SNOLIOUOINE J0j WY3L0Z[e [013u0d & Aq patesadO uo132333p d dul|u| (Do §57-091) 21e|d1IOH Moy snonuuod (sse|3) paseq-diyd aspd
sajo1sedoueu
s31e4MO|y pue ainjesadway 1012NPUODILLIIS
logl |E 12 UESEPEUYSLY  JO UONELIEA YSnoay azis apiied J1aAo [011U0D uoI1339p d dUlUO (D0 0£2-077) 23e|/d1oH Moy snonuiuod (sse|3) paseq-diyd aspd ojuediou|
N a3ejuenpe ulepy uonezuapeseyd [eondo  a8ues pue poyaw Suneay Moy jo adA| e(|euoreW) 2dA) JoPORDY PR SSE|D |BLIRIEIN

'so1pinjjodiw Aq uoieziwndo sisayiuAs

3[21uedouBU 3] JO SUOIIBIISUOLUAP JUBAS|3. JO AlBLUIWING °| 3|qeL

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

2000060 (17 of 25)

Adv. Mater. Technol. 2020, 5, 2000060



www.advmattechnol.de

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

‘kdodsouypads uondiosqe Aes-x :Syx ‘24nonuis agpa-ieau uondiosqe Aei-x :SINYX 24n12NJ1S duy uol}
-diosqe Aeu-x :S4yx ‘1sisaioloyd aanedau g-ns :gNS ‘ausjyisoionjenaik|od :34 4 (suexojis|kyawip)Ajod :SNQd 9duddsauiinioloyd g osuas yidua| pue A11dojaA [edndo 1YAQ ‘19]91e|douUBU 14N SjJOMIBU [eINdU NN
‘|esskidoueu DN ‘Suljdwes anidepe pue uopejodiaul uidly uoissaidau pajewoine dulaWERIBRdINW YYYIA ‘OPIXO Ui} winipul 0] ‘dudjkdoid ausjAyia pajeuliony :d34 ‘24n3dnuis auy uonidiosqe Aei-x papuaixd :S4¥XI(

sa[o1edoueu
uoisianuoddn

PRELEER| 1 “(uiw Q1>) awi uoideal Loys - (D0 §52-62) Yieq |10 MOJ} Snonuuo) (zpenb) paseqg-3uignp. I3'qAP AN yuea-aley
SW g JO UOIIN|0SaI AW} ‘SXVS SXVS auljui pue Adodsouy
[oeu B 32 SUDIBN pue Adoasoupads uondiosqe jo uoljeuiquio) -2ads uondiosqe auluo - MO} Snonuiuo) (uordey)) paseq-diyd ny
Kdoosoupdads
logu] 1B 3@ 3RIYL J9XILIOIDIW-MO}-uea uondiosqe aullyo - MO} SnonuIuod) (sse|8) paseq-diyd ny
(sw 9) uoednsanul
[z 1B 32 1y3yoL 93e)s uoioeas Aiea ‘(wu |) sapiued [jews SYX aulju| - MO} Snonuiuo) (sse|3/uodijis) paseq-diyd ny
(BB
gl |8 3@ 1y8yoL. Auiainoe onkjeres ySiy ‘(wu ) sapied |jews SINVYX 2uljuQ - MOJj snonunuo) ssajurels/sse(d/uodijis) paseq-diyd pdny
S4VX PUE SXVS JO uoleuiquiod (0 001-0¢)
[os] 1B 32 WLIEY| ‘(wu ) sopp1edoueu [jews Y4aieay pue JUB|00D S4VYX PUB SXVS aulju] J1a8ueydxa jeay 14 MO}} Snonuuod) (xa44d/uod1is) paseq-diyd pd
ssauydIy} Adoosoupdads (20 08)
[peu] B 32 J3nBUY| ||9Ys 4an0 [043u0d as12a4d ‘uonesado pajewoiny uondiosqe auljuQ juawiad Sunjeay aAISISaY Mol pajuaw3as (341d) paseq-3uigny. ny
Kdoosouppads (uodiyis sajpiedoueu
5] |® 32 lUBSEBY|OQY 101083 MO KI0TR||1DSO uondiosqe auljuQ - Moy pajuawdas 10 sse|3/siNad) paseq-diyd ny |e19W 3|qON
Isel 1B 32 (D0 00Z-00L) 3UW3|3
osuo|y-jon3uaiag 1010834 2unjesadwa) pue ainssaid ydiy 3uiBew 14 Buneay pauld-usaids Mol snonuiuod (D217) paseq-diyd -
gzl 1B N aoeds Jajowiesed apim e sano Suiuaaids pidey uo1312939p 1d dUlPYO (Do 08L) Yieq IO MO} Snonuiuo) (341d) paseq-3uiqny. - sjop uogJed
fozy) 1€ 32 Bun( uoia32p 31ed aj3uls U013II3P d [BI04U0 BUl|U| - MO} snonunuod (Snad) paseq-diyd 04d/a4ad
uoljew.oy apd1ed Adoosourdads
[z B 32 9ZI0Y2S  uey3 193sey SuIXIW ‘UOIIDRIAP Td paAjosal A|jennedS  1d panjosai A|jerreds - MO} Snonuiuo) (sse|3) paseq-diyd D3d-34d
sa|died mop 1010B210401W X3JAd
[zul B 32 0IN0D 99.4-JUSA|OS 10} SISALIUAS JudAjOSIIUE [eDIIIDIadNS - (D 05—0%) Keuds snonunuo) /uodijis ui (ed1)is) paseq-Aiejjided 1H¢d
kdodsourpads uondiosqe
vzu 1B 39 BYRQY suonedi|dde |edipawiolq 10 XIJeW YDTd—D3d  PUB L0113 Td dUIlPO - MOJ} Snonunuo) (eo1)1s) paseq-Aie|ided Add-ND pue 1984
sajpiiedoueu
kdodsourpads uondiosqe JawiA|od
[gzUZYM PUB duyany| 9IS J9AO [0J3U0D ‘s3pdilied asiadsipouoyy pue uo131aP 1d dUIYPO - Mol pajuawdas (sse3/sad) paseq-diyd 04d paiednluo)
y13ua| pue Apojan 3njs jo Apnis dulaw
N ECRICN] -eied 4oj (TYAO) wiyaioS|e josjuod Aq paresadQ uo112313p 1d dul|u| - Mol pajuawdas (d34) paseq-3uignp £199dsD
uoneziwido pajuatio-1a8ies (00 08L) £(1g/1)qd (v4/52/9y)
[z |B 30 23u1zog e 10j (VI¥VIN) wyiio3|e josjuod e Aq pajesadQ uo112313p d dulju| ae|d uneay oiwesa)  moy pajuswidas (341d) paseq-3uigny. ‘€(1g/1)ad (v4/s2)
leou B 32 41387 Kdodsourdads uondiosqe
“IPPqY [goy |8 3 sdd3 1192 Mo}y [euOE|SURLL puE u0112333p Td dulju| - moly pajuaw3ag (d34) paseq-Buigny 149 ‘1D = X £XqdsD
'sjoy adejuenpe ure|y uoneziiaideseyd eondo  93ues pue poylaw Zuizeay Moy jo adA| (e([e1a1BW) 9dA3 J01DRAY |euate ssepd [elale|N

"panunuo) ‘| 3|qel

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

2000060 (18 of 25)

Adv. Mater. Technol. 2020, 5, 2000060



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS
TECHNOLOGIES

www.advancedsciencenews.com

Energy (eV) 5 4 3 2
Ultraviolet

Wavelength (nm) 700

CdS
CdSe
CdTe

www.advmattechnol.de

1 0.5

- I S

3000

PbS

0.37

PbSe

ZnO
ZnS
ZnSe
ZnTe
InP

0.27

InAs
InSb
CulnSe,
CulnS,
AginSe,
AgInS,
AgBiS,
AgSbS,

0.36

0.17

LHPs
(MA/FA/Cs)Snl;

(MA/FA/Cs)Gel,

(Cs/MA)-(Ag/Bi(Sh)-(1/Br) — 1 95

115

— 1 )6
A— | 65

Figure 15. The bandgap ranges obtainable by size tuning of QDs,”¥l LHPs,[2% and lead-free perovskites.'**] Adapted under the terms of the CC-BY 4.0
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inspiring Samsung to switch their QLEDs to InP for “cadmium
free” displays and televisions.[*]

The drive to improve heavy metal free nanoparticles is
bearing fruit as they are commercially replacing their heavy
metal analogues. When searching for QD materials for use in
LEDs, in solar cells or in imaging applications, the choice of
material is currently somewhat limited (Figure 15).7> The
most promising candidates in replacing classical QDs are InP/
ZnS (ZnSe, ZnSeS) particles, and they have already found
their way into many commercial products.® However, they
exhibit lower PLQYs, stemming from incomplete shells, strain
between the shell and the core, and defects in the core mate-
rial due to oxidation.'¥] While red and green LEDs with InP
have been reported, with PLQYs of up to 95%, blue-emitting
LEDs remain difficult to create. Further, while cadmium- and
lead-containing nanoparticles are well studied and understood,
heavy metal free ternary semiconductor nanocrystals suffer
from understudied synthesis routes and optical properties.>"!
Here, multidimensional parameter scanning could be used to
scan many combinations of, and reaction ratios between, mate-
rial components, and could have a tremendous positive effect
on advancing these nanoparticles.

Regarding perovskite nanoparticles, lead-free formula-
tions currently fall short in performance when compared to
LHPs. Typically, a replacement for lead consists of two or
more elements, since it is difficult to find a substitute with
same the size, electronic structure, and charge as lead. In such
structures (e.g., silver bismuth perovskites), indirect band-
gaps are common.® Yang et al.'>! recently reported a double
perovskite structure involving silver, bismuth and indium
(Cs,AglIn,Bi; ,Clg) with a direct bandgap above a threshold of
x = 0.75 and a PLQE of 36.6%, which is close to typical LHP
efficiencies. Direct bandgap nanocrystals show a higher absorp-
tion cross-section and higher PLQE than indirect nanocrystals
due to phonon interactions that decrease charge carrier recom-
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bination rates. In this respect, microfluidic multidimensional
parameter screening could readily be used to scan for and fine-
tune lead-free perovskite nanocrystals with direct bandgaps.

Instead of trying to recreate the efficiency of QDs and perov-
skites in lead- or cadmium-free analogues, assessing materials
that are heavy metal free in their standard state is a prom-
ising alternative. In this regard, carbon and polymer-based
nanoparticles have stimulated great interest. Graphene
quantum dots (GQDs) and CDs are fully crystalline or partially
amorphous carbon-based QDs with a high dependence on sur-
face defects. Additionally, they show very high biodegradation
rates and renal clearance.”3>? Precise engineering of CDs and
GQDs is less developed than other nanoparticle types, however
this process could be significantly accelerated by employing
automated microfluidic platforms.”®! Similarly, CPNs, despite
their demonstrated performance in biological applications, still
have much untapped potential.

5.2. Integrating Advanced Characterization Tools

While system-integrated absorption and PL detectors are com-
pact, simple to operate, and yield important information, it
is desirable to incorporate additional characterization tools
to enrich the real-time analysis of nanoparticles during their
synthesis. We now discuss two analysis techniques that may
have an impact in the future of multidimensional parameter
screening in microfluidic reactors for nanoparticles synthesis.
Photothermal spectroscopy (PS) is complementary to con-
ventional absorption measurements. As previously discussed,
reduced absorption signals due to short optical pathlengths
has limited the efficacy of absorption detection in microfluidic
systems. PS uses the photothermal effect during absorption
to measure absorption cross sections.’?l After photoexcitation
of a nanoparticle, both radiative and nonradiative deactivation
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will take place. While radiative decay yields emission of pho-
tons, nonradiative decay produces heat.?'>? The dissipated heat
changes the refractive index of solvent in vicinity of the nano-
particle, and creates a thermal lens.>3] A collinear probe beam
can then be diffracted by the thermal lens, and used to extract a
range of physical properties associated with the absorbing spe-
cies. PS methods have been used in conjunction with microflu-
idic systems to detect single gold nanoparticles down to 5 nm in
diameter and in fL volumes,™ and 10 nm particles in pL vol-
umes.[P>156] At a basic level, PS is a highly sensitive and back-
ground free absorption detection technique, that could replace
absorption spectroscopy in microfluidic channels and engender
a range of new analytical applications.

TEM allows determination of size, shape, crystal structure,
and composition of a material in a thin, confined layer of solid
or liquid. While conventional TEM is restricted to the analysis of
solid/dry samples, liquid cell TEM (LC TEM) confines a thin layer
of liquid between two windows of an electron transparent material,
allowing visualization of structures in a liquid environment. These
windows typically consist of nanometer-thick silicon nitride layers
or graphene sheets of a few atomic layers."””) Graphene LCs are
formed by entrapping a liquid bubble between two sheets of gra-
phene. Despite their high resolution, graphene LCs are still limited
in application by the small volume of entrapped liquid and short
operational time frames (due to drying of the liquid when exposed
to the electron beam).®® Silicon nitride windows are limited in
terms of resolution due to scattering, but they are stable for longer
periods, and most importantly offer the opportunity to perform in-
flow measurements.>160.161 For example, Nielsen et al.'% dem-
onstrated LC TEM in a flow-cell to study the nucleation of CaCO;.
In this flow-cell, two syringes enter the LC through oneinlet and
exit through a single outlet, where the sample is collected. The
nucleation of calcium carbonate was studied over a period of a few
minutes at flow rates of between 0.2 and 10 uL min~'. Although
promising, performing LC TEM remains challenging. The meas-
urement demands a high contrast TEM, and the use of acidic envi-
ronments, which limits the materials that can be used.>*161-163]
In LC TEM the electron beam is used to initiate nucleation and
growth, or etching of nanoparticles. The influence of the electron
beam on such processes is unknown and can limit the conclusions
that may be drawn.[%® Indeed, electron beams cause radiolysis in
water, which gives rise to free radicals and changes in pH.'l The
confinement of particles into a thin layer of liquid further has an
influence on the diffusion of precursor species and movement of
nanoparticles in solution, as shown by Wang et al.1! with a dif-
ferent liquid layer thickness resulting in different anisotropic
growth.[10>167] Consequently, it is not known how closely observed
phenomena actually resemble processes occurring outside the LC
environment. That said, the method does allow for a detailed study
of nanoparticle nucleation, growth, and dissolution, and could, in
unity with spectroscopic methods, unveil much additional struc-
tural and morphological information about single nanoparticles.

5.3. Learning from Organic Synthesis
To expand and optimize the range of QD materials, more

advanced microfluidic platforms may be useful or even
necessary. Concurrent advances in microfluidic reactors for
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organic synthesis may provide inspiration here.l%3-70 Since
traditional synthetic organic chemistry is not primarily focused
on the manufacture of optically active products, but rather
specific compositions with high yield, characterization units
are typically quite different. For example, Sagmeister et al.1%%!
presented a flow microreactor-based “lab of the future” with
inline infrared spectroscopy (IR), inline nuclear magnetic reso-
nance (NMR), online ultrahigh performance liquid chromatog-
raphy (UPLC), an integrated mixing unit, and a heat exchanger.
Moreover, Hsieh et al.'®] demonstrated an interesting platform
integrating multiparametric detection of refractive index varia-
tions, droplet velocity (and size), and encapsulated sample con-
centration. In addition to these complex platforms, Glotz and
Kappel”? demonstrated an open-source USB photometer for
use in flow, integrating an LED, detector, power supply, ampli-
fier, and a control unit. This photometer could be connected
to a flow cell consisting of a cross piece with optical fibers
attached in one direction and a flow perpendicular to the light
path. While the applications are different to those discussed
herein, such platforms provide much inspiration for the devel-
opment of photonic nanoparticle-oriented systems.

5.4. Leveraging Machine Learning

It has been suggested that the “fourth industrial revolution”
that we are currently embarking upon will be defined by the
combination of Al and big data.”’! Indeed, the pervasive
impact of this is already transforming the way that molecular
and materials science research is performed.”>13 As previ-
ously discussed, high-throughput microfluidic experimenta-
tion is driving nanomaterial synthesis and characterization into
the “big data” arena, fulfilling half of the above equation. The
second half, then, requires the development and implementa-
tion of Al tools that keep pace with the data generation capacity,
and allow us to unlock the inherent potential of cyber-physical
systems in the field of microfluidics.

Machine learning, a subfield of Al, has recently gained much
attention and some traction.”4173 1t allows us to build mathe-
matical models, based on training data, that can then be used
to make predictions or perform tasks.[”®l The central model can
be built by many different approaches, the most common being
ANNs.[%] Machine learning can yield sophisticated algorithms
that are able to predict properties or extract hidden features in
data based on the sheer weight of experience.

There is increasing sophistication and diversity in machine
learning tools for generating, testing, and refining scien-
tific models.l”3] A key feature of machine learning methods
is the ability to feed an algorithm with a sufficient amount of
quality training data to ensure the efficacy of the final model,
and it is in this area that machine learning and microfluidic
experimentation are perfectly matched.”778 High-throughput
microfluidics offers a solution to the challenges of data spar-
sity and data scarcity encountered in virtual synthesis para-
meter screening,”’l and can far exceed the data-generation
limitations of typical extended throughput approaches; for
example, microwell plate-based syntheses.['%"!

Machine learning has been demonstrated to be a powerful
tool for studying nanoparticle systems, both using purely
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computational  experimentation,® and by combining

large experimental data sets with machine learning-based
analysis.[180182-187] \We contend that the introduction of micro-
fluidics into these studies will yield significant gains. Here, we
can consider, forgetting practical challenges for the moment,
three examples of how machine learning could be employed
in microfluidic high-throughput screening experiments for
photonic nanoparticle synthesis. First, machine learning could
be used to maintain reactor stability during operation. If a
reactor is to be run for hours to generate large data sets, it is
imperative that it performs consistently, otherwise the resultant
model will be skewed by both random and systematic errors.
Unfortunately, due to factors such as microfluidic channel
fouling, flow rate inconsistences, and environmental fluctua-
tions, it is hard to achieve absolute consistency. Recently, it
has been demonstrated that machine learning can be used to
achieve superhuman dynamic control of chip-based microflu-
idic experiments.[38 Here, algorithms were developed to either
maintain the position of an interface between two miscible
flows within a microchannel under laminar flow, or to dynami-
cally control the size of water-in-oil droplets in segmented flow,
by variation of flow rates. Such ideas could be vital for ensuring
reproducibility in longer-term microfluidic experimentation.
Second, machine learning is adept at generating highly sophis-
ticated models through extensive training with complex data
sets from multidimensional scanning experiments. Here,
large experiments with multiple inputs (e.g., precursor types/
concentrations, surface ligand types/concentrations, solvents,
and temperature), multiple inline, online, and offline analytical
outputs (e.g., photoluminescence factors, absorption factors,
particle size, and shape), and time course data, can yield rich
data sets ripe for the supervised training of a machine learning
algorithm. In this way, it becomes possible to learn the mecha-
nisms that underlie the dataset, and extract features which are
invisible to the human eye. Furthermore, data such as atomic
characteristics of nanoparticle compositional elements (mass,
oxidation states, etc.) and molecular characteristics of precur-
sors and surface ligands (e.g., weight, bonding, and charge)
could be included in the training data. Beyond reaction char-
acterization, there are obvious benefits in being able to predict
future materials based on extensive training experience of the
algorithm.V?) Finally, given a similarly complex set of inputs
and outputs as described above, a machine learning algorithm
trained with experimentally obtained data can be used to drive
a reactor toward a specific desired product. The purpose need
not be to thoroughly map a given parameter space and analyze
complex input-output relationships, but simply to provide the
optimal reaction formulation and protocol to yield the specific
result. With repeated training for a variety of target outputs, and
by feeding real-time data into the modeling,®>%) one could
build a powerful microreactor system capable of extremely
advanced targeted nanomaterials synthesis.

Although promising and potentially revolutionary, there
is some caution to be maintained in machine learning. For
example, it is important to consider potential error accumula-
tion and loss of control that might compound through use.*!
The function of a model in nanoparticle synthesis revolves
around accurate prediction of nanoparticle properties in rela-
tion to the reaction parameters to form a highly accurate input—
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output correlation.'dl Since the accuracy of a trained model
depends on the quality of the training, different training data
or different models with the same training may yield different
results. Additionally, overtraining a model with a specific data
set may lead to errors and inaccuracies. This could result in,
for example, errors in sensitivity or insensitivity toward certain
parameters, and assuming incorrect relations between different
parameters. Beyond errors in the model, problems could also
arise due to sensitivity toward systematic or random errors in
the data, which could be misleading and hard to disentangle
in the final model, which would be exacerbated by the lack in
transparency in some models, e.g., ANNs.[1Z]

Although machine learning is a highly effective method in
handling big data,7>1%] other intelligent algorithms for reac-
tion optimization have been reported, both independent of
and in cooperation with machine learning. Gaussian process
regression is a statistical approach used for modeling that has
been successfully employed in microfluidic nanoparticle syn-
thesis!*214 and has shown easy handling and successful reac-
tion screening and optimization.!'®’l Another attempt to solve
complex optimization problems has been to use evolutionary
computation (EC), which involves mimicry of evolutionary
biology to develop a stochastic method for real parameter opti-
mization, for example, the Covariance Matrix Adaptation Evo-
lutionary Strategy (CMA-ES) has proven to be a good global
optimizer."®%l Genetic algorithms (GAs) mimic natural selec-
tion in the use of a populations, mutations, and successive gen-
erations, while measuring fitness and crossover within genera-
tions. GAs are applicable to real-world problems and have been
shown to be quite robust.®®! Further, the use of GAs has already
been demonstrated for applications in reaction optimization,
e.g., of methanol synthesis!!®! and fractional-order elements.[2%!

5.5. Widespread Usage and Impact

Although “smart” microfluidic platforms possess outstanding
potential with regard to the synthesis of bespoke nanomaterials,
their application and utility could be compromised by their (real
or perceived) complexity, both in terms of hardware and soft-
ware. In actual fact, microfluidic devices can be commercially
purchased or fabricated according to unique requirements and
easily integrated into a setup comprising commercially available
parts. The complexity of a microfluidic platform merely depends
on the requirements of the studied synthesis and necessary
detection techniques. A fully automated platform need not
involve the use of complex (machine learning) algorithms, but
could simply incorporate a set of predefined parameters, that
are consecutively scanned through. If more sophisticated system
control is however desired, then an experienced personnel are of
immense value in software design and optimization. Put simply,
basic microfluidic reactors are broadly applicable and easy to
assemble and operate. Conversely, the realization of more com-
plex reaction systems will require some degree of specialized
knowledge and/or multidisciplinary collaborations. Neverthe-
less, we contend that such hurdles are worth jumping!

When assembled, a microfluidic platform is able to synthesize
a range of nanomaterials under a limited range of conditions.
Although devices can be designed to withstand high pressures
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and temperatures over extended periods of time, most microflu-
idic systems operate below 300 °C and provide for residence times
up to tens of minutes. This limits the range of materials that can
be synthesized. More extensive and harsh reactions, such as
those needed for UCNPs, are far more challenging. Accordingly,
the confrontation of unusual reaction conditions will necessarily
involve creating more complex and robust reactors, and will
undoubtedly be an area of much activity in the short to medium
term. Finally, it is important to note that although integrated ana-
Iytics offering real-time, inline and online characterization data
are extremely powerful, they typically yield data on only the crude
reaction product. However, it is well known that product purifica-
tion is a vital component of the nanoparticle preparation process,
and thus the development of integrated purification modules is
an important frontier for the field, with some progress already
being made in this direction.[?%!

6. Final Thoughts

In this review, we have detailed and discussed some of the
most recent and impactful contributions to the field of micro-
fluidic-based photonic nanoparticle synthesis, with a focus on
automated multidimensional parameter scanning for materials
characterization, optimization, and discovery. While the broad
field of microfluidic nanomaterial synthesis is vibrant, systems
reporting optimization via in situ optical characterization are
less common, with the integration of smart control being even
rarer.21%] We predict that this situation will change drastically
in the coming years, with many more studies demonstrating
the incorporation of integrated analytics and sophisticated con-
trol. However, it should not be forgotten that even relatively
simple systems that can be constructed and automated by non-
experts can still have significant impact, and we hope that an
increasing number of researchers in the nanomaterials com-
munity will adopt microfluidics as a basic tool. Although photo-
luminescent and plasmonic nanoparticles have already received
much attention in a wide range of applications, there are still
many undiscovered opportunities. In this respect, microfluidics
is an ideal tool to explore new technologies and parametric
landscapes for all kinds of nanomaterials.

This article is part of the Advanced Materials Technologies
Hall of Fame article series, which recognizes the excellent
contributions of leading researchers to the field of technology-
related materials science.
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