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ABSTRACT: Flow-based nanoprecipitation of different solutes
via rapid mixing of two miscible liquids is a scalable strategy for
manufacturing nanoparticles with various shapes and morpholo-
gies. Controlling the size of nanoparticles in flow-based nano-
precipitation, however, is often left to empirical variations in the
flow rate ratios or the total flow rate of the two streams. In this
work, we investigate the coprecipitations of oil and polymer to
form nanocapsules via the Ouzo effect using glass capillary
microfluidics across a range of mixing conditions. In the range of
flow rates studied, the two streams mix convectively in micro-
vortices formed at the junction of the two stream inlets. Using
computational fluid dynamics simulations and glass capillary
microfluidic nanoprecipitation, we establish a relationship between
the precipitation conditions occurring experimentally in situ and the location on the ternary Ouzo phase diagram where precipitation
is taking place. We find that a key variable in the resulting average diameter of the fabricated capsules is the degree of supersaturation
experienced by both the oil and the polymer in the vortex zone of the device, showing a strong correlation between the two values.
The control over the nanocapsule size by varying the extent of supersaturation of both precipitants is demonstrated by using two oils
having distinct phase diagrams. This work provides a systematic approach to controlling the size of nanoparticles fabricated via
continuous nanoprecipitation by linking the in situ flow conditions to ternary phase diagram behavior, enabling accurate control over
nanocapsule size.

■ INTRODUCTION
Nanocapsules with a hydrophobic core surrounded by a cross-
linked hydrophilic shell have a number of useful applications in
various fields, including drug delivery, cosmetics, and food
science.1−3 The hydrophobic core of the nanocapsule can be
used to encapsulate a drug or an active ingredient, protecting it
from degradation and allowing it to be released in a controlled
manner.4 The hydrophilic shell of the nanocapsule enables
stable dispersion of the hydrophobic material in aqueous
media and thus allows various hydrophobic actives to be easily
incorporated into final products such as creams and food
products. The shell thickness can also be changed to control
the release kinetics of the encapsulated species.5

Among different methods of producing nanocapsules,
nanoprecipitation has recently emerged as a versatile technique
to fabricate nanocapsules made of various components.5−7 At
the core of nanoprecipitation lies a hydrophobic solute
dissolved in a polar organic solvent which is mixed with a
nonsolvent of the solute (typically water). The related ternary
phase diagram consists of a one-phase region where the
existence of surfactant-free thermodynamically stable micro-
emulsions has been reported,8,9 a two-phase region where
rapid precipitation and demixing of the hydrophobic species
occurs by spinodal decomposition, and a metastable nano-

precipitation region known as the Ouzo domain.10,11 Mixing of
the solute solution with the non-solvent while maintaining
concentrations bounded by the Ouzo domain induces
nucleation of the solute into nanometric droplets that are
aggregated. These droplets coarsen with time and can settle
into a metastable emulsion state having diameters of ∼1 μm or
less depending on the preparation details.9,11

Nanoprecipitation has been extended to co-precipitate an
oily solute and a polymer such that core−shell nanocapsules
form upon cross-linking of the polymer shell.5,12 The
technique relies on the alignment of the oil Ouzo ternary
phase diagram and the cloud point of a cross-linkable polymer
to ensure oil and polymer concomitant co-precipitations.6

Inclusion of a cross-linker of the polymer induces subsequent
shell solidification, even after solvent removal. A variety of oils
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and polymers have been used to fabricate core−shell
nanocapsules with this method.5−8

Nanoprecipitation is commonly carried out using batch
methods5,12,13 since small batches allow for rapid mixing of the
solvent and nonsolvent, a known requirement for the
production of uniform particles;14 however, reproducibility
can suffer between batches according to the extent of mixing,
and scaling up while maintaining consistent product quality
attributes is also challenging.15,16 It is thus imperative to
develop a continuous method of achieving nanoprecipitation in
which mixing can be performed rapidly while facilitating scale-
up. Microfluidics is a technique that permits precise control of
flow patterns and has recently been shown to enable industrial-
scale production of emulsions via parallelization.17−20 A
microfluidic device designed to favor rapid mixing of two
streams is a potentially powerful platform to allow translation
of the nanoprecipitation technique from a batch to a
continuous process. While microfluidic-based nanoprecipita-
tion to produce nanoparticles of various molecular architec-
tures has been dealt with,21−23 few studies have reported on
microfluidic co-precipitation of core and shell materials for the
continuous production of nanocapsules. Those that do24 take
an empirical approach to nanoparticle/nanocapsule fabrication
in terms of precursor concentrations, rather than quantitatively
relying on ternary phase diagrams eliminating the guesswork in
approaching the Ouzo phenomenon.9,10 Additionally, often
polymers soluble in organic solvents are precipitated12,24 so
that use of water-soluble polymers would expand the palate
and enhance the stability of nanocapsules in water-based
dispersions.
In this work, the relationship between oil and polymer

supersaturations and nanocapsule diameter is quantified via
experimental and computational efforts, linking the Ouzo
phase diagram to in situ flow conditions. The phase diagram
allows one to quantify the location of efficient precipitation
and the degree of supersaturation of the hydrophobic species
and polymer, which are key parameters in the early-stage
kinetics of the precipitation process.14,21,22,25 We report on a
system of microfluidic co-precipitation of an oil core/polymer
shell capsule using glass capillary microfluidics. The core
material, a biocompatible triglyceride mixture, Miglyol, is
precipitated from an acetone solution according to its ternary
Ouzo phase diagram, while the polymer shell, made of dextran,
is precipitated by harnessing the poor solvent quality relative to
the polymer of the oil precipitation conditions. Coaxial glass
capillary microfluidics26,27 is used because of its high solvent
compatibility. A tapered inner capillary with a desired diameter
is nested inside a larger capillary, forming two coaxial channels
through which miscible fluids can flow and mix. A range of
mixing conditions are achieved by varying the inner capillary
taper diameter and the total mass flow rate while keeping the
acetone−water mass flow rate ratio constant. Micro-vortices
are formed under the given flow conditions that enhance
mixing of the two streams. Computational fluid dynamics
(CFD) simulations are used to calculate the acetone and oil
concentrations in the device to understand the precipitation
conditions. We demonstrate that the capsule diameter can be
controlled between 100 and 280 nm by using ternary phase
diagrams and linking them to experimental conditions through
CFD simulations. Our results indicate that nanocapsule
formation and stabilization are driven by oil and polymer
local supersaturations that control the early-stage kinetics of
nucleation and growth and polymer precipitation. This work

provides insights into continuous coprecipitation for nano-
capsule fabrication by harnessing phase diagrams to inform oil
and polymer supersaturations and thus coprecipitation
conditions.

■ EXPERIMENTAL SECTION
Materials. The following chemicals are purchased from Sigma-

Aldrich and used as received: acetone (ACS reagent, ≥99.5%),
dextran from Leuconostoc mesenteroides (avg. mol wt 35k−45k),
hexadecane (99%), and isophorone diisocyanate (IPDI) (98%,
mixture of isomers). IPDI is sensitive to humidity and is thus
replaced on a regular basis (∼months). Deionized water (Barnstead
Nanopure, 18.2 MΩ cm) is used for the aqueous phase. Miglyol 812
N is graciously provided by IOI Oleo GmbH (Hamburg, Germany).
Glass capillaries are purchased from World Precision Instruments; the
outer capillary has dimensions of 2.0 mm OD/1.12 mm ID, whereas
the inner capillary has dimensions of 1.0 mm OD/0.58 mm ID.

Microfluidic Device Fabrication. Microfluidic devices are
fabricated using the methods described in prior publications.26,28

Briefly, a glass capillary of dimensions 1.0 mm OD/0.58 mm ID is
heated and pulled using a Sutter Instruments Flaming/Brown
Micropipette Puller P-100 forming a nozzle of ∼1 μm diameter
with the taper angle near the opening of ∼5°. The opening is widened
via sandpaper to either 40/60/80/100 ± 5 μm as measured via the
internal scalebar of Micro ForgeM-380 (Narishige, Japan). This
capillary is inserted into a larger capillary of dimensions 2.0 mm OD/
1.12 mm ID creating inner and outer inlets, and the capillaries are
coaxially aligned due to the narrow gap between the two capillaries.26

The device inlets are sealed off with McMaster-Carr probe needles
and 5 min epoxy (Devcon). A typical device is shown in Figure S1.
Connections are made to syringes via polyethylene tubing (Scientific
Commodities Inc.).

Microfluidic Production of Nanocapsules. Using a micro-
fluidic device having a specified inner capillary taper diameter
described above, a syringe containing a mixture of acetone, Miglyol,
and IPDI is connected to the inner capillary inlet, while a syringe
containing the dextran solution is connected to the outer capillary
inlet. The starting concentrations of Miglyol/IPDI in acetone are 8 ×
10−4/2 × 10−4 by the mass fraction, respectively, while the dextran
concentration in water is 0.1 wt %. The target final acetone mass
fraction is 0.59,5 achieved by setting the mass flow rate ratio of
acetone relative to the total mass flow rate to 0.59, yielding final mass
fractions of Miglyol/IPDI/dextran of 4.7 × 10−4/1.2 × 10−4/4.1 ×
10−4, respectively. Fluid flow rates are controlled via syringe pumps
(Harvard Apparatus). For hexadecane capsules, the starting mass
fraction in acetone is 1 × 10−3, while the dextran concentration is held
constant, and the final acetone mass fraction is set to 0.67 via the flow
ratio. Empirically, flowing the fluid with the higher flow rate through
the inner capillary results in larger vortices associated with enhanced
mixing between the streams; thus, the fluid with the higher flow rate
should be the one to flow through the inner capillary to achieve vortex
mixing. In the case of mixing fluids having a high viscosity ratio, there
is, however, a practical issue; if the higher-viscosity fluid flows through
the inner capillary, the pressure drop required to flow the fluid
increases dramatically. Common syringe pumps may not be able to
produce sufficiently high pressure to drive the fluid at such high flow
rates. If a solution with a viscosity that is significantly greater than that
of water needs to be used, a device design that enables thorough and
rapid mixing between high-viscosity-ratio fluids29 may be better suited
to enable nanoprecipitation.

Dynamic Light Scattering. Between 30 and 60 min following
sample collection, size analysis is conducted via dynamic light
scattering (DLS) (Beckman Coulter Delsa Nano C). The CONTIN
method is used to analyze the scattering pattern. The viscosity and
refractive index of the suspension are programed into the software to
adjust for the water−acetone mixture values of 1.039 and 1.3623 cP,
respectively (acetone mass fraction of 0.59). The DLS error bars are
the standard deviations reported by the software analysis (CONTIN).
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Scanning Transmission Electron Microscopy Imaging and
Image Analysis. Scanning transmission electron microscopy
(STEM) imaging is conducted using a JEOL JSM-7500F field-
emission scanning electron microscope operated in transmission
mode (TED), at an accelerating voltage of 15 kV and an emission
current of 20 μA. To prepare samples for imaging, an additional
amount of the cross-linker is added to enhance the capsule stability.
One hour after sample collection, a solution of 2 × 10−3 IPDI mass
fraction in acetone is added in a ratio of 1:4 by mass of the IPDI
solution/nanocapsule suspension, followed by mixing for 30 min. The
suspension is left at room temperature for 1−2 days followed by
drying out a small amount of the sample on a holey carbon grid (SPI
Supplies, 200 mesh copper). Analysis of the obtained micrographs is
conducted using ImageJ. Size distributions are based on 400−500
capsules per condition.
CFD Simulations. To assess the mixing conditions of the two

streams under different geometries and flow rates, COMSOL
Multiphysics is used to simulate the microfluidic platform environ-
ment. For computational simplicity, the microfluidic device is
represented in two dimensions and is assumed to be radially
symmetric about its centerline. Also, both streams are assumed to
have the physical properties of water. To model the mixing of two
streams, the transport of diluted species module is used to simulate a
generic solute originating in the inner capillary stream at a
concentration of 1 mM, while the outer capillary stream is pure
water. The solute is intended to mark this stream as the acetonic
stream. Its transport follows species mass transport, given by the
equations

· + · =cJ u 0 (1)

= D cJ (2)

where J represents the species flux vector, u is the fluid velocity vector,
c is the species concentration, and D is the species diffusion
coefficient. The diffusion coefficient of the solute is assumed to be
that of a typical small molecule, ∼10−9 m2/s. The velocity vector of
the species is taken from the velocity field of the fluids. No flux is
assumed at the capillary walls. For the flow field, the single-phase
laminar flow module is used. The following differential momentum
balance and continuity equations are solved for steady-state or time-
invariance solutions

· = ·[ + + ]pu u I u u( ) ( ( ) )T (3)

· =u 0 (4)

where ρ is the fluid density, p is the fluid pressure, I is the identity
tensor, and μ is the fluid dynamic viscosity. No slip is assumed at the
capillary walls. The built-in coarse mesh size is used.

All conditions simulated yield vortices spanning in length from a
few millimeters to tens of millimeters. The resulting acetone
concentrations, as simulated by the diluted species, within the device
are inferred across the radial dimension of the channel where the
center of the vortex is found. Since the properties of water are
assumed for the acetone stream, the resulting diluted species
concentrations present the volume fraction of the acetone stream.
To convert to mass fractions by correcting for the density difference
between acetone and the water−acetone mixture, the following
equation is used

= ( / )acetone total (5)

where ω and ν are the mass fraction and volume fraction of acetone,
respectively, and ρ is the density of either acetone or the water−
acetone mixture. The oil mass fraction at any point can then be
calculated by assuming that the mixing is entirely convective (Pe ≤ 4
× 103); thus, the oil mass fraction is the product of the initial oil mass
fraction and the local acetone mass fraction. The polymer mass
fraction throughout the device can be calculated similarly. The
resulting oil mass fractions and corresponding acetone mass fractions
can be plotted on the ternary Ouzo diagram, and the local degree of
supersaturation, S, can be determined, where S is defined as the ratio
of the local oil concentration and the binodal oil concentration at the
same acetone mass fraction. Since for the polymer used in this study,
the cloud point occurs at a constant acetone mass fraction irrespective
of the polymer mass fraction,5 the polymer’s degree of supersaturation
can be calculated as the ratio of the local acetone mass fraction to the
acetone mass fraction at the cloud point.

■ RESULTS AND DISCUSSION
The glass capillary device used for nanocapsule generation and
the mixing zone within such a device are schematically
illustrated in Figure 1. While there are numerous geometries to
choose from to efficiently mix miscible fluids, the co-axial glass
capillary geometry is used in this study thanks to its ease of
fabrication and relatively simple geometry allowing for efficient
translation to CFD simulations to enable access to
experimentally difficult to measure variables. For this micro-
fluidic platform, the three different mixing regimes between
streams have been previously identified:26 laminar regime�
mixing between streams is largely diffusive, micro-vortex

Figure 1. The top row schematically illustrates the co-precipitation process in glass capillary microfluidics, with (a) coaxial geometry and mixing
zone, (b) nanocapsule downstream of the mixing zone, and (c) cross-linked polymer shell. The bottom row shows images of (d) the microfluidic
device and the vortices that form alongside the junction with a star marking the vortex center; (e) a generic ternary Ouzo diagram alongside a
horizontal polymer cloud point showing the opportunity window of capsule formation via coprecipitation, with a star corresponding to the in situ
conditions of (d); (f) a vial with the collected sample; and (g) a representative STEM image of the nanocapsules (scale bar = 500 nm).
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regime�unsteady vortices form and mix the streams
convectively, and turbulent jet regime�turbulent vortices
mix the two streams. The transition between the different
regimes is given in terms of the volumetric flow rate ratio of
the inner capillary stream to the outer one and the local
Reynolds number at the inner capillary exit. In this work, the
flow rate ratio is set to ∼2, and the local Reynolds number
ranges between ∼25 and ∼3100; thus, the system works within
the micro-vortex and turbulent jet regimes.
For the acetone/water/Miglyol ternary system,5 the desired

acetone and oil mass fractions are set in the Ouzo domain;
induction of precipitation and the specifics of the precipitation
conditions rely on the exact location entered within the phase
diagram. The position within the phase diagram and thus the
degrees of supersaturation of both the oil and polymer are
modulated in this study by the total mass flow rate, while
keeping the stream flow rate ratio constant, and the inner
capillary taper diameter, which controls the nozzle velocity. We
hypothesize that both variables influence the vortices formed
and thus the precipitation conditions. In this work, Miglyol
droplets generated by the Ouzo effect are stabilized by co-
precipitated dextran which is subsequently cross-linked via
alcohol−isocyanate chemistry to form a shell as illustrated in

Figure 1c. The link between experimental conditions and
phase diagram interpretation is accomplished via CFD
simulations of the experimental conditions, allowing for
extraction of acetone and oil concentrations across the range
of conditions tested.
One approach to decrease the size of nanoparticles in a

microfluidic nanoprecipitation scheme is to increase the total
flow rate of the streams, keeping their ratio constant.22,30,31

Increasing the total flow rate is thought to cause the streams to
contact each other at greater velocities, thus reducing the
mixing timescale and inducing faster nucleation rates and
quicker kinetic arrest of the precipitated species. Figure 2a
plots the resulting capsule diameters across an order of
magnitude of flow rates, while the device geometry is held
constant at an inner capillary taper diameter of 60 μm. As
hypothesized, the average capsule diameter decreases with the
increasing flow rate from 266 nm at the lowest flow rate of 7.08
mL/h to 95 nm at the highest flow rate of 142 mL/h (based on
DLS). The STEM histogram size distributions are wider than
the DLS measurements (Figure 2c), as observed previously for
nanocapsules prepared via batch nanoprecipitation.32 One
possible reason for this is that DLS measurements are carried
out in acetone/water mixtures in which the polymer is totally

Figure 2. Effect of the total flow rate and inner capillary taper diameter on the average nanocapsule size. (a) Average capsule diameters plotted
against the total volumetric flow rate, keeping the inner capillary diameter fixed at 60 μm. The acetone/water stream volumetric flow rate ratio is
constant at 1.81, for a final acetone mass fraction of 0.59. Both DLS and STEM size measurements are plotted. The DLS error bars are the standard
deviations reported by the software analysis (CONTIN). The STEM error bars are the standard deviations found from measuring diameters from
STEM micrographs (∼400 objects per image). (b) Capsule diameters plotted as a function of the inner capillary taper diameter while the total flow
rate is held constant at 70.8 mL/h. The error bars are derived in the same way as in (a). (c) Representative STEM micrographs alongside
histograms and DLS intensity measurements for the conditions of (a). (d) Representative STEM micrographs alongside histograms and DLS
intensity measurements for the conditions of (b). Scale bars for (c,d) are 500 nm.
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precipitated, and thus, the shell is highly collapsed. In STEM,
the sample is deposited onto a carbon film and allowed to dry
out. During this process, the acetone evaporates much faster
than the water, and while suspended in only water, the shell
expands because of the good solvent quality. The capsule shell
could become kinetically trapped in this expanded state on the
carbon film.
In coaxial glass capillary microfluidics, aside from adjusting

stream flow rates, another variable that directly affects the fluid
mechanics is the inner capillary taper diameter. For a given
flow rate, having a smaller taper diameter yields a larger nozzle
velocity, and thus, the fluids mix in the vortices at different
rates and at differing acetone mass fractions across a range of
nozzle diameters. Here, using inner capillary taper diameters
from 40 to 100 μm with a constant total flow rate of ∼70 mL/
h (flow rate ratio ∼2) changes the local Reynolds number from
∼630 to ∼250. We thus hypothesize that the inner capillary
taper diameter can be harnessed to control nanocapsule
average diameter as well. To study the effect of microfluidic
device geometry on nanocapsule size, glass capillary devices
with a range of inner capillary taper diameters are fabricated,
with inner capillary diameters ranging from 40 to 100 μm.
Figure 2b shows how the capsule diameter changes as a
function of taper diameter at fixed stream flow rates.
Nanocapsule diameters are smallest at the smallest taper
diameter tested, 98 nm, increasing to 154 nm at the largest
taper tested (based on DLS). One could note that in Figure
2c(1),d(4), these two STEM micrographs show a bimodal
distribution of size under conditions where the larger
nanocapsules are formed. Most likely here, some polymer
chains of lower molecular weights have not precipitated, and
after drying the samples on the grid, these free chains collapse
into nanoparticles that are smaller than nanocapsules and end
up being included in the size distribution. The shell thickness
of the nanocapsules under different conditions qualitatively
does not vary because the concentration of the polymer and
cross-linker is kept constant,5 although the STEM micrographs
suggest that for smaller capsules, the shell thickness is smaller,
potentially because the polymer is distributed over a larger
number of growing oil droplets.

The relative stream flow rate ratio is another variable known
to affect the final size of a precipitated species in that it affects
the degree of supersaturation of the precipitants.5,14 Here, we
illustrate this variance by holding the acetone stream flow rate
constant with a 60 μm inner capillary taper diameter while
varying the water flow rate. These parameters effectively vary
the acetone mass fraction of the collected samples and thus
generate nanocapsules under different supersaturation con-
ditions as given by their Ouzo phase diagram.5 As shown in
Figure S2, when varying the acetone mass fraction from 0.59 to
0.50, the average nanocapsule diameter varies from about 100
to 140 nm. This trend is believed to be governed by the degree
of polymer supersaturation, as discussed further on.
To assess the generality of the trend of decreasing average

nanocapsule diameter with the increasing total flow rate and
decreasing inner capillary diameter, for each microfluidic
device geometry fabricated, we vary the total flow rate over at
least 1 order of magnitude. The same taper range of 40−100
μm is used, and the total flow rate tested varies from about 7 to
700 mL/h. Consistent with the results mentioned above, we
observe the general trend that for a given geometry, increasing
the total flow rate yields smaller sizes, and we also observe that
smaller tapers tend to yield smaller capsules in particular for
flow rates above 30 mL/h as shown in Figure 3a and in Table
S1. Standard deviations are also smaller for the 40 and 60 μm
devices used in comparison to those for the 80 and 100 μm
devices. Close to the total flow rate of 100 mL/h, the
nanocapsule diameter appears to plateau. This trend can
potentially be explained by a work that previously demon-
strated that when the mixing timescale is less than that of
polymer coalescence, the particle diameter plateaus.33 Here
too, the mixing rate may be faster than the oil coalescence
timescale, leaving the final diameter to be controlled by
polymer precipitation to the oil interface and its subsequent
cross-linking. Overall, the polydispersity parallels the work of
others in microfluidic nanoprecipitation21,26 and batch
methods for the same system5 (here, 0.047 ≤ coefficient of
variation ≤0.49).
For qualitative and quantitative understanding of the effects

that the total flow rate and inner capillary diameter have on the
fluid mechanics and the acetone fraction present in the

Figure 3. Variation of the total flow rate and inner capillary taper diameter across a wider range of flow rates and device geometries and the
resulting average capsule diameter. (a) Average capsule diameters and standard deviations (error bars) as given by DLS. (b) Average capsule
diameters and standard deviations as given by analyzing STEM micrographs (∼400 objects per image).
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vortices, CFD simulations are undertaken. Figure 4a,b shows
the simulation results for the conditions of Figure 2, showing
how the acetone fraction changes as a result of flow and
geometry variations, which is pivotal to quantifying the in situ
oil and polymer supersaturations. Identification of the center of
the vortex is important for quantifying the maximum degree of
supersaturation. This can be difficult solely based on the
acetone fraction profile, especially when the vortices span long
lengths (>10 mm). Thus, the velocity profile streamlines are
first plotted and used to clearly identify the vortex center as
illustrated in Figure 4c. We observe qualitatively that relatively
lower flow rates and larger inner capillary taper diameters yield
smaller acetone fractions in the vortex zone of the device
(which is taken to be the primary location of early-stage oil and
polymer precipitation), as seen by the change in the color of
the vortices. Having such information from CFD simulations
allows the connection to be made between experimental
conditions and the local positions on the ternary Ouzo
diagram. Convective mixing between streams is guaranteed
based on a high Peclet (Pe) number in the mixing zone, which

indicates that diffusive mixing is negligible relative to
convective mixing (Pe ∼ 4 × 103 for the slowest flow rate
used). The oil concentration in the device is given by the
product of the local acetone mass fraction and the initial oil
concentration in acetone, and the polymer concentration can
be calculated similarly, which completes the link to the ternary
diagrams.
The primary variables of interest are the degree of

supersaturation that the oil and polymer experience (the
ratio of the in situ oil concentration divided by the binodal oil
concentration or the in situ acetone mass fraction divided by
the cloud point mass fraction for polymer supersaturation) for
a given set of geometry and flow conditions. Due to the
convective nature of the mixing between streams in the vortex
zone, the vortices have a nearly uniform concentration of the
acetone and thus oil and polymer throughout their volume,
and given that the onset of nanoprecipitation is rapid, the
conditions experienced in the vortices are taken to be the oil
precipitation conditions for a given set of experimental
conditions. As a representative mapping of experimental

Figure 4. CFD simulations of the mixing conditions in the microfluidic environment. (a) Simulations of the experimental conditions described in
Figure 2a. The inner capillary taper diameter is 60 μm, and from left to right, the total flow rate is 14.2/35.4/70.8/142 mL/h while maintaining an
inner to outer stream flow ratio of 1.81. (b) Simulations of the experimental conditions described in Figure 2b. The total volumetric flow rate
remains constant at 70.8 mL/h, and from left to right, the inner capillary taper diameter is 40/60/80/100 μm. (c) Illustration of locating the center
of the vortices for quantifying the maximum degree of supersaturation that the oil experiences. The left side shows the velocity profile streamlines
calculated from the simulation showing the vortex recirculation zone, and the right side shows the acetone fraction throughout the device for the
same condition. The velocity profile informs the center of the vortex where the maximum degree of oil supersaturation is found. (d) Scalebar for
the acetone volume fraction in the device.

Figure 5. Phase diagram interpretation of average capsule size trends. (a) For the conditions described in Figure 2a (constant device geometry,
variation of total flow rate), CFD simulations are used to simulate the mixing conditions. The acetone and oil fractions are calculated at the center
of the vortex formed (Figure 4c), and the results are plotted on the ternary Ouzo phase diagram alongside the binodal, Ouzo limit, and polymer
cloud point curves. The oil degree of supersaturation (distance from the binodal curve) is determined based on the smallest acetone mass fraction
calculated across the center of the vortex formed. The corresponding polymer mass fraction and degree of supersaturation (distance from the cloud
point curve) are plotted as well. (b) For the range of conditions tested experimentally (Figure 3), the maximum degree of oil supersaturation for
each is calculated via CFD simulations, and the average capsule diameters are plotted against it. (c) Average capsule diameter plotted against the
polymer degree of supersaturation for the range of conditions studied (Figure 3).
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conditions onto the ternary phase diagram, the conditions
described in Figure 2a (constant inner taper diameter of 60
μm, variation of the total flow rate, constant flow rate ratio) are
simulated and mapped onto the ternary phase diagram (Figure
5a). For flow rates below ∼20 mL/h, the vortices are
composed of a large fraction of water (≥0.7), and hence, the
oil in these vortices experiences a greater degree of
supersaturation. However, the polymer then experiences a
small degree of supersaturation or is not supersaturated at all,
directly affecting its precipitation behavior. It is known that to
induce rapid nucleation rates and thus rapid cessation of the
nucleation stage, a high degree of oil supersaturation is
desired.14,33 Thus, a position on the ternary diagram favoring
high oil supersaturation would be desired. However, in this
system, stabilization of the precipitated oil relies on the
coprecipitated polymer to be deposited at the interface before
further (slow) cross-linking. Conditions favoring high oil
supersaturation generate low or no polymer supersaturation,
thus creating a trade-off in this system, such that a lower
degree of oil supersaturation is used to favor high polymer
supersaturation and thus faster capsule stabilization rates. The
degree of supersaturation experienced by the oil is shown to be
the greatest at the lowest flow rate tested (14.2 mL/h), in
comparison to the highest flow rate tested (142 mL/h) at
which the degree of supersaturation is the smallest, while the
inverse is true of polymer supersaturation. These results
suggest that the oil nucleation rate is greater under low-flow
conditions (total flow rate ≤20 mL/h), and thus, a greater
degree of nucleus formation and aggregation occurs prior to
stabilization by co-precipitating the polymer, which only will
occur further downstream once the acetone mass fraction
crosses the polymer cloud point. Also, a previous work5 has
shown that for dextran 40 kDa with a broad molecular weight
distribution, complete polymer precipitation does not occur
until an acetone mass fraction of about 0.45, further
compounding the coprecipitation trade-off. To generalize this
concept, Figure 5b,c shows that the coprecipitation trade-off
holds true for the range of conditions studied here; conditions

favoring higher oil supersaturation also favor lower polymer
supersaturation (or unsaturated conditions) and that the
stabilization and thus final diameter of the capsules are
controlled by the polymer supersaturation state, reliably
predicting the trend. Plotting the total flow rate as a function
of the oil or polymer degree of supersaturation shows that
these two are coupled (Figure S3), which could be overcome
by use of a micromixer enabling rapid mixing at all flow rates.
A benefit of requiring higher polymer supersaturation for
capsule stabilization is that such conditions occur at high flow
rates above 100 mL/h, aligning with fast mixing timescales
creating more uniform precipitation conditions as seen in
Figure 4a. Our work thus provides a robust and continuous
method of controlling the degree of oil and polymer
supersaturation in the steady state by varying the flow and/
or geometry conditions using a co-axial microfluidic device,
enabling the study of coprecipitation conditions both
experimentally and computationally.
We finally test the generality of our finding by fabricating

nanocapsules using the ternary system of hexadecane/acetone/
water which has a distinct phase diagram from that of Miglyol/
acetone/water,5,6 with coprecipitated dextran. A scheme like
that of Figure 2a is undertaken, in which device geometry is
held constant, and the total flow rate is varied across an order
of magnitude. The average capsule diameter changes from
about 145 to 90 nm across the range of flow rates tested as
shown in Figure 6a. Representative STEM micrographs and
corresponding size histograms of the hexadecane capsules are
shown in Figure S5. Interestingly, despite similar flow rates and
identical geometries, the average diameters of the formed
capsules appear to differ significantly, although there is an
extent of error bar overlap. To verify that the in situ oil and
polymer degrees of supersaturation for this system follow the
same trend as was shown for the Miglyol ternary system, CFD
simulations are used to simulate the mixing environment, and
the results in terms of position on the phase diagram are shown
in Figure S4. Again, we observe that larger degrees of oil
supersaturation in the mixing zone trade off with smaller

Figure 6. Comparison of hexadecane and Miglyol capsules. (a) Miglyol and hexadecane capsule diameters plotted against the total flow rate. In a
similar manner to the Miglyol capsules, for hexadecane, the device geometry is held constant with a 60 μm taper, and the total flow rate is varied
across an order of magnitude of flow rates. For hexadecane, the acetone/water volumetric flow rate ratio is held constant at 2.58 for a final acetone
mass fraction of 0.67. The error bars are the standard deviation from counting capsule diameters with STEM micrographs (∼400 capsules per
condition) (Figure S5). (b) Average nanocapsule diameter plotted against the degree of polymer supersaturation for both the Miglyol and
hexadecane systems. The error bars are derived in the same way as in (a).
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degrees of polymer supersaturation, consistent with what we
observed in the Miglyol case. The similarity between the
Miglyol and hexadecane systems is seen best when comparing
capsule diameters against polymer supersaturation as shown in
Figure 6b, where a greater degree of alignment is seen between
the two systems, thus confirming our original observation that
this coprecipitation scheme is driven by the polymer
supersaturation and interfacial stabilization.

■ CONCLUSIONS
In conclusion, this work has shown the ability to control the
average diameters of oil core/polymer shell nanocapsules that
are co-precipitated in glass capillary microfluidics via control of
the total flow rate and the inner capillary taper diameter, which
affects the degree of supersaturation that the oil and polymer
experience during nanoprecipitation. Microfluidics enables the
study of the degrees of oil and polymer supersaturation for a
precisely reproducible controlled condition. This understand-
ing of local supersaturation degrees is discussed quantitatively
based on ternary phase diagrams comprising the oil, polymer,
solvent, and nonsolvent. The link between experimental
conditions and phase diagram location is established via
CFD simulations of the conditions tested. There is a trade-off
between high degrees of oil supersaturation, desirable for rapid
oil nucleation followed by halting further nucleation, occurring
concurrently with low degrees of polymer coprecipitation that
drives its precipitation and interfacial stabilization. Addition-
ally, if the oil precipitation conditions occur below the polymer
cloud point, co-precipitation is not observed, and the droplets
are stabilized further downstream, resulting in larger nano-
capsules. By combining microfluidic technology and CFD with
Ouzo phase diagrams, we present a systematic approach to
controlling the size of nanocapsules. Future work includes
understanding the effects of flow conditions on the core/shell
size ratio, using a polymer that starts in the organic phase
alongside the oil and precipitates via water as its nonsolvent
which should remove the oil/polymer supersaturation trade-
off, use of a micromixer device to decouple mixing speeds and
degrees of both oil and polymer supersaturation, and studying
the number density of nanocapsules produced under different
conditions.
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