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We have observed the precipitation of a fluorescent dye in a microfluidic 3D hydrodynamic mixing set up. In addition to
the short fluorescence lifetime of DBDCS molecule and to the long lifetime of its crystal, nuclei with an intermediate
lifetime are observed. We show that the precipitation is slowed down by the presence of a viscous skin at the interface
between water and THF. From the analysis of the decays, we map the concentration of the three species over half a
million pixels and show that nucleation and growth occur all along the device by a slow diffusion of the water into the THF

inner flow.

1 Introduction

Precipitation has been used and investigated to produce solid
materials for chemicals, foods and pharmaceutical industry for
centuries. However, the demand for high quality nanomaterials
nowadays makes it even more essential as a research topic.'***
The recent emergence of microfluidic technology has enabled
the precise fabrication of a wide variety of inorganic, organic
and biological particles with narrow size distribution through
367 At the

crystallisation: nucleation and growth® is challenged by other

precipitation. same time, the mechanism of
models such as the presence of Pre Nucleation Clusters.’ This
disordered aggregated state has been simulated,'® observed,'!
and sometimes is stable.'> The combination of microfluidics
with imaging has also offered a new tool for observing the
precipitation at both spatial and temporal micro-scales in order
to understand the mechanisms behind it and to be able to
control this highly stochastic process.

Indeed, many efforts have been made to develop different
sophisticated analytical methods for monitoring, visualizing,
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and finally studying the mechanisms and especially the kinetics
of the precipitation from the early stages. For example, Van
Driessche and co-workers have developed a method based on
microscopy
interference contrast microscopy to observe the crystallization

laser confocal combined with differential
of lysozyme and finally came up with a 2D nucleation rate.'®
Transmission electron microscopy using liquid cells have been
used by many authors to monitor the growth of metal
nanoparticles from the solutions of different precursors.'
However, just a few methods have been integrated with
microfluidic devices so far. Veesler and co-workers used a
simple CCD camera to count the seed of crystals thanks to their
special droplet-based microfluidic system.!>!® Sultana and
Jensen applied Raman spectroscopy to determine in situ
different polymorphic forms.'” Fluorescence microscopy has
been applied by Schutze et al. to probe the formation of
conjugated block copolymer nanoparticles when being
introduced into an anti-solvent.'

In this article, we will introduce a platform incorporating
fluorescence lifetime imaging microscopy (FLIM), which is
one of the most sensitive and specific methods, onto a simple
microfluidic device to allow the in situ monitoring of the
precipitation of an organic dye and the detection of the early
steps of the nucleation and growth. We have been able to detect
monomer, oligomers and solids in different positions in the

flow. This platform has been developed with Rubrene as the

Fig. 1 DBDCS molecular structure. Formula: C3;H3,N,0,; MW=476.60

J. Name., 2013, 00, 1-3 | 1

Please do not adjust margins




New Journal of Chemistry

B

Side flow: water< =
S
S
Centre flow:

Organic solution
(hydrophobic matcri‘ﬂ%
Side flow: water” =
Small capillary ID/OD 20/90 pm
Large capillary ID/OD 200/360 pm

Fig. 2 Microfluidic device. (A) The actual set-up under the microscope. (B)
The working principle. (C) Micro-photo of the flows at the nozzle. The
white bar states for 100pum.

model dye to visualize the precipitation. Rubrene has a longer
lifetime in solid state than in solution. The crystallisation
process was observed and a control of the size by the flow ratio
shown.!” However, the device was made up of
polydimethylsiloxane (PDMS), which is incompatible with
organic solvents and limits its usage time. Therefore, in this
study, we will introduce a glass tubing microfluidic that is
altogether cheap,

was

versatile and compatible with organic
solvents.”

As an optimal molecule for the observation of the early steps of
the nucleation, we have chosen (2Z, 2'Z)-2,2'-(1,4-phenylene)
bis(3-(4-butoxyphenyl)acrylonitrile), DBDCS (Fig. 1). Indeed
this molecule exhibits
(AIEE),

fluorescent and the nuclei should appear as bright objects on a

an aggregation induced emission

enhancement namely the molecules are non-
dark background. This molecule has been recently developed
by Park and co-workers and was known to have remarkable
longer lifetime in solid states.?!

From the analysis of the fluorescence decay for each pixel we
have been able to distinguish the fluorescence of single
molecules, big aggregates or nuclei namely intermediate
species observed only in the very early stages of the micro-

precipitation.

2 Experimental
2.1 Chemicals

DBDCS was chosen as a model dye since it emits fluorescence
with a yield of 0.62 in the solid states compared to less than
3x107 in the solution. This compound has two known crystal
forms i.e. G-phase and B-phase that emit green and blue colour
respectively. Depending on the handling conditions and
external stimuli i.e. thermal treatment or pressure, one phase
can be transformed into the other. It is
(THF) with
determined as 0.46 mg/ml and not soluble in water with
solubility predicted by Jouyban — Acree model as 1.35x107
mg/ml (S2-ESI). It has been shown that this molecule shows

soluble in

tetrahydrofuran solubility  experimentally

2| J. Name., 2012, 00, 1-3

very few solvatochromism. More information about the
synthesis, characterization and proposed photophysics of
DBDCS might be found extensively elsewhere.?*® A table of
the properties of DBDCS is provided in S2-ESI. Before
studying its precipitation in the microfluidic device, we have
recorded the fluorescence decays of DBDCS solutions in THF
with increasing concentrations. A component with a longer
lifetime than that of monomer (60 ps, instrumental response) is
observed that indicates the formation of dimers and/or higher
oligomers in the concentrated solutions (data are shown in S3-
ESI).

2.2 Microfluidics

The microfluidic device was fabricated by simple components
as shown in Fig. 2. The device includes a PEEK polymer
manifold holding two silica capillaries (green and red colour on
the schema) that are highly resistant to organic solvents and
transparent to UV. The inner capillary goes through the
manifold whereas the outer capillary is filled with water (blue)
by two Teflon tubes connected to two other ports of the
manifold (Fig. 2A-B). First, water was pumped through the two
tubes into the large capillary. Then, organic solution (e.g. THF)
of DBDCS was introduced. When the two solutions mix, the
organic material in THF precipitates. Different from batch
precipitation, in a micro capillary, no turbulence occurs, as
laminar flow is predominant. Therefore, the only mechanisms
of the mixing are the cross diffusion of two solvents and the
molecular diffusion of the organic material. The modulation of
the ratio of the outer and inner flow changes the inner flow
diameter and the rate of inter-diffusion. This method, which is
called 3D hydrodynamic focusing, was successfully applied to
previous studies to synthesize nanoparticles with narrow size
distribution.***

2.3 FLIM acquisition and analysis

The precipitation indicated by a gradient of fluorescence of the
dye was visualized by a fluorescence microscopy setup. The
key element is a single photon counting photomultiplier able to
localize the impact of the photon on the photocathode in space
(40pum resolution) and in time (60ps resolution). This FLIM
detector is developed at Leibniz Institute of Neurobiology. A
full fluorescence decay with four thousand channel points, can
be collected for each pixel of the image.’® The analysis of a
single multi-exponential decay has been already a difficult
task.”” The fit of hundred thousand parallel decays would be
extremely time-consuming. Hence, other approaches have to be
developed. A commonly used method is the Phasor approach
where a graphical representation of the result of the Fourier
transform of the data gives an estimation whether a pixel is
mono-, bi- or multi-exponential.28 However, in this study, a
Principal Component Analysis (PCA) approach was
introduced.?” The details of the algorithm are provided in S4-
ESI.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 FLIM images of the microprecipitation of DBDCS inside the microfluidic device; Qs/Qc=10/0.5 (ul/min), C=0.21x10"> mol/L; inner flow diameter=30pum

The Colour of pixel codes for the average lifetime. The transit time at which precipitation starts (>100ms) is long compared to the inter-diffusion time of water and THF (50ms)

3 Results and discussion
3.1 FLIM images of the precipitation

We have of the
microfluidic device, the most promising FLIM images were
collected at 0.1 mg/ml of DBDCS in THF and with the flow
rate of the side flow (water) and the centre flow (THF solution
of DBDCS) Qs/Qc = 10/0.5 (ul/min). This condition made it
possible to balance between a detectable intensity of the

screened different running conditions

fluorescence signal and acceptable clogging rate to allow
enough acquisition time.

Fig. 3 shows FLIM images from the tip of the capillary to the
position 3mm away from it. We have observed qualitatively
different stages of the precipitation. The continuous change of
lifetime from short (red) to long (blue) indicates the change of
state from solution to solid along the capillary. Especially, the
images at 2.5 and 2.75 mm confirmed that the solids started to
appear at the edge of the central flow. The blue domain on the
image at t=0s is due to the presence of a precipitate at the tip of
the inner tube, that is a prelude to the clogging of the device by
the precipitate. In every image, the very short lifetime
fluorescence of the monomers (red colour) and long lifetime
fluorescence of the solids (blue colour) are present. Different
questions arise here as 1) how many fluorescent species are
present, 2) what are their decays and 3) where are they located.
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Fig. 4 The insert shows that three first components describe more than 90%
of the decays recorded in the images. These three components can be
estimated from the decays recorded at specific places in the device.

This journal is © The Royal Society of Chemistry 20xx

3.2 Detection of the intermediate state of the aggregates

In order to address these questions, we have analysed the data
by the Principle Component Analysis (PCA) to count and
localize the different fluorescence decay type present in the
images. The fluorescence decay curves from 18 regions of
interest that correspond to the edge and the middle (red arrows
on Fig. 3) of the central flow at different positions along the
channel were collected and analysed. The results of PCA
showed that 90% of the fluorescence (Fraction of variance-
Insert of Fig. 4) could be described by only three components.
We assume that those components as fluorescence from solids,
intermediates and monomers in solution. The signature decay
for the solid was collected from the solid deposit observed at
the tip of the inner capillary. The signature decay of the
monomers was collected from the average of the fluorescence
in the middle of the central flow at 0 and 1 mm where the
precipitation was assumed not to have happened. The small
oligomers have a lifetime in the nano-second range (Fig. S3).
The decay of the intermediate species was constructed from the
PCA components assuming the absence of fluorescence after
25ns as describe in the S4-ESI.

3.3 Localisation of the intermediates

The contribution of the three components at each pixel can be
easily calculated as a Euclidian scalar product as shown in the
S4-ESI. The image at 3 mm, that exhibits a highly multi
exponential decay, was chosen to apply our localization
technique.
The real
components are shown in Fig. 5. Fig. 5B-C confirms that

image and reconstructed images of the three

monomers (green colour labelled) localize in the centre of the
flow, while the solids (blue colour labelled) are at the edge of
the flow. This is even better visualized by co-localized image
(Fig. 5D) of the two components. The yellow colour in the
middle of the flow indicates a superimposition of the two
fluorescence signals. The oligomer and the crystal have the
same localisation as shown by the violet colour of their co-
localization image (Fig. 5E). The join presence of oligomers
and crystal fluorescence show that the nucleation and growth
processes are occurring simultaneously in this part of our
microfluidic setup.

J. Name., 2013, 00, 1-3 | 3
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Fig. 5 Real and reconstructed (by PCA) fluorescence intensity at 3 mm. A)
real image; B,C,D) reconstructed images of the fluorescence from
monomers (green), oligomers (red) and crystals (blue? (the colours have no
physical meaning); E,F? co-localization of monomer-oligomer and oligomer-
crystal (violet indicating co-localization of the last two species)

The results of the PCA analysis have been compared with those
given by a multiexponential fit of the decays in some ROI. Bi-
and tri-exponential model turned out to be insufficient to
establish a precise fitting (data not shown). Hence, tetra-
exponential model was chosen (Eq. 1).

Y=y, + 4 exp(ij + 4, exp[i] + A exp[ij + A4, exp[i] (1)
T 7, 74 T,

Four components were assumed to contribute to the decays are
1) monomers with as short lifetime below the limit of the
instrument, 60 ps 2) solid 1 and 3) solid 2 with lifetimes close
to the data previous published 5.7 ns and 11.4 ns respectively
(see “B-phase crystal” and “nanoparticles” in Table S2) and 4)
intermediate species with a reasonable lifetime that give the
best fit, 0.47 ns. The fitted curves and their corresponding
weighted residuals are shown in Fig. S5. The pre-exponential
coefficients of each lifetime component were shown in Table 1.
The evolution of the precipitation with the residence time is
clearly confirmed. First, from the centre of the point at 225 ms
to the edge of the one at 300 ms, the fluorescence of monomer
decreases from 96.6 % to 37.2 % while that of the intermediates
increases from 2.5 and 3.5 % to 21.6 and 29.1 %. Second, the
precipitation seems to really start from the edge before reaching
the middle of the central flow. That is demonstrated by the fact
that the percentages of the monomer at the edge of different
positions are always lower than the percentages in the middle.
On the contrary, the percentages of the intermediate and solid
species at the edge of different positions are always higher than
their percentages in the middle. Finally, the contribution in the
fluorescence signal with a lifetime of 5.7ns is small and
squeezed by the 0.47ns and the 11ns contributions. It cannot be
attributed to a species and relates to the multiexponential nature
of fluorescence decay of solids. This result again confirmed that
the conclusion drawn from PCA was reasonable which means
that only 3 species can describe the entire fluorescence signal.

Table 1 Distribution of each species calculated from the pre-exponential coefficients of the
decay model; M and E stands for the middle and the edge of the central flow respectively

Transit Place Species relative distribution (%)

Time Monomer Intermediate B-phase crystal  “Nanoparticles”
(11=60 ps) (12=0.47 ns) (13=5.7 ns) (14=11.4 ns)

225 M 96.6 % 2.5% 0.9 % 0 %

ms E 96.2 % 3.5 % 0.3 % 0 %

250 M 80.2 % 18.0 % 1.8 % 0%

ms E 74.4 % 22.2% 2.8 % 0.6 %

275 M 92.5 % 5.6 % 1.9 % 0%

ms |E 85.0 % 8.7 % 46 % 1.7%

300 M 62.5 % 21.6 % 0% 159 %

ms |E 372 % 29.1 % 0.4 % 333 %

4| J. Name., 2012, 00, 1-3
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Fig. 6 Calculated dynamic viscosity during the mixing process of THF and water
(above) and simplified diagram for the diffusion process and “focusing
phenomenon” of the dye (below)

3.4 Numerical simulation of the solvent inter-diffusion

The precipitation is not observed for a transit time of 100ms.
This is long compared to the time it takes for the THF of the
inner flow to diffuse into the outer water flow (50ms). In
addition monomers are still observed for a transit time of
300ms. The super-saturation values that are reached after the
inter-diffusion of the solvents are high and the aggregation
process should be limited by the collision time of the
monomers. Similarly, the FLIM images in this study shows that
the particles are trapped in the central flow which was also
suggested by our earlier study.'® Thus, we now come up with a
hypothesis of a viscosity barrier existing between two solvents
during the mixing. Indeed in Fig. 6, we have shown the
simulation calculated by COMSOL Multiphysics (v. 3. 4)
(COMSOL AB, Sweden) of the solvent viscosity in the
capillary. A raise of viscosity is predicted at the frontier of the
two solvents. It is due to the non-linear relationship of the
dynamic viscosity with the ratios of THF and water (Fig. 6
below).’® When the small molecules of DBDCS meet the
mixing area between water and THF, the precipitation takes
place and bigger species are created. At the same time,
increasing viscosity in this area slows down the diffusion of
those species. There is a synergic effect. Particles are trapped at
the edge of the centre flow due to the highest viscosity in this
area and their own big size. This might be the reason why the
fluorescence signal is confined in the central flow and might be
a first indication for a new technique to control the synthesis of
nanoparticles.

4 Conclusions

A new method to synthesize and observe the precipitation of
sub-micrometre particles was optimized to study and control
The
developed device is easy to construct and fully compatible with

the early stage of the micro-precipitation process.
a wide range of solvents. We have used fluorescence lifetime
imaging microscopy to detect the oligomers of molecules that
precede the formation of crystals. The principal component
analysis (PCA) of the decays shows that three species are

This journal is © The Royal Society of Chemistry 20xx
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sufficient to describe the data: monomers, oligomers and
crystals. PCA was also used to calculate the contribution of the
three species for each pixel based on their lifetimes. We show
that after 300ms of residence time, the monomers are still
present in the central flow. The presence of a viscous layer,
where THF and water are inter-diffusing, does explain this.
Both oligomers and crystals are present at the edge of the flow.
The constant ratio between oligomers and crystals shows that
nucleation and growth occur simultaneously in our device.
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