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Abstract

Automatized approaches for nanoparticle synthesis and characterization represent a great asset to
their applicability in the biomedical field by improving reproducibility and standardization, which
help to meet the selection criteria of regulatory authorities. The scaled-up production of nanoparticles
with carefully defined characteristics, including intrinsic morphological features, minimal intra-
batch, batch-to-batch, and operator variability, is an urgent requirement to elevate nanotechnology
towards more trustable biological and technological applications. In this work, microfluidic
approaches were employed to achieve fast mixing and good reproducibility in synthesizing a variety
of gold nanostructures. The microfluidic setup allowed exploiting spatial resolution to investigate the
growth evolution of the complex nanoarchitectures. By physically isolating intermediate reaction
fractions, we performed an advanced characterization of the shape properties during their growth, not
possible with routine characterization methods. Employing an in-house developed method to assign
a specific identity to shapes, we followed the particle growth/deformation process and identified key
reaction parameters for more precise control of the generated morphologies. Besides, this
investigation led to the optimization of a one-pot multi-size and multi-shape synthesis of a variety of
gold nanoparticles. In summary, we describe an optimized platform for highly controlled synthesis

and a novel approach for the mechanistic study of shape-evolving nanomaterials.

Introduction
In the last decade, a wide variety of synthetic strategies have been developed to synthesize

nanoparticles (NP) with different geometries.’"*° Gold nanoparticles (GNP) with complex irregular



shapes (i.e., branched) present fascinating physicochemical properties, such as a localized surface
plasmon resonance peak (LSPR) in the visible-near-infrared (Vis-NIR) spectra and surface-enhanced
Raman spectroscopy (SERS) activity, which makes them very attractive for several applications in
biology (i.e., imaging, photothermal therapy), sensing and catalysis.'"*® Of particular interest is the
recently observed shape-dependent biological activity, which could be exploited to design
sophisticated tools for interaction with the cellular machinery (including the immune system),

promoting an exchange of stimuli-response signals.t3°

Several challenges are associated with the production of branched GNP, including the quality of the
scaled-up products and the reproducibility (intra-batch and inter-batches shape variability), as an
intrinsic consequence of the synthetic process. These factors can profoundly affect the interpretation
of biological outcomes/readouts, as well as the clinical and technological transfer of such GNP
(including difficulties in patenting specific nanoformulations).” The quality of GNP batches and the
final physical features of the particles are strongly affected by the growth route underlying their
formation. The study of NP nucleation and growth as complex and stochastic processes has been
tackled for many years using complementary approaches. A widely used method to directly capture
each step in the nucleation pathway of single particles is in situ transmission electron microscopy
(TEM) that allowed following the interactions of the building blocks as they crystallize.'8%

Microfluidics approaches for NP synthesis and time-resolved in situ analysis have recently attracted
increasing interest.?>2% With these methods, the NP synthesis can be carried out in continuous flow
using small volumes in an operator-free fashion, and some recent technical advancements, mainly
promoted by sensing applications, 332 also allow for in situ microfluidic measurements of physical

properties. 333

Here, we developed an in-flow microfluidic synthetic platform to prepare several different high-
quality GNP with branched shapes. In addition, by exploiting the spatial resolution of the fluidic
system to achieve temporal resolution, we investigated reaction pathways for the produced
nanoshapes. This novel methodology allowed to precisely isolate reaction intermediates, even at very
early times, in a semi-automated fashion and complement the characterization of physicochemical
features with morphological analysis. Our approach allowed us to study fast kinetics and provided a
complete picture of the intermediate steps that cannot be achieved merely by looking at optical
properties. In our recent work, we presented an electron microscopy-based computational method to
identify shape signature features and fingerprint the variability of both regular and complex
geometrical 3D nano-objects, laying down the first brick for a more ordered understanding of shape-
dependent interactions at the nanoscale.®¢-*" Here, the shape metrology method is greatly improved,
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allowing for the extraction of multiple geometrical parameters, including size, concavity depth
(related to core and tip size), and surface curvature which is proportional to the surface potential.
These are important aspects that can allow to control the physicochemical and biological properties
of complex nanostructure, as discussed in this work, and potentially impact our future understanding
on the surface organization of synthetic functional groups as well as NP-protein interactions and
protein corona organization. Furthermore, in the future, this platform might be employed to
investigate nanostructure concavities ability to trap small molecules, for example, to build a new
generation of highly sensitive biosensors based on plasmon coupling and SERS or to understand key
shape parameters to predict and the control of light to heat conversion properties of plasmonic GNPs.
Here, by applying the enhanced computational shape analysis method to time-resolved reaction
intermediates, we were able to directly analyze/parametrize the evolving structures of the different
GNP shapes, building trajectories in the geometrical hyperspace and exploring the growth

mechanism, demonstrating how in some cases, this process deviates from a mere size expansion.

Understanding the growth process is essential to produce high-quality NP shapes and move towards
controlled engineering of NP morphological properties. This workflow, combining the isolation of
the NP at different kinetic stages with the computational method used to classify their shape, and map
their surface potential, is intended as a first example to identify some of the critical parameters that

can be used to predict the course of the reactions and potentially anticipate the final shape outcomes.

Results

A novel workflow for synthesis and geometrical characterization of branched gold
nanoparticles

The synthesis of a family of branched GNPs was optimized using different fluidic setups
(microreactors — MR, see Figure 1, Supplementary Methods and Figure S1).
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Figure 1. Different microfluidic setups used for the reactions. Schematics of microfluidic setups
with, a) four asymmetrical inlet and T-junctions - microfluidic reactor 1 (MR1), b) two
symmetrical inlet mixing chip — microfluidic reactor 2 (MR2), ¢) MR2 used for Kinetics studies

where the outlets for collection of reaction intermediates are also shown. d) Picture of MR2.

All the synthetic processes were seed-mediated, starting from the same 15 nm seeds, and were
optimized as detailed in Supplementary Methods and Figure S2-5. In Figure 2, the complete
characterization of a series of GNP (including branched GNP2-4 and spherical GNP1 control)
produced with the microfluidic reactor 1 (MR1) is reported.

GNP1-2 MR1, GNP3 MRI1, and GNP4 MR1 were prepared using hydroquinone (HQ), 2,6-
dihydroxynaphtalene (DHN), and resorcinol (RES) as reducing agents, respectively. The
concentration of the reductive hydroxy phenols, the position of their hydroxylate groups (ortho, meta,
para), and the number of aromatic rings influence the redox potential and the charge transport

capability, affecting the growth mechanism and, therefore, the final shape of the GNP.*®

Figure 2a depicts a representative TEM micrograph for each GNP produced. In a single TEM image,
where the NP contours shape represents the projection of a 3D NP on the grid, dozens of NPs can be
analyzed simultaneously. Several different TEM images of the batches (as schematized in Figure 2b)
were acquired, and the coordinates of the contours were extracted and analyzed to obtain the shape
descriptors (Fourier coefficients obtained by a discrete Fourier transform - DFT - see Experimental
Methods).*¢ Considering a NP batch as a collection of nano-objects resulting from a specific synthetic
process and containing a variety of nanostructures supposed to have a high similarity among them,
we can express the degree of similarity as the “distance” between the shape of each particle and any
other particle in the batch (see Experimental and Supplementary Methods for more details). The
concept of “distance” between the shape fingerprints (Fourier Spectra) was used to build a cluster
analysis based on principal components (PCs) reported in Figure 2¢,d. This concept was also used to
define shape variance reported in Figure 2e. Finally, the characterization of the optical properties and
size distribution was performed using UV-Vis-NIR spectroscopy and differential centrifugal

sedimentation (DCS) (Figure 2f,g).
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Figure 2. Library of GNP shapes produced using microreactor 1 (MR1). a) Representative TEM
micrographs (scale bar is 100 nm). b) Schematic of the computational method for shape
recognition and assignment: 2D projection of a 3D nanoshape, XY contours coordinate
extraction from TEM imaging, generation of Fourier Spectra, and calculation of the spectra

distances. ¢) 3D and d) 2D scatter plot exhibiting the GNP location in the geometrical
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hyperspace from the principal components (PCs) analysis of the shape. The larger dots with the
black border represent the center of gravity of each distribution. e) Shape distributions (shape
variance expressed as probability density function -PDF over distance) are obtained by
calculating the intra-batch GNP distances. f) UV-Vis-NIR absorption spectra showing LSPR
bands for the different shapes normalized at 450 nm. g) DCS analysis showing monomodal GNP
apparent size distribution. h) Batch to batch shape reproducibility (GNP2_MRY’,
GNP2_MR1”, GNP2_MR1"”) illustrated by PDF plots and scatter plots. i) shape variance
improvement from bench-top synthesis (GNP2_BT) and microfluidic synthesis (by MR1)
illustrated by PDF plots and scatter plots.

The shape analysis gives us information on the particle shape identity and the intra-batch variability
or “shape distribution” (Figure 2c-e). The localization of different clusters in the PC analysis and the
shape distribution (or shape variance) as a function of the distances reflect an excellent quality and a
precise identity for all the branched GNP produced. In the shape distribution (Figure 2e), the intra-
batch particle distances increase with the intrinsic shape complexity. However, all samples exhibited
one single population at relatively short intra-particle distances (below 0.5), suggesting that a
relatively good shape homogeneity can be achieved despite the irregular geometrical features. As
expected, GNP1_MRI1, presenting spherical geometry, exhibited sharper shape distribution with low
intra-particle distances, while GNP4 MRI1 presented the highest shape complexity resulting in more
considerable intra-particle distances. Increasing shape complexity/irregularity (i.e., when making
multi-branched NP) often leads to an increased shape variance that can generally originate from faster
growth rates, which are more “sensitive” to the presence of local inhomogeneities in the reactor
(temperature, reagent concentrations, mixing). This also leads to higher batch-to-batch variability.
Therefore, the microfluidic approach, by reducing the volume of reactions, and providing an operator-
free continuous flow, clearly limits the local inhomogeneities resulting in more reproducible
outcomes. In Figure 2h, an example of shape distribution reproducibility is reported where all the
synthesis has been carried out using MR and starting from the same seeds (further examples involving
two independent users are reported in Figure S6). The shape variability observed for branched NP is
also improved with this method compared to the traditional bench-top approach (Figure 2i).

DCS analysis confirmed monodisperse size distribution for all GNP. The UV-Vis-NIR absorption
spectroscopy analysis revealed the characteristic LSPR bands for spherical and branched GNP, the
latter typically exhibiting LSPR in the NIR region.*** However, both GNP3_MR1 and GNP4 MRI1
present peculiar LSPR profiles, covering all the Vis-NIR regions without a clear, well-defined peak.



It is interesting to note that while these two shapes cannot easily be distinguished by visual TEM

observation nor absorption spectroscopy, they form two distinct clusters in the shape analysis.

Isolation of reaction intermediates to study the growth kinetics profile

A simple configuration as MR1 is a fast and cost-effective method to produce high-quality GNP on a
large scale (about 150 mL in 15 min). The mixing of the reagents in these conditions, relatively quick
due to the small volumes involved, occurs by diffusion (see Supplementary Methods) and probably

advection generated by secondary flows due to tubing bending and coiling.

In order to achieve a faster mixing of the reagents (in the milliseconds time scale), and being able to
separate the mixing and the reaction area, particularly relevant when aiming to study the kinetics of
fast reactions, a micromixer chip was then introduced in the configuration (see MR2 configuration in
Supplementary Methods and Figures 1, S1). This modification was essential for studying the early

time points, which revealed critical mechanistic features of the reaction.

Following the fast mixing of the gold precursor solution (including the seeds) with the reducing agent
solution in the mixing area, the reaction takes place along the outlet tubing in the reaction area, the
length of which determines the residence time. The flow rate was optimized to guarantee adequate
mixing and proper spatial resolution in the reaction area and achieve good reproducibility (see Figure
S6, S7). Using this setup, we followed the growth of four different GNP in-flow reactions, here called
DHNI1, DHN2, HQ1, HQ2. The nomenclature refers to the type and amount of reducing agent
employed (see synthetic details in Supplementary Methods and Table S1).

For a constant flow rate (2 or 3 mL/min, ensured by the flow sensors feedback loop, see Figure S7),
we could collect reaction intermediates corresponding to specific time points (see Tables S2) of the
reaction by placing flow switches at different outlet tubing lengths. By “freezing” the product of each
time point, we could perform a kinetic study with direct in-/ine isolation of the in-flow evolving
sample at different residence times, meaning different stages of the very same starting reaction. To
“freeze” the reaction process and isolate the kinetic intermediates, an appropriate capping agent that
did not affect the isolated GNP morphologies was selected for each synthesis (see Figures S8-10). All
the collected fractions were fully characterized by absorption spectroscopy, DCS, TEM, and shape
analysis (see Figure 3 and Figures S11-14).

For reaction DHN1 (Figure 3a-c), it was possible to isolate very early time points, and the spatial
resolution allowed for the precise growth pathway reconstruction. The particle evolution revealed a
fast kinetic, where after 1 to 3 seconds of reaction, besides a slight growth of the seeds, a rapid

formation of dendritic structures decorating the spherical core (seeds) can be observed. The seeds'
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structure appears to support the formation of the branches while maintaining their spherical features,
linking the growing extensions through just a few points of contact. The kinetic profile suggests a
diffusion-limited reaction, in which fast coalescence of new nuclei formed in the proximity of the NP
results in fractal structures. Over time, the branches increase in number and density, leading to a more
homogenous final structure and masking the internal spherical core. The TEM images in Figure 3a
show complex three-dimensional crystalline hierarchical structures in which the branching sites seem,
at least in the first phase, to engage with the seeds almost as individual entities. The complex dendritic
structure can be obtained through the oriented attachment of NP over the crystallographic directions
(Figure S1la).*! The traditional Ostwald ripening mechanism also probably acts to smooth the

dendritic morphology over time during the reaction.

We can now have a better interpretation of the peculiar UV-Vis-NIR spectra. The LSPR peak centered
at about 540 nm is continuously present in the spectra over time, presenting a slight red-shift due to
the little growth of the core during the first few seconds of reaction. The absorption spectra in the
NIR region increase with increasing branches' length and density and, in parallel, with the particles'
size. The extended profile of the spectrum, presenting a pretty broad cross-section even over 900 nm,
is characteristic of fractal NP conformation in which multiple longitudinal LSPR and intra-particle
plasmon coupling occur.**** By increasing the fractal order, plasmon oscillations related to the
different length scales inside the fractal structure increase, including degeneracies. Therefore, fractals
can exhibit broad and multi-peaked spectra from plasmons with large degeneracy, which leads to
spectrum-spanning.

Both DCS (Figure 3b) and TEM statistical analysis (not reported) show a monomodal size and shape
distribution for all the isolated reaction intermediates. Therefore, this strategy can be considered a
pioneering approach to preparing multiple GNP batches with different sizes and shapes in a single
“one-pot” reaction procedure, avoiding the gold precursor/ reducing agent tuning process commonly

performed when aiming to synthesize a series of sizes and shapes.*’

When using the same configuration, starting from the same reagents but replacing the reducing agent
DHN with HQ, the resulting kinetic profile changed utterly. For the reaction called HQ1 (see synthetic
details in Experimental Methods), a significant excess of the reducing agent on the gold precursor led
to a final product which presents a spiky structure as the one previously observed in GNP2 MR1 and

also similar to others obtained by using chemically similar methods (although not inflow).*>¢

From the kinetic profiling (see the characterization of isolated fractions in Figure S13), it is possible
to observe that at early time points (first few seconds), the tips are already clearly visible on the

growing seeds, and this morphological change is reflected in the clear red-shift of LSPR compared to



the one characteristic of spherical GNP of similar sizes. This evidence suggests a direct tip growth

over the seeds faces, as confirmed by HR-TEM analysis (see Figure S11b) and other studies reported

in the literature.*> 4748
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Figure 3. Characterization of the reaction intermediates for microfluidic reaction DHN1 and

HQ?2 obtained using MR2 setup. For DHN1 reaction intermediates (1s,3s,5s, 10 s, 30 s, 2.5
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min, and 25 min): a) representative TEM micrographs (scale bars are 100 nm); b) DCS
analysis; c¢) UV-Vis-NIR absorption spectra (normalized on LSPR in the inset). For HQ2
reaction intermediates (1 s,3s,5 s, 10 s, 30 s, 2.5 min, and 25 min): d) representative TEM
micrographs (scale bars are 100 nm); e) DCS analysis; f) UV-Vis-NIR absorption spectra
(normalized on LSPR peak in the inset).

A gradual significant overall size growth can be observed from increasing time points, which,
however, does not significantly affect the shape defined at a very early growth stage (no further LSPR
red-shift is observed after the first 3 seconds of reaction). The mechanism involved appears different
from the one observed for DHN1. Here the seeds do not merely act as a template, but they grow in
larger structures, meaning that the reduction of the gold is most favored on the surface of the seed
and that coalescence can be avoided. This process was previously investigated with traditional
approaches, but due to the fast kinetic, a precise analysis of the reaction intermediate (including the

LSPR evolution) was not performed.*

A more interesting kinetic profile was observed when using a lower concentration of the reducing
agents, as in reactions DHN2 (Figure S14) and HQ2 (Figure 3d-f). Both of these synthetic approaches
lead to the formation of spherical particles, and in both cases, by capturing the evolution of the shape
(TEM imaging) and physical parameters (LSPR), we observed multiple shape transition from
spherical seeds to branched/spiky NP and back to a final spherical shape.

Coupling microfluidics synthetic approach and shape analysis platform to study reaction

pathways

As the HQ1 and HQ2 reactions directly involve the growth on the surface and the shape modifications
of the seeds, we selected them as suitable models to illustrate the use of our platform for the study of
NP growth along the reaction pathway (Figure 4). Some of the chemistry involved in these processes
has been previously described elsewhere,* allowing for more robust process reconstruction. Our
platform, coupling the microfluidic in-flow isolation of reaction intermediates and the 2D
computational shape analysis illustrated before, allows extraction of a series of physical and
geometrical parameters in a statistically relevant fashion, which are not accessible using routinely
employed characterization techniques (see Supplementary Methods for more details). The intra-batch
particle distances and the variance for each reaction time point describe the reaction based on

characteristic growth patterns (or reaction fingerprint). In the case of HQ2 (Figure 4a), this pattern
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presents a maximum for distances, while for HQ1 (Figure S15), the reaction moves directly towards

the final shape.

As mentioned before, when following the reactions of HQ1 and HQ?2, it is possible to isolate a series
of GNP batches with increasing size and changing shape (which is a non-trivial task when dealing
with non-geometrical nanostructures). As shown in Figure 4 (and Figure S15), this platform allows
extracting particle-by-particle statistical parameters directly connected to the GNP branches. In this
way, it is relatively easy to follow the evolution of the total size and the branches and, for example,
stop the reaction at the desired geometry. In this regard, LSPR is a handy shape-dependent physical
parameter strictly related to the branches' development. However, this parameter alone does not allow
distinguishing the contribution of size and shape, as similar LSPR maxima can be observed for
different shapes (see Figure 2f and Figure S16). In this case, additional parameters such as the depth
and the angle of the inter-tips concavities allow achieving a more detailed picture in the view of

linking NP features to their application.

Finally, exploiting the assumption detailed in Supplementary Methods, the surface curvature, which
is proportional to the surface chemical potential, can be calculated and plotted for HQ2, as shown in
Figure 4d (and Figure S15 for HQ1). This parameter plays a critical role during the growth process
of the nanoparticles and, being associated with morphological features, correlates very well with the
level of “spikiness” of the shape (here called “concavity factor” and intended as the difference
between the surface area of the shape and the circumscriptive convex polygon hull, as shown in Figure

S17).

From our experimental observations and previous reports results, it can be hypothesized that in the
first stage of the HQ reactions, a large number of gold atoms (with zero-valence) are forming onto
the surface of the seeds (nanocrystals), which are acting as surface-catalyzed canters of nucleation

(avoiding secondary nucleation in bulk).#*-’

Here the reaction rate is very high, and most of the gold precursor is consumed during this step. The
high concentration of gold atoms instantaneously available allows for preferential growth on specific
high-energy facets (presenting larger surface area) of the seed crystals, therefore, leading to
anisotropic tips formation. This step occurs far from the equilibrium condition. The early time points
of HQ1 and HQ2 (< 30 s) indeed clearly show branched nanostructures, but then a different kinetic

pathway takes place in the two cases.
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Figure 4. Computational analysis of reaction intermediates for HQ2 synthesis. a) GNP
distribution of distances of the Fourier spectra of the GNP contours for each time point (see
Table S2 for time points values) for HQ2; b) Average values of radius (green curve) and
concavities depth (pink curve) calculated starting from the coordinates of the contour for each
time point of HQ2. The trends define two separate regions: first, the total radius and the
concavities depth increase together and the GNP shape is defined (gray area), then the radius
stabilizes to its final value the concavities are filled (white area). ¢) Average concavity depth
and average LSPR wavelengths for the different time points of HQ2. d) Average surface
curvature (proportional to the average surface potential) for each time point of HQ2 calculated
as the difference between the curvature of the circumscribed sphere (thermodynamically
favorable configuration) and the actual GNP shape. The trend for the surface curvature is
compared to the concavity factor. The concavity factor is calculated as the surface area of the
GNP over the surface of the convex polygon hull. Representative GNP micrographs for different
time points and the related surface curvature (color code: black = 0, red = positive, blue =

negative) are also shown.

Considering this is a diffusion-limited reaction, the decreasing amount of gold concentration over

time will also result in a slow-down of the process. Therefore, the gold binding probability decreases
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over time, leading to the expected slower growth at longer time points. For HQ2, there is a crucial
turning point in the NP growth in which a critical gold atom concentration (reaction rate) and critical
differences in the intra-particle surface potential are reached. From this point, the growth becomes a
thermodynamically driven process. In this regime, the most stable structures that try to minimize the
total interfacial free energy are produced in a more substantial amount, and we observe a smoothening
of the edges, gold filling of concavities, and final spherical shape. The preference of atomic addition
to the concave surface can be understood considering the concept of chemical potential, which is
defined as the Gibbs free energy per atom.””~# This is comparable to the process described in inert
gas or vacuum by the Wulff theorem, where a single crystal assumes the equilibrium shape of the so-
called Wulff polyhedron.’? >3 Similarly, in our case, the concavity formed during the first stage now
presents lower chemical potential than the tips (Figure 4¢), and this aspect, combined with the surface
mobility (dependent on the capping agent amount and efficacy which is lower for the formed quinone

than for starting hydroquinone), plays the principal role in the shape changes and final rearrangement.

In contrast, for the case of HQ1, a large excess of HQ reducing/capping agent is employed, and the
reaction occurs far from equilibrium until the total consumption of the regent. This process happens
with a faster reaction rate and negligible surface atom mobility, which translates to very few

rearrangements of the gold atoms, leading to a relatively stable spiky final shape.

Based on these mechanistic hypotheses, it was possible to introduce a mesoscopic kinetic model of
the GNP growth based on a deformation algorithm for solids, presented in Figure 5a, Figure S18, and
described in detail in Supplementary Methods. This model employs a series of initial conditions from
experimental data (such as gold precursor/seeds ratio, reducing agent/capping agent amount),
reasonable assumptions (such as the increasing probability that reduced gold attaches on larger facets)
and one free parameter here defined as “surface rearrangement”, which is influenced by multiple
factors (such as gold atoms mobility, surface stress, and strain, capping agent, temperature, chemical
environment).”? 75/ 2D particle projections were extracted from the in silico grown 3D structures
(see Figure 5a) for each time point along with the reaction coordinates and compared with the
experimental results (Figure 5b and Figure S19). The free parameter of the model (the surface
rearrangement) is tuned to obtain the final shape of each reaction (HQ1 or HQ2), providing a good

match between the extrapolated and the experimental time points.

From the model, it is possible to extract advanced statistical information such as the volume growth
and the reaction rate (Figure 5S¢ and Figure S19), avoiding extremely time-consuming processes such
as the 3D-tomography reconstruction of hundreds of particles which, given the complexity of the

structures would lead to approximate results.
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(black) over time.

Therefore, our model might help predict some intermediate growth shapes and could be used as an
exploratory tool to assist the synthesis and design on new nanostructure and we believe in the future
could help to predict optical, catalytic, and with a series of reiterative processes even biological

properties (i.e., adjuvancy).

Conclusion

With the present work, we introduced a novel in-flow approach to isolate and characterize reaction
intermediated from continuous flow synthesis of inorganic NP with complex geometries. This
approach provides the unique chance to describe the NP growth while happening, producing a variety
of branched GNP (some have never been reported before or never been prepared using this method)

that are presenting distinguishable features. Exploiting the spatial resolution allowed by the fluidic
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reactor and the fast mixing, it was possible to capture multiple intermediates of reaction for a given
synthetic process, including early time points. This methodology also allowed to synthesize GNP
batches with different sizes and shapes simultaneously in a single-step “one-pot” reaction. The GNP
and their reaction intermediates were analyzed by a recently developed method based on extrapolation
of key physical and geometrical features (size, branches geometry, surface potential) from the 2D
projection of the particles obtained by TEM imaging. The data obtained by this treatment allow for
more precise identification of nanoshapes and reaction pathways but also helped to develop a 3D
model of the NP growth process. The proposed mesoscopic model of the growth kinetic can be used
to predict the final shape of the NP depending on the time of the reaction, which can potentially be
used to isolate selected shapes intermediates during the reaction and predict products for unexplored
chemical combinations, but further improvements are needed to achieve for more precise predictions.
In this regard, the microfluidic approach opens up to intriguing opportunities to monitor and isolate
specific morphologies. With the combination of microfluidics and computational tools here reported,
we aim to pave the way for a novel paradigm of shape generation, including enhanced control over
the quality, reproducibility, and final geometry, still lacking nowadays for most of the synthetic
approaches. Precise control of the produced nanoshapes is especially relevant in order to correlate
outcomes in biology, sensing, and catalysis with intrinsic NP morphological features and achieve a

precise tuning of such features based on the targeted application.

Experimental section

Synthesis of GNP1-4 using MR1

Four glass bottle reservoirs containing 50 mL of reagents were used. All the glassware and stir bars
were previously cleaned with aqua regia and thoroughly rinsed with fresh Milli-Q water.

The reaction took place in PTFE tubing and T-junctions. Four flow sensors were placed between
reservoirs and T-junctions to monitor the flow rate. The tubing length between the reservoir and the
flow sensor was 30 cm. The flow sensors were connected to a T-junction with 10 cm tubing while the
outlet tubing was 15 m long. The total flow rate used in the synthesis was 10 mL/min, and the ratio
of the flow rate of the four inlets is 1:1:1:1.

All the syntheses were seed-mediated, and the 15 nm seeds described above were used. The amount
of HAuCls and trisodium citrate (Na3Ct) was kept constant for all the GNP, specifically:

e Reservoir 1: 50 mL of an aqueous solution of HAuCls (5x107 mol, 1x103 M);
e Reservoir 3: 50 mL of an aqueous solution of Na3Ct (1.5%107 mol, 3x10* M);
The amount of reducing agent and seeds was varied, as detailed below.
GNP1_MR1

e Reservoir 2: 8 mL of seeds from the stock (8x107'2 mol) was added to 42 mL of H2O for a
final concentration of 1.6x107° M;
e Reservoir 4: 50 mL of an aqueous solution of HQ (6x107 mol, 1.2x1073 M).
15



GNP2_MR1

e Reservoir 2: 1 mL of seeds from the stock (1x107'> mol) was added to 49 mL of H2O for a
final concentration of 2x10°!'' M;

e Reservoir 4: 50 mL of an aqueous solution of HQ (6x10* mol, 1.2x1072 M).
GNP3_MR1

e Reservoir 2: 3 mL of seeds from the stock (3x107'? mol) was added to 47 mL of H2O for a
final concentration of 6x107!! M;

e Reservoir 4: 50 mL of an aqueous solution of DHN (6x10™ mol, 1.2x102 M).
GNP4_MR1

For the synthesis of GNP4 MRI1, the outlet tube was placed in a 40°C water bath. The temperature
was stabilized for 20 min before the experiment.

e Reservoir 2: 2 mL of seeds from the stock (2x107'? mol) was added to 48 mL of H2O for a
final concentration of 4x107!! M;

e Reservoir 4: 50 mL of aqueous RES solution (6x10* mol, 1.2x102 M).
Synthesis of HQ1, HQ2, DHN1, and DHN2
The NPs were synthesized using MR2 via seed-mediated growth methods starting from the 15 nm
gold seeds, as described before. All the glassware and stir bars were previously cleaned with aqua
regia and thoroughly rinsed with fresh Milli-Q water. The concentrations of the reagent solutions

used are summarized in Table S1.

Milli-Q water used was degassed under vacuum for 30 min and stored at 4°C prior to use for all
reagent solutions. Glycerol was added into water (about 250 pL of glycerol in 100 mL of water) to
prevent the formation of ice crystals during the experiment. Two glass bottle reservoirs with a total
volume of 20 mL each were placed in an ice bath to slow down possible reactions inside the
reservoirs. A micromixer chip was used as described before and showed in Figures S1-2. Two flow
sensors were placed between the reservoirs and the mixing chip. The mixing chip was placed on the
TCU set to 1°C and left to stabilize for 15 min before starting the experiment. The tubing length
between the reservoir and the flow sensor was 30 cm, and it was 10 cm between the flow sensors and
the mixing chip. The flow rate ratio between inlet 1 and inlet 2 was 1:1, and the total flow rate was 3
mL/min for HQ1, HQ2, and DHN1, and it was 2 mL/min for DHN2.

Reaction intermediates isolation

Luer-lock T-junction and microfluidic sample injection shut-off valves were placed at established
distances on the outlet tube (as shown in Figure S1.c). The distances between the valves and the
starting point of the outlet tube determined different time points based on the actual flow rate
recorded. The flow rate ratio between inlet 1 and inlet 2 was 1:1, and the total flow rate was 3 mL/min
for HQ1, HQ2, and DHN1, and 2 mL/min for DHN2. About 1 mL for each fraction was collected in
14 mL glass vials containing 200 pL of thiol ligand solution (2x107° mol, 0.01 M, PEG ligand for
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HQ1 and HQ2; 2x10°mol, 0.01 M of 3-MPA ligand for DHN1 and DHN2). An aliquot of the final
fraction was left without the thiol ligand solution for 15 min to verify reaction completion.

After collection, all the fractions were diluted in Milli-Q water and washed multiple times by

centrifugal filters (Sartorius, 10 KDa) to remove unreacted reagents.

Nanoparticles contour extraction from TEM imaging

According to a protocol described elsewhere,* most of the samples used for the shape analysis were
deposited onto the TEM grids, which allows for nanoparticles spreading and avoids aggregation due
to drying effects. Briefly, the samples were diluted to the concentration of 1-3x10'! NP/mL and
incubated at R.T. in 0.2% methylcellulose overnight. Ultrathin carbon on holey 400 mesh Cu grids
(Ted Pella Inc.) was previously treated with a glow discharger were used. Images were taken on a
FEI Tecnai G2 20 Twin operating at 120 kV, at magnifications between 29000x and 62000x.

For few TEM images deposited by drop-casting without methylcellulose pre-incubation, some pre-
treatment was necessary to extract the contours. Therefore, some TEM micrographs were slightly
modified using the free software GIMP 2.10.12.

Shape analysis of the 2D NP contours

TEM micrographs were used to analyze the shape of different batches of GNP, following a procedure
described elsewhere.*® Briefly, the GNP contours were obtained from the TEM images using the
Open Source Computer Vision Library (OpenCV). The extracted contours consist of closed 2D
curves, which coordinates define the GNP contours. The coordinates were then used to perform a
Discrete Fourier Transform (DFT) of each contour. In order to define shape clusters, we employed
either the Fourier coefficients (FCs) or the Principal Components (PC) extracted from a principal
component analysis (PCA) of the FCs. The probability distribution function (PDF) of the shapes was
obtained from the L, norm distances between all the FCs in a batch. For further details on the contour

extraction and the shape analysis, see our previous publication.®
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