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Fine tuning of the material properties requires many trials and errors during the synthesis. The metal nano-
particles undergo several stages of reduction, clustering, coalescence and growth upon their formation. Resulting
properties of the colloidal solution thus depend on the concentrations of the reagents, external temperature,
synthesis protocol and qualification of the researcher determines the reproducibility and quality. Automatized
flow systems overcome the difficulties inherent for the conventional batch approaches. Microfluidic systems
represent a good alternative for the high throughput data collection. The recent advances in 3D-printing made
complex topologies in microfluidic devices cheaper and easily customizable. However, channels of the cured
photopolymer resin attract metal ions upon synthesis and create crystallization centers. In our work we present
3D-printed system for the noble metal nanoparticle synthesis in slugs. Alternating flows of oil and aqueous re-
action mixtures prevent metal deposition on the channel walls. Elongated droplets are convenient for optical and
X-ray diagnostics using conventional methods. We demonstrate the work of the system using Ag nanoparticles

synthesis for machine-learning assisted tuning of the plasmon resonance frequency.

1. Introduction

Noble metal nanoparticles (NPs) find a wide range of industrial ap-
plications, including catalysis, photonics, drug delivery, medical imag-
ing. Their unique optical properties are interesting for surface-enhanced
Raman scattering, photovoltaics, molecular detection, and photo-
thermal cancer therapies [1,2]. In a typical procedure metal nano-
particles grow in the presence of metal ions, reducing agent and
stabilizer [3]. The result of the reduction, nucleation and growth de-
pends on many parameters, including temperature and reagent con-
centrations. The human operator may unintentionally introduce
variations in standard protocols by varying mixing time or speed and
order of reagents that affect the resulting particle size distribution [4].
Design of experiments approach may help to identify the role of each
synthesis parameter on the resulting properties [5-7] while machine
learning (ML) algorithms offer a more sophisticated alternative that is
capable to find complex dependencies in the highly dimensional data
and apply optimization strategies [8-10]. Several examples in the
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literature demonstrate successful application of the ML models to find
relationships between the synthesis and material properties. Dong et al.
has addressed the relationships among initial reactant concentration,
ultrasound intensity, and average particle size of Ag NPs [11] by means
of decision trees algorithm. Li et al. applied data-driven approach to
accelerate the synthesis of small gold nanoclusters [12], while Zhao
et al. combined literature data mining and robotic platform for repro-
ducible screening of colloidal nanocrystals synthesis [13]. The deep
learning algorithm incorporated all parameters in the synthesis into
consideration and helped to understand complex inorganic material
synthesis. Wahl et al. presented a ML-driven optimization for the syn-
thesis of polyelemental metal nanoparticles with targeted structural
properties [14]. Pellegrino et al. showed that trained models can be
applied for reverse engineering approach [15] to find the optimal syn-
thesis parameters for a desired characteristic of TiOy NPs.

Classical synthesis routines are often limited to a few numbers of
samples due to high amount of reagent consumption, while also having
complex parallelization and reproducibility issues. Flow chemistry and
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microfluidics, on the contrary, provide unique possibilities for precise
control over mixing and heat transfer in tiny reagent volumes [16,17].
This approach allows to build highly customized and efficient systems
for nanomaterial synthesis. Microfluidic approach also offers a powerful
alternative to the batch synthesis in terms of online monitoring analytics
and self-optimization [18-20]. For this purpose, microfluidic system
must be coupled with a robust and efficient methods for diagnostics.
Being sensitive to the localized surface plasmon resonance (LSPR) effect
of noble metal nanoparticles, UV-Vis spectroscopy is particularly note-
worthy [21,22]. The parameters of the absorption spectrum depend on
both size and shape of nanoparticles, and wavelength of the plasmon
resonance may vary across the visible range from 400 nm to near-
infrared region at 1100 nm [23,24]. This makes the optical spectros-
copy a perfect technique for laboratory characterization of nano-
particles. Nguyen et al. developed a microfluidic serial centrifuge and
employed UV-Vis absorption spectroscopy for efficient screening of Au
nanoparticles synthesis [25]. Yang et al. applied UV-Vis spectroscopy to
characterize Ag nanoparticles produced in different regimes by their
novel multi-stage microfluidic reactor with integrated valveless piezo-
electric pumps [26]. Thanks to the sensitivity and speed of the optical
spectroscopy it can be applied is situ for on-line tracking of noble metal
nanoparticle growth, especially when combined with ML-based opti-
mization algorithms [27,28]. Mekki-Berrada developed two-step
framework for a machine learning-driven high-throughput micro-
fluidic platform to rapidly produce silver nanoparticles with the desired
UV-Vis absorbance spectrum [29]. They combined deep neural network
to approximate the spectrum as a function of synthesis parameters and
Bayesian optimization to guide the microfluidic system. Existing works
in the literature address also the ML-assisted microfluidic synthesis of
quantum dots [6,30] and perovskites [31].

Synchrotron X-ray scattering based techniques are another family of
methods that allow in situ characterization of nanoparticle growth in
microfluidic chips [32,33]. Radajewski et al. used simultaneous collec-
tion of wide- and small-angle X-ray scattering data (WAXS/SAXS) to
investigate the magnetite nanoparticles growth in droplet microreactor.
A two-step data processing technique was employed, where WAXS data
were used to select frames with droplets to further analyze their SAXS
patterns [34]. Lange et al. demonstrated that using highly X-ray trans-
parent and low-scattering material, such as off-stoichiometric thiol-ene-
epoxy it is possible to investigate the chemical processes right inside the
microfluidic device (MFD). The example applications included the SAXS
study of gold nanoparticles segmented flow in water droplets, the
liquid/liquid extraction of cerium oxalate in the oil phase, and WAXS
study of cerium oxalate crystals synthesized in a binary water/pro-
panediol solvent [35].

Current methods to produce microfluidic devices involve micro-
machining, hot embossing, etching and molding [36-38]. However,
these processes can be time consuming, imprecise, expensive or chal-
lenging to produce complex channel topologies. Moreover, some of them
also require clean-rooms and other facilities to ensure error-free devices,
which are often expensive to build and maintain. This is where additive
manufacturing comes into play with its accessibility and reliability. One
of the most robust and versatile 3D-printing technology that could be
used is digital light processing stereolithography (DLP-SLA) [39-41].
The benefits of using 3D-printed microfluidic devices for synthesis are
demonstrated in recent reviews [42,43]. Guda et al. employed a system
of 3D-printed microfluidic devices for in situ screening of UV-mediated
Au nanoparticles synthesis [44]. Van der Linden et al. demonstrated
the ability of the DLP-SLA technology to produce complex 3D micro-
channel topologies, otherwise hard or near impossible to achieve with
conventional fabrication methods [45]. Simple, cheap yet efficient
microfluidic device, manufactured with hybrid PDMS/3D-printing
technology, was reported by Bressan et al. The device is suitable for
the flow synthesis of Ag and Au nanoparticles [46]. Camarillo-Escobedo
et al. developed a 3D-printed MFD with integrated spectrophotometer
and wireless connectivity, and demonstrated its application for the
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analysis of fluoride content in ground waters [47].

One of the drawbacks of the 3D-printed systems is the presence of
non-passivated functional groups on the surface of cured resin. The
channels of the 3D-printed chip attract the metal ions and create addi-
tional nucleation and growth centers upon synthesis. The synthesis in
water-in-oil droplets helps to overcome this issue with a cost needed to
synchronize droplet flow and spectral characterization, that often may
lead to unacceptable quality of the data. In this work we demonstrate a
combination of microfluidic approach and in situ diagnostics applied to
automated synthesis of Ag nanoparticles in a slug flow. The slugs
represent a good compromise for an isolated microreactor with cus-
tomizable length optimal for UV-Vis and X-ray characterization. The
reagent mixing, slug volume and timing are adjusted in a modular sys-
tem comprised of 3D-printed microfluidic devices. The UV-Vis absorp-
tion data collected during the screening enabled to train ML models and
visualize optimal conditions for synthesizing nanoparticles with specific
properties. This approach can be easily adapted and scaled for various
microfluidics-based reactions. The integration of the microfluidics and
artificial intelligence technologies will greatly accelerate the develop-
ment of new functional nanomaterials and significantly improve the
efficiency of research.

2. Methods
2.1. Microfluidic system

All microfluidic devices were designed in Fusion 360 (Autodesk,
USA) and 3D-printed with a FunToDo Nano Clear (Alkmaar,
Netherlands) resin on an Asiga MAX UV (Sydney, Australia) DLP-SLA
3D-printer. At 25 pm layer thickness the printing time for an 8 mm
thick MFD was typically 40 min. After printing, the devices were
removed from the build plate and sonicated in IPA for 90 s at 50 kHz and
35 W power, following with the manual flushing of the channels with
isopropyl alcohol. MFDs were then blown dry with compressed air,
based on existing post-processing protocol [45]. After drying the chan-
nels of MFDs were filled with vaseline oil and left overnight to improve
the surface hydrophobicity.

A set of Wingflow Qmix-HZ 90 (Wingflow AG, Frick, Switzerland)
syringe pumps with borosilicate glass syringes was used to precisely
control the flow of reactants and carrier phase. Standard 1/4"-28 UNF
flangeless PTFE connectors and PFA tube (1/32" ID) was used to connect
individual parts of the microfluidic system. Medical grade PVC infusion
tube (1.5 mm ID) was used for the delay line.

2.2. Synthesis and experiment control

Aqueous solutions of silver nitrate AgNOs, trisodium citrate (NasCit)
NazCgHs07, and r-ascorbic acid (AA) CcHgOg prepared from commercial
powders (Sigma Aldrich) at concentrations of 2 mM, 6 mM, and 12 mM,
respectively, were used as components of the reaction mixture and
supplied to the inputs 1-3 of the slug generator. The system of syringe
pumps, performing dosing of reaction mixture components, was
controlled from PC. The control algorithm subdivided the space of re-
action parameters into a set of experimental points according to the
improved distributed hypercube sampling (IHS) method, which is an
advanced sampling technique allowing to get well-distributed sample
sets with uniform and complete coverage of the multidimensional
parameter space using a relatively small number of samples [48]. The
control algorithm then performed automatic transition between these
points and collected spectroscopy data according to a preset program.

2.3. Characterization of Ag nanoparticles
In situ UV-Vis absorption spectra were acquired using the OceanFX

fiber optic UV-Vis spectrometer (Ocean Insight, Orlando, USA) with 35
ms integration time and 100 ms acquisition interval. Xe arc lamp setup
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was used as a light source. During measurements, dark and background
signal were subtracted automatically, as well as the reference signal of
pure vaseline oil.

SAXS data was acquired at the BioMUR beamline of the NRC
“Kurchatov Institute” synchrotron facility [49] using 8.58 keV (A =
1.445 A) radiation. Scattering patterns were collected using Pilatus 3 1
M (Dectris AG, Baden-Daetwill, Switzerland). To avoid air scattering
2500 mm long vacuum chamber was installed between the sample and
the detector. The sample to detector distance and wavelength were
calibrated using Ag behenate standard. SAXS patterns were acquired in
the scattering vector range s = 0.0015 to 2.75 nm ! (s = 4xsin(6)/2,
where 20 — scattering angle). For in situ study characterization in
segmented flow the exposure time for each pattern was 1 s and patterns
were collected continuously for 300 s. For IHS validation measurements
8 images with 60 s acquisition time were collected for each point. Ac-
quired images were radially integrated using Fit2D software [50] and
resulting 1D scattering patterns were normalized by the exposure time
and storage ring current, then the background signal from the vaseline
oil in a cuvette or tube was subtracted. Particle size distributions were
restored by the program MIXTURE from the ATSAS package [51] in the
scattering vector range s = 0.04 to 0.8 nm-! using a model of two-
component polydisperse spheres. Each component was described by
its volume fraction, the average particle size and degree of poly-
dispersity according to the Schulz distribution function.

TEM images were acquired on a Tecnai G2 Spirit TWIN (FEL
Netherlands) transmission electron microscope using an accelerating
voltage of 80 kV and Cu meshes as sample supports. To analyze the
particle size distribution the images were processed in the ImageJ
software (Version 1.54d, National Institutes of Health, Bethesda, MD,
USA) [52]. For each sample over 300 particles were analyzed to achieve
better statistics, and the average between the minimum and maximum
Feret diameter was considered as the particle size [53].

2.4. Machine learning

We have studied relationships between synthesis parameters and
optical properties of resulting colloidal solution. To reduce effects of
noise and background subtraction we applied dimensionality reduction
on the input data and calculated two descriptors of spectrum — intensity
and position of the plasmon resonance peak. The Extra Trees ML algo-
rithm was trained on the dataset [synthesis parameters, descriptors of
spectrum]. Extra trees [54] is a general-purpose nonlinear regressor.
This method is suitable for large dimensional problems with a small
number of samples. Extra Trees method constructs a piecewise-linear
approximation. It combines the predictions of multiple decision trees
and demonstrates better performance compared to other ensemble tree
algorithms. Unlike Random forest, the Extra trees uses the whole
training sample and chooses the cut points for splitting randomly. These
differences allow Extra trees to reduce bias and variance of predictions.
Extra trees implementation is used as a part of the scikit-learn package
[55]. In particular, we use the function sklearn.ensemble.Extra-
TreesRegressor with arguments n_estimators = 40, min_samples_leaf =
1, max_depth: unlimited; min_samples_split: 2; bootstrap: False, as
implemented in PyFitlt software [56].

The quality of approximation was calculated via the leave-one-out
cross-validation (LOOCV) method. In statistics and in the field of ma-
chine learning, the R? score, or the coefficient of determination, is a
popular quality measure. Let y; and f; (i = 1,..,n) be the exact and the
predicted values of unknown function and m the mean of y;, then R? score
is defined
R? score = 1— (€8}

The maximum value R? score = 1 corresponds to the best possible
prediction, i.e. f; = y;. In practice, R? score can be 0 and even negative, for
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badly trained or overfitted models. Another important metric used for
summarizing and assessing the quality of a machine learning model is
the mean absolute error (MAE) of prediction, with is calculated as the sum
of absolute errors (differences between the true value and predicted)
divided by the sample size:

3. Results
3.1. 3D-printed microfluidic system

The developed system includes a combination of microfluidic de-
vices consisting of a slug generator chip, slug spacer chip, delay line and
a flow cell for the chosen characterization technique (Fig. 1). 3D models
of the microfluidic devices can be found in the SI for this paper.

In a typical setup, the reactants are supplied to the inputs of the
droplet generator, while another input is supplied with the carrier
phase. The generator forms a flow of reaction mixture droplets in the
carrier phase, where each droplet acts as a separate chemical micro-
reactor. The droplet size and frequency can be adjusted by varying the
rate and ratio of reactant and carrier phase flows. The droplet flux in the
carrier phase is connected from the generator output to the spacer input.
The carrier phase is additionally supplied by a separate syringe pump to
the spacer to be added between the droplets in the structured flow, thus
increasing the distance between them (see Fig. 2a). The droplet stream
from the spacer outlet then enters a delay line that allows to adjust the
reaction time. The delay line connected to a specially designed in situ
flow cell, suitable for selected diagnostics method.

Fig. 2b shows the UV-Vis in situ flow cell. Its body (1) has a 600 pm
thick U-shaped capillary channel, with the ends of its straight section
closed by 1 mm quartz glass windows (2). Two optical fibers from the
UV-Vis spectrometer are brought to the windows and secured in special
holders (3). Such a setup allows the transmission measurement of optical
absorption spectra from the solutions in slugs as they move through the
cell. The size of water phase slugs (green in Fig. 2a) is adjusted in a way
that they can completely fill the straight part of the capillary in the cell.

3.2. Screening the relationships between plasmonic properties and
synthesis parameters

We performed automated screening of synthesis parameters to fine-
tune the LSPR effect of Ag nanoparticles. Individual reagent flow rates
for silver nitrate and trisodium citrate were varied ranging from 0.75 to
3.375 mL/h, the r-ascorbic acid flow at each experiment point was
adjusted so that the total reagent flow during synthesis was 7.5 mL/h.
Vaseline oil was supplied to the fourth inlet of the droplet generator as a
carrier phase at 4 mL/h, and it was also supplied to the spacer using an
additional pump at 8 mL/h. Based on the observed slug length of 4-4.5
mm in the tube with known ID of 1.5 mm, we can estimate the water
phase slug volume where NPs were synthesized to be 7-8 pL. The reac-
tion was studied at the temperatures of 25 and 60 °C with reaction time
of 7 min. The temperature of 25 °C represents the normal ambient
conditions, however, the thermostat was still used to avoid any tem-
perature fluctuations as microfluidic systems can be very sensitive to
them. For elevated temperature synthesis the temperature of 60 °C was
selected as it is the highest temperature at which there is no boiling in
the water phase. At higher temperature vapor bubbles start to form
actively in the water phase slugs which disrupts the slug flow and in situ
UV-Vis measurements. A coiled capillary tube immersed in a thermostat
(water bath) was added between the spacer and the in situ cuvette, acting
as a delay line. 47 sets of flow values were generated by IHS (see
Table S1), and for each set the system automatically produced micro-
droplets with the corresponding reactant flows for 1 min and continu-
ously gathered UV-Vis absorption spectra. Since it takes 7 min for
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Fig. 1. Experimental setup consisting of the set of syringe pumps, slug flow generator chip, slug spacer chip, delay line, in situ UV-Vis cell and sample collector.

droplets to pass through the delay line, by the time the first batch of
droplets reaches the cuvette, six more batches with different parameters
are traveling in the delay line. Custom software was used for filtering out
data from the oil only and oil-droplet boundaries, and for consequent
matching of the spectra obtained from individual droplets with the
synthesis parameters in these droplets. Keeping in mind that each flow
combination was tested at 2 different temperatures, the employed
scheme allowed to test and characterize 100 sets of synthesis conditions
in <2 h.

Fig. 3 shows several spectra obtained for different ratios of reactant
fluxes and at different reaction temperatures. The spectra clearly show
differences in the position and intensity of the plasmon resonance peaks,
indicating differences in the size distribution and concentration of silver
nanoparticles obtained during the synthesis. At the same time, the
plasmon resonance peaks in the case of synthesis at a higher temperature
have a generally smaller width, which indicate a narrower size distri-
bution of nanoparticles and lower polydispersity.

The resulting data indicates reproducible relationships between re-
agent flows and spectral response of the resulting colloidal solution. As
follows from Fig. 4a,c the plasmon resonance position shifts towards
lower wavelength (pink background color in the figure) at lower Ag
concentration. The lowest position is observed in the excess of ascorbic
acid. At higher flow rates of Ag precursor the plasmon resonance shifts
towards higher wavelength, indicating larger sizes of nanoparticles
[57,58]. The largest shift is observed at near stoichiometric Ag:AA
ratios.

Intensity of the plasmon resonance depends on the concentration of
formed Ag nanoparticles in the solution and dispersion in their sizes. The
former is proportional to the flow of the Ag precursor. Ascorbic acid is
needed to reduce the Ag ions and in Fig. 5 we observe optimal region in
the center of the map where intensity reaches maximum. At lower values
of AA the intensity decreases due to presence of unreduced ions. While at
higher values of AA flow the resulting particles may sediment and
appear to have larger polydispersity. The process of noble metal NPs
formation is known to be highly dependent on the pH value of reaction
mixture [59,60]. Overall acidity of the reaction mixture and fast intro-
duction of excess amounts of AA boosts the agglomeration of small
nanoparticles [57,61]. This process is further aggravated with the
relatively large volume of droplet microreactors and their slow move-
ment, which also favors the growth of larger Ag nanoparticles [62,63].
Low pH also provides disbalance between the nucleation and growth
processes, thus making it difficult to obtain stable spherical mono-
disperse nanoparticles [64].

The set of descriptors of spectra was further analyzed using machine
learning methods to obtain a model predicting the surface plasmon

properties of Ag nanoparticles based on the synthesis conditions. The
flow rates of the reactants were chosen as variable parameters, while the
position and intensity of the plasmon resonance peak (see fig. S3) were
chosen as spectral descriptors for prediction. Figs. 4a,c and 5a,c show
the results of the ML model training on the basis of experimental points
(represented as white circles). The model was then applied to predict
value of LSPR peak intensity and position at any point of the parameters
space. The prediction result is represented by the background color of
the 2d-map. The obtained models were cross-validated (Figs. 4b,d and
5b,d) using leave-one-out scheme and checked for consistency with the
experimental data and found to be highly reliable (determination coef-
ficient R? score > 0.84 and MAE < 3.8 nm for LSPR peak position and <
0.1 a.u. for peak intensity). The higher value of the coefficient and lower
MAE for the synthesis at 60 °C indicates narrower distribution of the
characteristics of silver nanoparticles formed at this temperature, as
elevated temperature promotes the reduction activity of trisodium
citrate.

3.3. Relationships between synthesis parameters and nanoparticles sizes
studied by SAXS

The long slugs with sufficient spacing between them make the
microfluidic system applicable for conventional spectroscopic studies at
laboratory and synchrotron sources. We applied in situ synchrotron
SAXS to study time-dependence of the Ag NP growth. For this, 1 mm
internal diameter PFA tube was added after the spacer chip. The SAXS
signal was measured trough this tube perpendicular to the flow, and by
changing the distance from the spacer to the measurement spot we were
able to vary the time from the reaction start to the product character-
ization. Individual flow rates for all reactants were set equal to 4 mL/h,
and vaseline oil flow was set to 2.5 mL/h for both the droplet generator
and spacer.

The SAXS patterns were measured continuously from the slug flow in
the tube. Then, among all measured patterns, the scattering curves ob-
tained from the aqueous phase droplets containing Ag NPs (red curves in
Fig. 6) were selected, normalized by the storage ring current, averaged,
and background was subtracted. The obtained curves are shown in
Fig. 7. Resulting size distribution is bimodal. The average particle size in
the model of two-component polydisperse spherical particles was sub-
sequently determined for them (Table 1). As a result, at the tube length
of 8 cm (reaction time ~ 10 s) there were no Ag NPs observed, but when
the tube length was increased to 40 cm (reaction time ~ 48 s), a sig-
nificant number of Ag particles with an average radius of about 6 nm and
a smaller number of larger particles with a radius of 20 nm are observed.
With further increase in the tube length, the fraction of larger particles
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Fig. 2. (a) View of the flow cell for in situ UV-Vis spectroscopy, consisting of
the cell body (1), quartz windows (2), and optical fiber holders (3). Red and
green colors represent, respectively, oil and water phases in a slug flow through
the cell. (b) Spacer chip in work, increasing the distance between individual
droplets in a slug flow of a model dye solution. (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the web version of
this article.)

Vi 5

(denoted as “Phase 1” in Table 1) increases, and their average size also
increases. We found that resulting size distribution does not vary
dramatically at tube length above 1 m that corresponds to the reaction
time of ~120 s. Thus approximately 2 min is sufficient for the initial
rapid nucleation and growth stages, and further aging and agglomera-
tion occurs slowly afterwards. Compared to some 7-15 min (and longer)
Ag NP synthesis by AA reduction, reported in batch protocols
[57,58,61], this proves the efficiency of microfluidic approach and its
positive effect on reaction kinetics.

The size distribution of the resulting nanoparticles was further
screened via IHS approach and SAXS data to study the impact of
different reactant flow rates on Ag NP growth and resulting phase
concentrations. 15 combinations (Table 2) of flows rate were selected as
described in SI. The resulting scattering patterns (Fig. S2) were
approximated with the model of two-component polydisperse spherical
particles to obtain data on the average particle radius and the degree of
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Fig. 3. Characteristic UV-Vis absorption spectra obtained for various combi-
nations of reagent flows from Table S1 in case of the synthesis performed at
25 °C and 60 °C.

polydispersity. The fit quality was good as clear from Fig. S4. It was
found that for all measured flow combinations two sizes of Ag particles
were present - larger particles (“Phase 1) with an average radius of 16.6
to 30 nm, and smaller particles (“Phase 2) with an average radius of 3.2
to 6 nm. At the same time, the concentration of “Phase 1” was noticeably
higher (70 to 98%).

Among all ratios tested, the largest particle size of coarser “Phase 1”
(mean radius of 30 nm) was achieved in the case of IHS 8 with an
AgNO3:NasCit:AA flow ratio of 0.8:0.9:5.8 mL/h, that is, with a signif-
icant excess of ascorbic acid acting as reducing agent. Meanwhile, as it
follows from the Fig. 7, for near stoichiometric Ag:AA ratios (with a
slight excess of the reducing agent) Ag NPs with high fraction of larger
particles are mostly formed. When the silver precursor AgNO3; was in
excess (IHS 3, IHS 15) compared to the reducing agent (AA), the fraction
of finer “Phase 2” increased. Those results correlate well with the models
trained on in situ UV-Vis data. Low concentrations of AgNO3 with
balanced concentrations of the reducing and stabilizing agents are pre-
dicted to result in lowest LSPR wavelength, which means smallest
nanoparticles, in agreement with the SAXS observations. At the same
time, largest LSPR wavelength, thus, nanoparticle size, is predicted for
the near stoichiometric flow combinations or with slight excess of the
ascorbic acid, similar to the SAXS results. Those observations also agree
with the literature data as described in the previous section.

3.4. TEM characterization of synthesized nanoparticles

To further validate the size and distribution of the nanoparticles, a
series of TEM measurements were performed. 6 points were selected
from the SAXS experiment (IHS 1, 3, 6, 8, 12 and 15 from Table 2). For
these flow combinations the synthesis was repeated in the same
microfluidic system using manual flow control. At the end of the delay
line the sample was collected in a vessel. There, water phase containing
Ag nanoparticles were naturally separating from the oil. Then, using a
micropipette, droplets of water phase were deposited on Cu-meshes for
TEM and left to dry overnight.

Fig. 8 shows the transmission electron microscopy images acquired
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from the synthesized nanoparticles. The images show substantial dif-
ference in both size and shape of the nanoparticles depending on the
reactant flows. Despite the fact that the average Feret diameter distri-
butions shown in Fig. 9 demonstrate in general higher particle size than
suggested by SAXS, the general trend has reasonable agreement with the
results of synchrotron diagnostics. For instance, the samples synthesized
with the lack of reducing agent (in particular IHS12 and IHS15)
demonstrate wide and somewhat bimodal size distribution (Fig. 9e-f),
similar to SAXS, where substantial concentration of small particles and
high polydispersity were observed for these samples. Those samples also
had the lowest concentration of nanoparticles, with is observed in both
TEM and low LSPR intensity in UV-Vis spectra of NPs synthesized with
similar AgNO3:AA flow ratios. On the contrary, synthesis with the excess
of ascorbic acid results in larger particles, which is particularly notable
for the sample IHS8 (Fig. 9d), where some of the largest particles
reaching 60-70 nm were observed. Particle shape is also heavily affected
by the synthesis conditions. In the baseline sample IHS1 (Fig. 8a) with
reactants flows balanced 1:1:1, the particles are close to spherical with
somewhat irregular shape and have the smoothest and the widest dis-
tribution of sizes. Whereas sample IHS6 (Fig. c), having the narrowest
distribution, mostly consists of polyhedral or pyramidal particles with
well-defined shape, with inclusions of some flat pancake-shaped parti-
cles. Sample IHS8 (Fig. 8d) contains even more of those flat particles
with some quite large (up to 70 nm) Ag flakes. However, non-spherical
polydisperse nanoparticles are to some extent to be expected as the
synthesis was performed under sub-optimal pH values.

The major reason behind the overall difference in nanoparticle size
distribution obtained from SAXS and TEM is likely the fact that the
actual synthesis time for these 2 methods was inadvertently different.
For SAXS experiment the measurements were performed on a freshly

synthesized nanoparticles after consistent residence time in microfluidic
system. Whereas in case of the TEM imaging, nanoparticles were first
collected in batch without any additional stabilization and kept this way
for ~10 min until separated from oil. Then droplets of several microli-
ters in volume were placed on Cu meshes to evaporate overnight,
effectively increasing the synthesis time to hours, which gave nano-
particles more time to grow and agglomerate.

4. Discussion

The optimization of nanoparticle synthesis in microfluidic systems
encounters several challenges. First is the appropriate topology for
mixing and reaction zones of the microfluidic devices. Second is the in
situ diagnostics of the product. Application of 3D-printing to micro-
fluidic device manufacturing systems offers a good alternative to glass,
polydimethylsiloxane (PDMS) and poly(methyl methacrylate) (PMMA)
chips. It enables quick and efficient optimization of the microfluidic
device topology for various tasks. For example, it becomes possible to
quickly obtain droplet generators with different numbers of reagent
inlets, produce highly efficient micromixers with channel topologies
fine-tuned for specific mixture properties. Low-cost 3D-printed micro-
fluidic devices are perfect for laboratory application as they can be
tuned for a specific experiment, used single time and thrown away,
avoiding the risk of failure due to the MFD degradation or reactant cross-
contamination. If the more prolonged use is required, however, the
technology is perfect for the cost-efficient prototyping and optimization
of microfluidic systems. Optimized 3D design then might be scaled for
production and manufactured with more batch-efficient technologies
and out of more resistant materials for the extended lifecycle. Such an
approach allows to eliminate costly errors at the early prototyping stages
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Table 1
Average radius, polydispersity and volume fractions for Ag NP spherical com-
ponents (“phases™) obtained from SAXS data for different synthesis times.

Tube length, cm  Mixing time, s Average NP radius, nm  Volume fraction, %

(polydispersity, nm)

Phase 1 Phase 2 Phase 1 Phase 2
8 10 - - - -
40 48 20.0(7.9) 6121 17 83
88 107 225(7.3) 6.8(1.8) 47 53
278 337 23.1(6.5 7.2(21) 59 41

with conventional manufacturing technologies.

The surface properties of the microchannels, such as their roughness,
hydrophobic/hydrophilic behavior, electrostatic charge, etc. play major
role in the flow chemistry processes [65,66]. As many common polymer
materials used for the MFD fabrication, such as PMMA or PDMS, are
naturally hydrophobic, there is vast range of techniques to make their
surface hydrophilic and improve adhesion and biocompatibility, like
plasma and laser treatment, chemical etching, additional polymer
coatings, etc. [67-70]. In case of 3D-printed microfluidics, however,
situation is quite the opposite. Most of the UV-curable resins used for
MSLA/DLP contain hydrophilic, or rather, amphiphilic components. The
latter results in so called “contact angle hysteresis” phenomenon, when
the channel surface overtime changes its hydrophilic/lipophilic char-
acter depending on a liquid being in contact with [71,72]. When in
prolonged contact with water, the resin surface dynamically rearranges
to expose hydrophilic groups, providing stable wetting of the 3D-printed
channels [73]. It is especially critical for aqueous synthesis of nano-
particles, as the metal ions attraction to the rough hydrophilic surface of
3D-printed channels, aggravated by the electrostatic interaction, creates
undesirable nucleation centers on the walls of the channel. During
continuous flow synthesis in aqueous phase the channels become
completely covered with a layer of metal. Several attempts to mitigate
this effect were reported so far. They include post-print treatment of the
channels with various hydrophobic monomers, surfactants, commercial
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Table 2

Combinations of reagent flows, generated by the IHS algorithm and the average
radii, polydispersities and volume fractions of the Ag NPs derived from SAXS
data.

N2 Flow, mL/h Average NP radius, nm  Volume fraction,
(polydispersity, nm) %
AgNO3 NasCit AA Phase 1 Phase 2 Phase Phase
1 2
IHS 1 2.5 2.5 2.5 25.1 (9.49) 5.9 98 2
’ : : T (0.5)
IHS 2 2.7 1.7 3.1 19.6 (5.0) 6.0 91 9
. . X .6 (5. ©.5)
23.7 4.1
IHS 3 5.3 1 1.5 10.0) 1.4) 70 30
5.9
IHS 4 1.2 4.3 2 20.4 (5.7) ©.5) 92 8
IHS 5 1.1 5.8 0.6 19.4(6.6) 3.9 88 12
. . . .4 (6. ©.9)
IHS 6 1.6 2.4 3.5 16.6 (4.2) 5.9 91 9
’ : : T (0.5)
IHS 7 0.9 2.3 43 17.8(.1) 58 88 12
’ . : T (0.5)
IHS 8 0.8 0.9 5.8 30.0(6.3) 5.7 80 20
. . X .0 (6. ©.5)
26.1 6.3
IHS 9 1.5 0.8 5.2 (10.0) 0.8) 94 6
IHS 5.7
2.1 1. .1 23. 2 1
10 3 4 3.6 (7.2) ©.5) 87 3
IHS 5.7
1 2.8 1.2 3.5 25.4(7.8) ©.5) 90 10
IHS 3.2
12 3 3.8 0.7 20.2(7.0) an 68 32
IHS 5.7
13 29 2 2.6 21.4(6.5 ©.5) 84 16
IHS 3.4
14 3.5 2.6 1.4 17.9 (8.0) ©.5) 72 28
IHS 21.7 3.7
. 2. . 1
15 43 7 05 (10.0) 1.2) 59 4

anti-fog and water repelling agents [74-77]. Some authors attempt
modification of commercial 3D-printing resins and even development of
new compositions optimized for microfluidic device printing [78-80]. In
this work we apply simple approach to make use of the same “contact
angle hysteresis” phenomenon that is otherwise harmful for the MFD
performance. After printing, cleaning and drying, all microfluidics de-
vices were filled with the same vaseline oil that we use as a carrier phase
and left overnight. Prolonged contact with oil exposes oleophilic group
on the channel surface and ensures stable wetting, creating thin but
persistent oil film. This protective layer prevents nanoparticle growth
and precipitation on the channel walls. Droplet synthesis ensures better
reaction control and further prevents the contamination of the channels
and tubes with reaction products, as their surface is flushed continuously
with oil and the protective layer is getting refreshed, allowing for pro-
longed stable and precise operation of the microfluidic system. The oil
also prevents contamination of the UV-Vis cuvette quartz windows and
undesirable background buildup, which is highly beneficial for in situ
characterization. Another important function of the slug flow is to
provide mixing of reactants in the water phase as it travels through the
system. The initial mixing occurs in the droplet generator chip and in
several straight angle turns and channel diameter transitions on the way
to the spacer chip [81]. However, majority of the mixing action origi-
nates from the nature of the slug flow in the delay line. In the capillary,
the water phase moves in oil in a so-called Taylor flow regime [82]. In
this regime liquid-capillary and liquid-liquid friction and relative
movement create circulatory flows and vortices inside the water slugs,
providing fast and reliable mixing [83-85].

The combination of a slug generator with a spacer allows for great
flexibility in adjusting droplet size, velocity and spacing. In situ char-
acterization with UV-Vis and NIR techniques in working droplet
microreactor systems might be challenging in terms of focusing,
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Fig. 8. TEM images of Ag nanoparticles synthesized in microfluidic slugs with selected flow combinations from Table 2.
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Fig. 9. Average Feret diameter distributions obtained from the TEM images of Ag nanoparticles synthesized in microfluidic slugs with selected flow combinations

from Table 2.

synchronization, signal filtration and noise reduction [86,87]. Flexi-
bility of the generator + spacer system allows the user to perfectly tune
the segmented flow characteristics to achieve the desired reaction vol-
ume, mixing intensity and residence time for various chemical processes
[88,89]. It also enables the system adaptation for a selected diagnostics
technique, which is otherwise a complex task of creating a proper setup
for measurements [90-94]. Use of a 3D-printed cuvette enables easy
optimization of its geometry and optical path for different slug flow
conditions, solution concentrations and spectrometry setups. In this
work, combination of optimized cuvette and sufficient slug volume
allowed us to gather high quality spectral data from single slugs.

Additionally, the spacer chip facilitates prolonged stability of the slug
flow without merging, which is important for long synthesis times,
especially at elevated temperatures. It allowed numerous slug trains
with different reactant concentrations to reliably co-exist in the delay
line in our experimental setup. Thus, we eliminated the need to wait
minutes for the end of reaction with one parameter set before pro-
ceeding to the next one, dramatically increasing the screening speed.
All the aforementioned benefits are perfectly viable in case of in situ
synchrotron studies of droplet microreactor synthesis with common X-
ray absorption and scattering based techniques. As most beamlines are
equipped with setups for quasi-stationary regime, presence of the
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continuous phase in droplet flow regime will cause synchronization is-
sues, additional background, and signal quality loss [95-99]. However,
working in a slug flow with sufficiently long slugs provides sufficient
time for measurements in continuous acquisition mode for easy syn-
chrotron diagnostics, and even allows to simply measure scattering and
absorption in slugs directly through the PTFE or FEP tube without the
need for in situ cell.

However, efficient experimental data collection is only a part of the
job. It is just as important to be able to efficiently analyze it. Since
recent, machine learning methods gradually became a new meta in
material science for solving complex data analysis problems, finding
concealed correlations and predicting new materials and their proper-
ties [100,101]. With the right set of descriptors, it has an advantage of
being able to process arbitrary and natural data without specific
knowledge or scientific insights, so it can be applied with equal success
to analyze spectral, imaging, statistical information, etc. for a variety of
applications and material classes [102-105]. This makes ML a particu-
larly powerful instrument for high-throughput screening and explora-
tion of materials and chemical reactions, as it does not care about the
specifics of the actual chemistry being studied or experimental methods
being used for the characterization [106-110]. However, training reli-
able ML models requires relevant and well-distributed dataset with a
good coverage. In this work we demonstrate that the microfluidics
combined with in situ characterization is a versatile tool for rapid,
automated and low-cost creation of such a dataset. However, it is also
crucial to properly choose specific ML algorithms used for the training.
The combination of efficient IHS sampling algorithm and Extra Trees
Regressor that we use in this work proves to be very powerful for limited
size datasets, being able to train better models in terms of generalization
and reliability to dataset size ratio, compared to other ML algorithms
applied to the similar problem [111-113].

5. Conclusions

Efficient optimization of microfluidic synthesis requires in situ di-
agnostics and online data processing. In our work we demonstrate
simple and versatile system based on 3D-printed microfluidic compo-
nents. DLP-SLA technology allows to easily manufacture microfluidic
devices tailored to a specific needs, such as mixing, water-in-oil slug
generation and spacing, in situ cells for UV-Vis spectroscopy and SAXS.
0Oil soaking of 3D-printed chips improves hydrophobicity of channel
surface, and use of the slug flow further prevents nanoparticle growth on
the channel walls and cuvette windows. Use of sufficiently long slugs
and optimized optical path in the cuvette allows to obtain high-quality in
situ optical spectroscopy data in a single shot from a single slug, enabling
the ability to test dozens of combinations of parameters per hour. For
synchrotron studies it allows to obtain in situ data from slugs directly
through a FEP tube in quasi-stationary regime, without the need for a
microfocus beam and synchronization.

The proposed system, combined with automated experiment control
software and IHS-based sampling algorithm allows rapid and efficient
screening of microfluidic reaction parameters. In this paper we
demonstrated application of this approach to study the relationships
between Ag nanoparticle optical properties, size distribution and reac-
tion parameters. Using in situ UV-Vis absorption spectroscopy and SAXS
we were able to quickly screen the impact of synthesis conditions on
surface plasmon resonance properties, growth time, size and poly-
dispersity of Ag nanoparticles. ML models were further trained on the in
situ UV-Vis data and demonstrated high prediction quality. The trained
algorithm can be applied for the inverse problem to predict the experi-
mental parameters required to obtain NPs with given spectral response.
As an example, we were able to conclude that in our setup the most
monodisperse NPs with the strongest LSPR red-shifted peak should be
obtained with nearly stochiometric ascorbic acid and silver nitrate ratio
with slight AA excess, which was further validated by SAXS measure-
ments. We believe that the approach based on a 3D-printed microfluidic
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devices optimized for conventional in situ spectroscopic characterization
will heavily increase the throughput of material diagnostics in labora-
tories and synchrotrons and accelerate the development of new func-
tional nanomaterials.
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