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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.42–44 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 (Fig. 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.45

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 signifi-
cant 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).45,46

From the kinetic profiling (see the characterization of iso-
lated fractions in Fig. S14 and S15, ESI†), 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 Fig. S12b, ESI†)
and other studies reported in the literature.45,47,48

A gradual significant overall size growth can be observed
from increasing time points, which, however, does not signifi-
cantly 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, as the isolation of homo-
genous reaction intermediates is particularly challenging.45

A more interesting kinetic profile was observed when using a
lower concentration of the reducing agents, as in reactions
DHN2 (Fig. S16 and S17, ESI†) and HQ2 (Fig. 3d–f and
Fig. S18, S19, ESI†). 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 (Fig. 4). Some of
the chemistry involved in these processes has been previously
described elsewhere,49 allowing for more robust process recon-
struction. Our platform, coupling the microfluidic in-flow isolation
of reaction intermediates and the 2D computational shape analy-
sis 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 tech-
niques (see Methods for more details, ESI†). 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 (Fig. 4a), this pattern
presents a maximum for distances, while for HQ1 (Fig. S20, ESI†),
the reaction moves directly towards the final shape.

Fig. 4 Computational analysis of reaction intermediates for the HQ2
synthesis. (a) GNP distribution of distances between the Fourier spectras
of the GNP contours at each time point (see Table S2 for time points
values, ESI†) 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: firstly, the total radius and the concavities depth increase together
and the GNP shape is defined (gray area), secondly, the radius stabilizes to
its final value and the concavities are filled (white area). (c) 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.
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