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Abstract In this study, a three-dimensional hydrody-
namic focusing microfluidic method is presented that
allows full control of the nano-precipitation process of ada-
mantyl mesityl BODIPY (4,4-difluoro-3,5-di-(adamantyl)-
8-mesityl-4-bora-3a,4a-diaza-s-indacene) (Adambodipy).
The precipitation is achieved by combining a central
Adambodipy organic flow with a mixture of water and a
cationic surfactant, creating a non-solvent precipitation
method. The flow and mixing were simulated using COM-
SOL Multiphysics® 3.4. A good agreement between theory
and experiment was obtained for the flow velocity, concen-
tration fields and the subsequent precipitation kinetics. Flu-
orescence lifetime imaging was used to visualize the pre-
cipitation domains following the changes in fluorescence
lifetime. The lifetime decreases from 6.1 ns for the mole-
cules down to 0.9 ns for nanoparticles. A principal compo-
nents analysis of the successive fluorescence decay curves
showed that the process could be adequately modeled using
three components, which can be attributed to monomers
(single molecule), clusters (nuclei) and nanoparticles.
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Abbreviations
BODIPY 4,4-Difluoro-4-bora-3a, 4a-diaza-s-indacene

CTACI Hexadecyltrimethylammonium chloride
DLS Dynamic light scattering

E/EtOH  Ethanol

FLIM Fluorescence lifetime imaging

FONs Fluorescent organic nanoparticles

1D Inner diameter of the channel

MEMS Microelectromechanical systems
MFD Micro-fluidic-device
NPs Nanoparticles
oD Outside diameter
PDMS Polydimethylsiloxane
ROI Region of interest
THF Tetrahydrofuran
List of symbols
0] Quantum yield
\Y% Del operator
Ve Concentration gradient
7 Viscosity
P Fluid density
a Particle size, radius
ay Diffusion length of exciton
dq Density of quenching sites
i Maxwell-Stefan binary diffusion coefficient
f Molar volume fraction of EtOH in the mixture
J Jouyban—Acree factor
kg Fluorescence rate
kq Quenching rate
M Total average molar mass of the mixture (kg/
mol)
N Avogadro’s number
n Refractive index
n(a) Number of quenching sites
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P Pressure

AP Pressure drop

Oc.s) Volumetric flow rate (C = center, S = side)
S Supersaturation

U Local velocity of the fluid

A% Molar volume

w Mass fraction

w Water

X; Mole fraction of species i

1 Introduction

Fluorescent organic micro- and nanocrystals have numer-
ous advantages as nanosensors due to their brightness and
sensitivity (Meallet-Renault et al. 2006; Li et al. 2013).
Their preparation has been reported using the reprecipita-
tion method (Chung et al. 2006) and microwave irradiation
(Baba et al. 2003). In recent years, controlled organization,
shape and stabilization of organic nanoparticles (NPs) have
attracted considerable research in pharmaceutical applica-
tions, special electronic components or used as pigment for
imaging (Ofuji et al. 2005).

This 2D-hydrodynamic focusing microfluidic method
demonstrates its ability to achieve rapid diffusion (Knight
et al. 1998) capable of diffusive mixing time less than
10 ws. This allows the progress of chemical reactions to be
followed in the milliseconds immediately after initiating
the mixing (Hessel and Lowe 2004). A 3D hydrodynamic
focusing microfluidic setup was used to control the cross-
sectional area and location of the focusing stream, as well
as the supersaturation condition, by varying the flow rates
and the concentrations of the surfactant and the sample.
With supersaturation reached in a short time, generation of
numerous nuclei was induced and the growth of nanocrys-
tal was thus limited and controlled (Su et al. 2007; Génot
et al. 2010).

Also, microfluidics has a great potential advantage for
chemical analysis and synthesis by combining processes
such as mixing, separation (Harrison et al. 1993), reaction
and also detection in one single system (Hibara et al. 2003).
It has been connected to several spectroscopic probes such as
Fourier transform infrared (Kakuta et al. 2003a) and nuclear
magnetic resonance (Kakuta et al. 2003b) spectroscopy in
order to study the intermediate states in reactions. Combin-
ing a microfluidic device with fluorescence imaging tech-
nique functions as “labs-on-a-chip”, builds up a technology
to follow the kinetics of a number of physical processes, such
as concentration diffusion (Kamholz et al. 2001) and inter-
face fluctuations (Hibara et al. 2003). The fluorescence time-
resolved techniques could provide the appropriate lifetime
information to map the molecule’s reactions with its sur-
roundings, as the lifetime is sensitive to molecular assembly
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(Teixeira et al. 2012), pH changes (Lin et al. 2003), diffusion
(Roth et al. 2007), quenching (Boreham et al. 2011) and con-
formation changes (Calleja et al. 2003).

In this paper, microfluidic technology, including 3D
hydrodynamic focusing and fluorescence lifetime imaging
microscopy (FLIM), was used for a controlled formation of
the organic NPs. The crystallization process was achieved
by a reprecipitation method, and this process can be visual-
ized and studied by time-resolved single-photon counting
(Spitz et al. 2008). The potential application of this work
also includes the design of microfluidic devices based on
the fabrication of a Y-type (polydimethyl siloxane) PDMS/
glass and glass/glass capillaries systems, and the simulation
of the hydrodynamics and of the diffusion processes by the
COMSOL Multiphysics® 3.4 (COMSOL, Inc. Burlington,
MA) computational fluid dynamics (CFD) suite.

2 Materials and methods
2.1 Operation and design of the microfluidic system

The microfluidic systems to produce NPs are manufac-
tured by photolithography of the mold (SU8 on silicon
wafer), followed by curing of the PDMS elastomer and
finally by O, plasma sealing on the glass substrate. The
hydrodynamic focusing device was designed as shown on
the flow pattern in Fig. 1. A capillary silica tube (from Pol-
ymicro, outside diameter (OD) = 150 um, inner diameter
(ID) = 20 um) is inserted at the edge of the PDMS block
and glued to fix it and avoid leakage. This capillary tube
ensures the injection of the organic solution in the center
of the squared PDMS main channel. It avoids interac-
tions of the organic solvent, tetrahydrofuran (THF) and
Adambodipy with the hydrophobic PDMS wall that may
be swelled by the solvent or polluted by adsorption of the
dye.

The solutions of Adambodipy were prepared in a mix-
ture of THF with ethanol (EtOH), a so-called THF/EtOH

Side flows :
water/ CTACI

o~ Outlet flow : (a)
4 NPs suspension

% DLS measurement

Capillary flow :

Adambodipy in Specroscopicanalysis
THF/EtOH/CTACI
Glass capillary : N /f Focused stream
OD =150um,
ID=20 pm — (b)

/ / / " lmm

Fig. 1 Microfluidic device. a Microchannel patterned in PDMS
block, sealed to the glass substrate with the inserted capillary silica
tube. The Y-type device connected for feeding and withdraws. b

Details of the cross-junction area and of the laminar flow, focused
stream of organic solution “squeezed” by the aqueous one
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organic solvent [volume ratio THF/EtOH (v/v) = 3/7].
The concentrations of Adambodipy were 0.2 g L. A
cationic surfactant hexadecyltrimethylammonium chlo-
ride (CTACl) was used as surfactant in this experiment
and was added to both solutions at a concentration of
1073 mol L™1. The critical micelle concentration of this
surfactant is around 1.3 x 107> M. The side flow rate var-
ied between 10-50 pL min~! and the capillary flow rate
range between 0.5 and 3 uL min~'. We create a focused
stream by flowing of the Adambodipy organic solution
into a capillary tube in the middle of the aqueous solu-
tion flowing from the two inlet side channels. The three
flows are all forced through the channel via two commer-
cial syringe pumps (Harvard type PHD 2000 and Harvard
Picoplus 11). For the further analysis, DLS and spectro-
scopic measurements, the volume required and collected
at the outlet of the device is between 500 uL and 1 mL,
which correspond to a run time between 10 and 40 min
depending on the flow rates.

To perform the kinetics study, instead of a glass/PDMS
microfluidic system, a new glass microchip was made to
avoid the pollution of the PDMS by the spreading of flu-
orescent molecules so as to increase the signal-to-noise
ratio of the fluorescence measurement. With a poly (ether
ether ketone) (PEEK®) 7-port manifold (Upchurch Scien-
tific®) as a connector, a small glass capillary (Polymicro,
ID =20 pwm, OD = 90 pm) was inserted into a larger one
(Polymicro, ID = 200 pwm, OD = 350 pwm) as shown in
Fig. 2. A focused stream was created by flowing the organic
solution of Adambodipy in THF/EtOH into the surround-
ing flow of water, both containing CTACI, using the same
syringe pumps to force the flow by syringes through the
microchannel.

(a)

Side flow Q,
Water and CTACI

/\Peel@ 7-Port Manifold (Upchurch)
P

=2~ Big Capillary

< OD/ID (um) =350/200 (jum)
xo?‘{\e«

&,

Capillary flow Q.
Adambodipy in THF/EtOH + CTACI
OD/ID (jum) =90/20 (um)

C=0,1 mg/mL

(b)

Side View

Fig. 2 a Schematic representation of 3D-hydrodynamic microfluidic
device from the top and the side b and the details of the cross-junc-
tion area of the flow under microscope in (¢)

2.2 Dynamic light scattering (DLS)

The Adambodipy NPs suspension was analyzed by a
dynamic light scattering analyzer (DL135 Particle Size
Analyzer, Cordouan Technologies) equipped with a 15 mW
diode laser, operating at 650 nm. An original design of the
sample cell is proposed to enhance the DLS instrument
with back-scattered light detection at an angle of 135° and
the capability to control the sample thickness. This appara-
tus offers a configuration which allows analyzing as little
as a 50 uL sample volume. The main limitation concerns
dilute suspensions (2 x 107° g mL™"), when the signal is
difficult to discriminate from the noise.

2.3 Fluorescence lifetime imaging microscopy (FLIM)

Fluorescence lifetime imaging microscopy (FLIM) with a
space- and time-resolved single-photon counting device is
used to visualize the precipitation process in this experi-
ment. Indeed, fluorescence is a sensitive technique and its
spectrum and lifetime are sensitive to molecular organiza-
tion and interactions (Spitz et al. 2008).

We have implemented fluorescence lifetime imaging,
because it is even more sensitive to molecular interactions.

The fluorescence generated from the sample is guided
to a space- and time-resolved single-photon counting pho-
tomultiplier (QA) from Europhoton GmbH (Berlin, http://
www.europhoton.de/). For each photon, its position and
arrival time is measured and stored. From these data files,
both intensity and lifetime images can be calculated (Badre
et al. 2006).

The experimental device is shown in Fig. 3. The pulsed
laser source is an Ytterbium TPulse200 from Amplitude
Systemes (Pessac France). It is injected into the micro-
scope (Nikon 2000 TE) through the epi-illumination port
of an inverted microscope (Nikon S-Fluor, 40, 0.90 NA).
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Fig. 3 Time-resolved single-photon counting device
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In addition to the QA device, the spectra (absorption and
fluorescence) are collected by means of a fiber-coupled
spectrometer (Ocean Optics, Inc., ZD2000, fiber diame-
ter = 600 um) (Spitz et al. 2008).

The FLIM measurement is taken with a multi-channel
plate photomultiplier working in the single-photon count-
ing mode.

2.4 COMSOL simulation

The simulation of the flow diffusion processes to predict
the concentrations and velocity field in the 3D hydrody-
namic microfluidic device was performed using COMSOL.
The geometry was built with the same dimension as the
setup used in the kinetics experiment. Thanks to the cylin-
drical geometry of the glass device, we applied the axial-
symmetry calculation mode. The simulation temperature
was set to 298 K.

Step 1: simulation of the velocity field

Since the flow in this research is considered as a con-
tinuum, the Navier—Stokes equations are applicable. Also
because the flow of water is being modeled, mixed with
THEF/EtOH in microfluidics, where the flow velocities are
much smaller than the velocity of pressure waves in the
liquid, incompressibility and Newtonian fluid assumptions
may be used here.

The steady-state “Incompressible Navier—Stokes”
(MEMS Module) model for a laminar flow and a Stokes
regime was invoked. The following equation was first
used to solve the momentum conservation and the veloc-
ity profile for the fluid flow in the channel, considering two
incompressible solutions without diffusion:

(pz—':fv [(fp)l+u(w+(vu)Tﬂ +,0u~Vu) —F 0
—Vu=0 2

where p (kg m™) is the fluid density, u is the flow veloc-
ity vector, p is the fluid pressure (Pa), I is the unit diago-
nal matrix, u is the fluid’s dynamic viscosity (Pa s) and F
(N) is a bulk force affecting the fluid. In our case, % and
F are equal to O, and the inertial term is neglected. In this
model, the properties of both the organic and aqueous
solutions are, respectively, considered at ambient tem-
perature: pp = 789 kg m~3, up = 1.2 x 1073 Pa s and
ow = 1000 kg m™>, ry = 107 Pa s. Then we obtained the
velocity profile based on the plot of microfluidic device.
We first mesh with the parameters in Table 1. We fixed
the initial velocity at a value of 0.04246 m s~ for side flow
and 0.01810 m s~! for center flow, according to the flow
rate of 13.6 and 0.8 uL min~'. The other boundary con-
ditions were set as “no slip” along the wall and “atmos-
pheric pressure” at the outlet. From the given surface of the
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Table 1 Mesh statistics used for the calculation

Number of degrees of freedom 106,443
Number of mesh points 6341
Number of elements 12,344
Triangular 12,344
Quadrilateral 0
Number of boundary elements 404
Number of vertex elements 9
Minimum element quality 0.6738
Element area ratio 0.1813

channel, we solve the Incompressible Navier—Stokes model
(MEMS Module) with stationary solver (cf. Table 2) for
velocity distribution over the channel. The following cal-
culations were done with initial value expression evaluated
using the current solution.

Step 2: interdiffusion simulation of the two solutions

Based on the results of the initial calculation of the
velocity profile, the “Maxwell-Stefan Diffusion and Con-
vection” (Chemical Engineering Module) model was then
applied here to determine the mixing of organic and aque-
ous solutions via counter diffusion along the laminar flow.

N
V. [—pw;ZD,y{AA; (VWJ -‘er%) + (% — vxg)%} + w;pi{| =0
J=1 !
3)

x-=&~M
) @)

D wi=1 ®)
i=1

where M denotes the total average molar mass of the
mixture (kg mol™}), M; gives the molar mass of species j
(kg mol~") and wj is the mass fraction of species j.

In addition, with the “Maxwell-Stefan Diffusion and
Convection” module in binary system, the self-diffusion
coefficient data used for water and ethanol were taken from
the literature. Dy, = 2.299 x 107 m* s~! (Holz et al. 2000),
Dy = 1.07 x 107° m? s~ (Guevara-Carrion et al. 2008).
Then the Maxwell-Stefan diffusion coefficient Dy,_p was
estimated from the self-diffusion coefficients of the two
components Dy, and Dy in the binary mixture (Darken 1948)

Dw_g = xw - Dg + xg - Dw (6)

Step 3: rerun the steady-state “Incompressible Navier—
Stokes” calculation

The “Incompressible Navier—Stokes” calculation was
solved again at a higher level of refinement with the value
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Table 2 Solver parameters

Analysis Stationary

Linear system solver Direct UMFPACK
Matrix symmetry Automatic
Linearity Automatic
Relative tolerance 1077

Maximum no. of iterations 40

of mutual diffusivity, density and local viscosity coming
from the last step.

The solutions taken into consideration were, respec-
tively, ethanol and water. Then, the value of mutual dif-
fusivity, density and viscosity along the flow of this
water—ethanol binary system was calculated with the input
scalar expressions (Eqgs. 3—5) with the mass fraction profile
results.

Considering the change in density and viscosity of the
fluids since they mixed during the flowing, the Jouyban—
Acree estimation was used in the simulation. The following
relation was used by the author to fit the density and the
viscosity of the binary mixture of water and ethanol (Khat-
tab et al. 2012):

In pm1 = xw - In pw, + XE - In pp T — 30.808 [xw : XE]

— 18.274 [XW e (w = XE)]
T
. . —_— 2
+13.890 [xw X - (ow = X&) 1
T
(7)
Innm1 = xw - Innw,T +xg - InngT — 724.652 [XW . XE}
+ 729357 {xw X (w — XE)}
T
. . —_— 2
+976.050 [xw B (;W *e) 1
(8)

with T (K) the temperature and W, E and m subscripts
standing for water, ethanol and their mixtures, respec-
tively. The R values for Eqs. (7-8) are 0.986 and 0.945,
respectively.

Step 4: the “Convection and Diffusion” module

Subsequently, the velocity field obtained from the
“Incompressible Navier—Stokes” simulation was imple-
mented for the calculation of the concentration distribution
of the dye using the “Convection and Diffusion” module.
The diffusion of Adambodipy species in the water—ethanol
system under microfluidic flow conditions was then solved
according to the convection—diffusion equation:

—V .- (=DVc+cu) =0 )

Step 5: supersaturation profile calculation

From these calculations, profiles of the density, viscosity,
mutual diffusivity, concentration of Adambodipy and mass
fraction of water and ethanol at local positions along the flow
are obtained. Combining these results with the input scalar
expression for solubility of the Adambodipy in the binary
system (Eq. 11) and the supersaturation expression (Eq. 10),
the “Maxwell-Stefan Diffusion and Convection” module
was rerun to obtain the supersaturation profile (Fig. 10).

The geometry and the dimensions are those of the exper-
imental device of the glass microchip shown in Fig. 2.
Again, due to the device symmetry, a 2D-axisymmetric
model was chosen here.

2.5 Supersaturation property

The supersaturation S was defined as the ratio of actual
concentration of Adambodipy to the solubility C,. This is
the barrier that determines the kinetics of nucleation (Abra-
ham 1974; Nielsen 1964)

_ CAdambodipy
Ceq

S (10)

According to the supersaturation equations, the Cyg,m.
podipy Profile could be calculated from the former COMSOL
simulation using the “Convection and Diffusion” module;
however, in order to determine the value of Ceq, we need to
introduce another predictive model.

As we are using a binary water—ethanol mixture in the
simulation, the mixture fluids have a different density and
viscosity in the inlet channel, side channel and outlet chan-
nel since they mixed during the flowing. A suitable model
to predict the solubility curves of dyes in a binary water—
ethanol mixture was developed by Jouyban (Jouyban and
Acree 2006) and has the following form:

log Smix = log Sg + (1 — f) log Sw +J (11)

where S,;,, Sg and Sy, are the solute solubility at temper-
ature 7 in the mixed solvent, neat co-solvent and water,
respectively; f is the volume fraction of the (co-solvent)
EtOH in the mixture, where Vg and Vy, are the molar vol-
ume of EtOH and water:

Vi

fZVW+VE

(12)
The Jouyban—Acree factor (J) that takes into account the
non-ideality of the mixing is estimated by:

_ _ _ _ 2
72421 48517/ — (1) | 19441¢ — (1 =)

I=fa-hH|= . .

13)
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Coefficient value + one standard deviation
A=3.07+0
B=-10.116 +0.697

10" —

Saturation concentration of Adambodipy (mg/mL)

[ [ [ [ [ I
0.0 0.2 0.4 0.6 0.8 1.0

Volume Ratio (Organic Solvent/Water) (v/v)

Fig. 4 Experimental solubility points for Adambodipy in the mixture
of organic solvent with water [the organic solvent being THF/EtOH
(v/v) = 3/7], fitted to the Jouyban—Acree model logarithmically

An experimental solubility curve for Adambodipy in
the mixture of THF/EtOH(v/v) = 3/7 with water has been
made.

We have adjusted the data according to the Jouyban—
Acree model through a logarithmic fit with 7 = 298 K and
the expression would be:

G(f) = exp(Af +B(L —f) +f(1 —f)
72421 485.17(f — (1 —f) | 194.41(f — (1 —f)?
298 298 298 (14)

*

The result of the fit is shown in Fig. 4. We obtained for
the adjustable parameters values of: A = In Sg, B = In Sy,
while A = 3.07, B = —10.116 according to the concentra-
tion of Adambodipy when the percentage of water equals
0. Using this framework, the saturation solubility C, of
Adambodipy in a known composition of water—EtOH sol-
vent can be calculated, where in this experiment, the mass
composition of the water—ethanol mixture could be simu-
lated with COMSOL using the “Maxwell-Stefan Diffusion
and Convection” module through a simple conversion from
the mass fraction (as used by this module) to the volume
fraction (as used here).

3 Results and discussion
3.1 Nanoparticles analyses
The concentration of Adambodipy in the organic solu-
tion was fixed to 0.3 mM. The flow rates Q/Q. were

maintained below 40 to avoid particles remaining unde-
tected in DLS and above 13.3 to avoid the formation of

@ Springer
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Fig. 5 Demonstrating how DLS intensity and distribution varies in
response to the condition of different flow rate ratio by MFD. Size
distributions of Adambodipy NPs produced at flow rate Q, = 20
pL min~!, Q. = 1 uL min~!. b Diameters of NPs suspension as the
function of QJ/Q,. Those NPs suspension samples are collected with
concentration of CTACI = 107> M, C ‘Adambodipy = 0.2 Mg mL~! in
THF/EtOH (v/v) = 3/7 as organic solution

4.4-difluoro-4-bora-3a, 4a-diaza-s-indacene
derivative crystalline precipitate on the nozzle.

Figure 5a shows that with the use of the MFD, the NPs
of Adambodipy are produced and the size distribution can
be measured by DLS, DLS being a powerful method to
determine small changes in particle size.

The radii of the NPs can be plotted as a function of
Q.J/Q, in Fig. 5b, and the relationship is approximately
linear. As shown, the size distribution of NPs can be
tuned by varying the flow rate ratio. As Q/Q. increases
from 13.3 to 40, the NPs become smaller, from 240 to
160 nm. This effect can be related to the hydrodynamics
coupled with the diffusion in the microdevice. The super-
saturation governed the kinetics of nucleation and growth
mechanisms and finally the size of the NPs. As the flow
rate ratio Q/Q, increases, the width of the focused stream
decreases, changing the kinetics to reach the supersatura-
tion in the focused stream. In addition, the DLS intensity
decreased, due to the lower concentration of the organic
solution of Adambodipy. By re-examining the DLS inten-
sity of those samples after several days (from 1 to 4 days),
we found that the NPs suspension samples produced here
are quite stable in the presence of surfactant. These exper-
iments and the observed trends in particle size are also
reproducible.

To investigate the hydrodynamic focusing under stable
flow within the device, we monitored the flow rate ratio
from 30 to 45 with a low and identical total flow rate. We
chose a fixed residence time of 8 ms in order to fix the
contribution of diffusion of Adambodipy. A residence

(BODIPY)
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Fig. 7 a Fluorescence spectra for sample A were from a sample of
Adambodipy monomer in THF/EtOH (v/v) = 3/7 with CTACl (1073
M), and B was produced with MFD, both excited at 495 nm, with
a maximum at 539 and 570 nm, respectively, using identical experi-
mental parameters. The fluorescence spectrum C of the single crystal
was recorded, excited at 343 nm with main band at 547 and 573 nm.
Then, the absorption spectra for the same sample A, B and C are com-
pared in (b)

time of 8 ms corresponds to a position far (50 um) from
the bulb, the transition flow that is present close to the
nozzle. Then the width for each flow rate ratio can be
determined at this position, as the full width at half maxi-
mum (FWHM) of the cross section of the fluorescence on
each image.

These widths were also determined from numerical sim-
ulations using COMSOL software with identical geometry
(small capillary OD = 45 pm inserted into a big capillary
channel ID = 100 pm) and identical parameters for each
flow. One example is given in the figure below the x-axis
at position 0 on Fig. 11. The widths correspond to the
FWHM of the concentration profile at the same position
when T = 8 ms. The hydrodynamic focusing was simulated
including the diffusion of Adambodipy, and its diffusion
coefficient was calculated from the Stokes—Einstein equa-
tion (4.23 x 10719 m?s7).

The suspensions of Adambodipy NPs were also ana-
lyzed by absorption and fluorescence spectroscopy. For all
the samples obtained at different flow rates ratios, the spec-
tra are identical except in intensity as mentioned before for
DLS measurements (Fig. 6).

Typical fluorescence and absorption spectra obtained
for Adambodipy in solution and in solid states suspensions
(NPs and microcrystal) are shown in Fig. 7.

The spectra can be compared with the calculated spectra
of the amorphous and crystalline phases (computed from
the X-ray diffraction spectra) (Liao et al. 2013).

Figure 7b shows normalized absorption spectra for mol-
ecules in solution (A), for NP suspensions produced by
MFD (B) and the microabsorption spectrum of an Adam-
bodipy single crystal (C). They exhibit absorption maxima
(Amg) at 514 nm for the molecules, and 517 nm for the
sample B and single crystal sample. In the microcrystal, the
absorbance peaks are leveled off by a measurement artifact
(light leaks around the crystal and interference phenomena
are observed between the two crystal faces). The shoulder
at 540 nm is characteristic of the crystalline state and is not
seen in sample B from MFD. The difference of the absorp-
tion spectra between sample B and the microcrystal sug-
gests that samples produced by MFD are amorphous.

In the fluorescence spectrum obtained for the micro-
crystal (curve C, Fig. 7a) produced by a slow crystalliza-
tion (Liao et al. 2013), there is a red shift (24 nm) com-
pared to the main band at 523 nm for the Adambodipy in
solution. The band at 547 nm can be attributed to the crys-
talline structure of the Adambodipy. The band at 573 nm is
characteristic of the crystal, and we know from polarization
experiments that it is the superposition of the vibrational
structure and a trapped exciton.
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The sample B prepared by MFD exhibits a main fluo-
rescence band at 539 nm and a shoulder around 570 nm.
These values correspond to the one calculated on a simu-
lated amorphous phase. This is in agreement with the fact
that the MFD preparation methods can be considered to be
a fast precipitation process.

3.2 Kinetic study of the precipitation process

The Adambodipy in the solid state has a shorter fluores-
cence lifetime and a lower quantum yield (0.9 ns and
® = 0.15) compared to that of the molecule in the organic
solution (these values being 6.1 ns and & = 0.48, respec-
tively). The decrease in the fluorescence lifetime is due to
the depletion of monomer and the precipitation process.
The decrease in the quantum yield during the precipitation
process was compensated by the increase in both the acqui-
sition time and the laser power.

A significant feature is that the width of the focused
stream containing the dyes does not increase along the flow.
Indeed, the diffusion coefficient of the particle is roughly
inversely proportional to particle size according to the Ein-
stein—Stokes theory (Kuhn and Waldeck 2009). Therefore,
the diffusion coefficient of the particles will decrease dur-
ing the NP growth process and prevent the migration across
the channel.

Figure 8 shows that at position d = 0 mm, the lifetime of
the focused stream looks homogeneous and identical to the
monomer solution flowing in and out of the capillary. The
corresponding lifetime is in accordance with the lifetime of
6.1 ns measured in the cuvette. For the next image at posi-
tion d = 1 mm, the heterogeneity appears in the diffusion
areas between the organic and the aqueous solutions, where
the precipitation process starts.

For each image, the mean fluorescence decay along
the channel is recorded. Those decays are normalized to
10* photon counts (cts.) and gathered in Fig. 9a. Accord-
ing to the figure, the average lifetime decreases along the

Qs P 13.6L/min

08y ——— RroI2
E=— Rort
0.8 pL/min
Qs —p

7 (mm)

Fig. 8 Representative fluorescence lifetime data from 3D-hydrody-
namic focusing microfluidic system. The glass microchip shown in
Fig. 2 was used here with the central flow of Adambodipy organic
solution at the concentration of 0.08 mM, Q, = 0.8 pL min~!,
sheathed by side flow of water, O, = 13.6 nL min~!. Fluorescence
lifetime images were taken at every millimeter along the channel

@ Springer

focusing flow. This can be related to the mixing of water
with the EtOH/THF mixture, which reduces the solubility
of Adambodipy and induces its precipitation.

Two regions of interest (ROIs) are shown in Fig. 8 at
the interface (ROI1) and in the middle of the flow (ROI2),
respectively. At each position along the flow, the fluores-
cence decays are collected in ROI 1 and ROI 2 separately.
All those decays exhibit the same evolution with a continu-
ous decrease in the fluorescence lifetime that can be related
to a continuous consumption of Adambodipy molecules
from solution to particles.

A principal component analysis of the data demonstrates
that three decays are sufficient to interpret the data in a
physically insightful way. The first one is the fluorescence
decay of the monomer; the second one is the fluorescence
decay of the nanoparticle. A third contribution arbitrar-
ily set to an intermediate decay associated with position
d =3 mm (as in Fig. 8) allows us to describe all the decays.
This third compound associated with intermediate con-
tribution is neither the monomer fluorescence nor the NP
fluorescence. It is attributed to the presence of nuclei or
clusters, i.e., the assembly of a few molecules with subcriti-
cal size. Their intermediate fluorescence lifetime is easily
rationalized, since lifetime can be a function of aggregate
size. Indeed the excited state (exciton) that is produced by
the absorbed photon will diffuse in the NPs and the big-
ger the NPs are, the higher the number of quenchers is in
the NPs that induces the decrease in the lifetime. When the
particle becomes large compared to the diffusion length of
the excitation, the quenching should reach a plateau.

Figure 9b shows the distribution of the three contribu-
tions along the channel at the interface (ROI 1) and in the
middle of the flow (ROI 2). The evolution of the contribu-
tion is similar with a delay of 135 ms (d = 2 mm) for the
consumption of the monomer and a plateau of the interme-
diate contribution in the ROI 1, i.e., for the diffusion area at
the edge of the focused stream.

At the interface, there is no more monomer after 70 ms,
and the intermediate at the interface remains the domi-
nant species up to 270 ms. Indeed monomers can diffuse
from the center flow. The new subcritical intermediates are
formed from the monomers, faster than they are consumed
by aggregation.

In the middle of the focus stream, the monomer con-
centration decreases slowly over the three first millim-
eters (i.e., in the first 150 ms); then, it drops below 10 %
of its initial value at 3.3 mm. From 3 mm to 4 mm (200 to
270 ms), the intermediate species dominate. In both ROIs,
they are transformed into stable NPs at 7 mm (correspond-
ing to 470 ms).

This transformation occurs at a point where there is no
more monomer available. Thus, the growth of NPs still pro-
ceeds after monomer depletion. In this last phase, species
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Fig. 9 a Normalized mean fluorescence decays according to the FLIM
images along the flow at different positions, b distribution of the three
contributions describing the decays along the channel in the ROI 1 at
the interface (dashed lines) and in ROI 2 in the middle of flow (plain
lines). Each color (marker) corresponds to a contribution: purple (tri-
angle) for the long decay (monomer)—red (circle) for intermediate
decay—green (square) for fast decay (NPs) (color figure online)

of subcritical size continue to coagulate until essentially all
particles reached a critical size.

As long as the NP size is smaller than the diffusion
length of the exciton, the number of quenchers that are able
to kill the fluorescence of the exciton will increase with
the volume of the nanoparticle. The fluorescence decays
exponentially:

I*(t) = I*(0) exp [— (kr + n(a)ko)t] (15)

where kr is the fluorescence rate, kq is the quenching rate,
n(a) is the number of quenching sites in a particle of radius

3
a. n(a) = dg (a/ ao) , where a, is the diffusion length of

the exciton and d, is the density of quenching sites.

As in theory that predicts that the nucleation and crys-
tallization rates depend mainly on the degree of supersatu-
ration, we may suggest that the concentration reaches the
minimum saturation required to generate a critical free
energy for nucleation. The COMSOL simulation will help
to estimate this critical supersaturation value.

10+ 1.2 1
(a) m Water, C (a.u.) 0.9

0.08
0.07
0.06
0.05
0.04
0.03
0.02
Adambodipy , C (mM) 0.01

-1 -0.5

(b)

n

Fig. 10 2D-axisymmetric geometry of the glass microfluidic device
and COMSOL simulations of diffusion in hydrodynamic focusing flow,
Q. =08 pL min~" and Q; = 13.6 L min~", Cpgampodipy = 0-08 mM.
Concentration distributions of water (above the x-axis) and of Adam-
bodipy (below x-axis) along the 200 pm of the channel at position 0
(a) and at position 1 mm (b). The streamline indicates the interface
between the two solutions (color scales define the value with the same
unit as the main component) (color figure online)

From the former DLS experiment, the hydrodynamic
focusing determines the quality of NP formation. The pre-
cipitation process is governed by interdiffusion of water and
Adambodipy along the channel. The diffusion of water in
the organic solution is much faster with a diffusion coeffi-
cient equal to 1.6 x 10~ m? s73, as shown by comparison
of top and bottom simulations in Fig. 10. In a first approxi-
mation, we can neglect the diffusion of Adambodipy. The
simulation of water diffusion at 1 mm (Fig. 10b) indi-
cates that the water has reached the middle of the focused
stream. Nevertheless, the percentage of the water is below
65 % atr < 10 pm, whereas for an Adambodipy concentra-
tion of 0.08 mM, this water content is expected to start the
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(b) Aliz Supersaturation (Unit:1)

Fig. 11 Comparison of real experimental FLIM imaging in (a) with
the 2D-axisymmetric geometry of the glass microfluidic device and
COMSOL simulations of Adambodipy supersaturation profile under the
same condition (b), initial concentration of 0.08 mM and with flow rate
Q.= 0.8 uL min~!, Q, = 13.6 pL min~"' along the hydrodynamic focus-
ing flow, same image as in Fig. 8. The simulated supersaturation variable
is labeled with a rainbow color scale with unit 1 (color figure online)

precipitation. As a consequence, the fluorescence lifetime
remains inside the focused stream for a long time as demon-
strated in the FLIM image (Figs. 8, 9b). At the interface for
10 wm < r < 12 pm, the high water concentration induces
nucleation and shorter lifetime (Figs. 8, 9b, 11).

3.3 The further simulation

We see on the FLIM image that the first nucleation has
already started at 0.9 mm =+ 50 um. From the comparison
of the simulation with the experiment, we can conclude
that the supersaturation range required for nucleation is
expressed as 8 < CA"%;:‘“W < 15. The simulation explains
why under these mixing conditions we do not observe the
formation of a crystalline tube at the tip of the capillary:
The supersaturation is lower than that required for nuclea-
tion to occur.

The COMSOL simulation does not include the nuclea-
tion process. The molecules are allowed to diffuse, the
supersaturation is calculated, but the precipitation process
is not included. Thus, at the onset of the precipitation, the
supersaturation is overestimated.

4 Conclusion

In summary, we have presented a three-dimensional hydro-
dynamic focusing microfluidic system to produce Adam-
bodipy organic nanoparticles (NPs) and to control the pre-
cipitation process. The results demonstrate that the NPs of
controlled size can be synthesized by varying the focusing
ratios. With a higher focusing ratio (Q/Q.), smaller nano-
particles can be produced thanks to faster and more effi-
cient mixing conditions.

@ Springer

FLIM monitoring of a microfluidic system can meas-
ure in situ the evolution of the dye in the focused flow. The
mixing of the solvents inside the channel and the study of
the crystallization process are followed from a few milli-
seconds to a second. The multi-exponential fluorescence
decay and its evolution allow the distinction between mon-
omers in solution, the emerging nanostructures and final
NPs. Combined with the dynamic light scattering measure-
ments, the size distribution of the NPs displays a dynamic
width that depends on the focusing stream.

Using COMSOL, the kinetics of the diffusion controlled
process occurring in the microfluidic device was analyzed
numerically. The simulation predicts the species diffusion
and supersaturation field and allows the quantification of
the experimental precipitation process.
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