UNIVERSITY OF LEEDS

This is a repository copy of A microfluidic-multiwell platform for rapid phase mapping of
surfactant solutions.

White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/159972/

Version: Accepted Version

Article:

Wang, H, Khodaparast, S, Carroll, J et al. (3 more authors) (2020) A microfluidic-multiwell
platform for rapid phase mapping of surfactant solutions. Review of Scientific Instruments,
91 (4). 045109. ISSN 0034-6748

https://doi.org/10.1063/1.5144770

© 2020 Author(s). This article may be downloaded for personal use only. Any other use
requires prior permission of the author and AIP Publishing. This article appeared in Review
of Scientific Instruments, 91 (4). 045109, and may be found at
https://doi.org/10.1063/1.5144770 for published article abstract.

Reuse

Items deposited in White Rose Research Online are protected by copyright, with all rights reserved unless
indicated otherwise. They may be downloaded and/or printed for private study, or other acts as permitted by
national copyright laws. The publisher or other rights holders may allow further reproduction and re-use of
the full text version. This is indicated by the licence information on the White Rose Research Online record
for the item.

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/



mailto:eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

AlP

Publishing

A Microfluidic-Multiwell Platform for Rapid Phase Mapping of Surfactant
Solutions

Haoyu Wang,'*® Sepideh Khodaparast,® John Carroll,? Caroline Kelly,? Eric S. J. Robles,® and Jodo T. Cabral®
D Department of Chemical Engineering, Imperial College London, London SW7 2AZ, U.K.

2 National Formulation Centre, Centre for Process Innovation, Sedgefield DLI 1GL, U.K.

3 Procter & Gamble, Newcastle Innovation Centre, Newcastle-Upon-Tyne NEI2 9TS, U.K.

(Dated: 30 March 2020)

Measurement of the phase behaviour and (meta)stability of liquid formulations, including surfactant solutions, is re-
quired for the understanding of mixture thermodynamics, as well as their practical utilisation. We report a microfluidic
platform with a stepped temperature profile, imposed by a dual Peltier module, connected to an automated multiwell
plate injector and optical setup, for rapid solution phase mapping. The measurement protocol is defined by the temper-
ature step AT =T; — T (< 100 °C), volumetric flow rate Q = AV /Ar (< 50 pL/min) which implicitly set the thermal
gradient AT /Ar (~0.1-50°C/min), and measurement time (which must exceed the intrinsic timescale of the relevant
phase transformation). Further, U-shaped microchannels can assess the reversibility of such transformation, yielding
a facile measurement of the metastable zone width (MSZW) of the phase diagram. By contrast with traditional ap-
proaches, the platform precisely controls the cooling and heating rates by tuning flow rate, and the absolute temperature
excursion by the hot and cold thermal profile, which remain stationary during operation, thus allowing the sequential
and reproducible screening of large sample arrays. As a model system, we examine the transition from the micellar
(Ly) to the liquid crystalline lamellar phase (L), upon cooling, of aqueous solutions of Linear Sodium Alkylbenzene
Sulfonate (NaLAS), a biodegradable anionic surfactant extensively employed in industry. Our findings are validated

with quiescent optical microscopy and Small Angle Neutron Scattering (SANS) data.

I. INTRODUCTION

Liquid ‘formulations’ are ubiquitous in personal and home
care, oil and lubricants, foods, coatings, agri-chemical and
pharmaceutical industries,'"® and generally comprise several
components (surfactants, polymers, colloids, etc.) exhibiting
complex phase behavior and metastability. Mapping the phase
behaviour of such mixtures is intrinsically challenging due to
their large parameter space, and the variety of so-called ‘fail-
ure modes’ which can include demixing, precipitation, crys-
tallisation, gelation etc. Conventional measurement methods
of temperature-composition phase boundaries generally rely
on imposing a temperature change of a sample solution of
prescribed composition at a constant cooling or heating rate
(AT /Ar) and on the detection of the relevant phase change
through optical (e.g. turbidimetry, scattering, microscopy), il-
lustrated in Fig. 1, or rheo-mechanical methods.

The rate-dependence of phase changes, as well as the large
compositional parameter space, renders conventional meth-
ods rather challenging for formulations, requiring long exper-
imental times. A single concentration is typically measured at
several cooling/heating rates since these impact the apparent
detection of phase change, and a temperature-rate extrapola-
tion is normally required to approximate the thermodynamic
boundaries, e.g. liquid-liquid demixing, to a ‘zero’ rate. In
the context of crystallisation, for instance, the difference be-
tween the apparent phase boundaries detected upon cooling
and heating at a fixed rate defines the so-called Metastable
Zone Width (MSZW), between the solubility line curve and
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FIG. 1. (a) Schematic of conventional optical measurement of the
phase diagram of a formulation, e.g. a surfactant solution cooled be-
tween glass slides over a thermal stage and under reflection optical
microscopy. (b) Schematic of a temperature profile imposing pre-
scribed cooling and heating rates (%) and the detection of the ap-
parent phase boundaries, yielding a determination of a (c) Metastable
Zone Width (MSZW), as the thermal width corresponding to the
phase change (e.g. crystallisation) which is rate-dependent.

the metastability limit (or the saturation temperature and crys-
tal detection temperature). This offset and the MSZW are il-
lustrated in Fig. 1(b-c), and is strongly influenced by rate,
requiring a series of experiments for its rigorous determina-
tion.

In order to screen multiple mixtures of diverse composition
simultaneously, mutil-well plates and readers are often em-
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ployed in an industrial or high-throughput context. To minia-
turize sample volumes, 6 to 96-well (up to 384 or 1536-well)
plates, with increasing sample density and decreasing volume
(from ~2 mL to 12.5 uL), and robotic liquid handlers, are
often employed. A variety of plate readers employing as-
says including optical, spectroscopic and scattering probes
have been developed, and can be subjected to a temperature
controlled environment to estimate phase boundaries. The
use of microarrays has been demonstrated’ to investigate the
phase behaviour of polymer solutions of various composition
under uniform cooling conditions. While these approaches
are clearly attractive for large sample libraries, as those rel-
evant in formulation screening, such systems are generally
expensive, often susceptible to sample evaporation, and can
impose relatively slow temperature changes and limited ther-
mal profiles.>!! A number of analytical solutions'? are com-
mercially available, seeking to ‘accelerate’ formulation sta-
bility testing (e.g. under temperature storage or freeze-thaw-
cycles) to assess phase behaviour or metastability (in terms
of a ‘shelf-life’) under expected conditions of storage or us-
age. These include inclination and analytical centrifugation,'3
multiple light scattering profiling,'* automated sample chang-
ing for rheology, or calorimetry, or other conventional analyt-
ical probes, such as spectroscopy !, ultrasound,'® and electri-
cal conductivity.!”

Microfluidics. The advent of microfluidics'®!® has opened
a range of new possibilities for the handling, processing and
testing of complex fluid formulations. Microfluidics has been
employed to generate (static) arrays of droplets of prescribed
composition, enabling phase diagram measurements by im-
posing static (but spatially-varying) or time-varying (spatially
uniform) temperature fields. Shangguan et al.? reported the
phase mapping of polymer solutions upon cooling of a se-
ries of solution droplets of different concentrations stored in
a glass capillary with laser light scattering. Laval et al.?!
applied a temperature gradient to a microchip with parallel
channels for the screening of solubility diagrams. The droplet
composition was same in each channel but varied in different
channels such that, by imposing a temperature gradient along
the channels, the phase boundary could be detected within
the microchip. Several microfluidic platforms (often fabri-
cated in polydimethylsiloxane, PDMS) have been exploited
to study the phase behaviour of complex mixtures,>>>® ex-
ploiting droplet microfluidics and evaporation or water perme-
ation in PDMS for selected aqueous systems. In this context,
static or ‘gentle’ flow conditions are employed to eliminate
flow-induced perturbations,?* 23 to otherwise quiescent phase
behavior measurements. In the field of molecular biology,
temperature cycling in microfluidics has been implemented
to carry out polymerase chain reactions (PCR) for high effi-
ciency DNA amplification with minute sample volumes.?3°

A novel microfluidic platform and model system. Inspired
by advances in microfluidics and PCR, here we report an inte-
grated microfluidic platform for rapid phase mapping of liquid
formulations exposed to thermal gradients under flow. The
system consists of a microfluidic device subjected to a ther-
mal gradient along the flow direction, connected to a multi-
well plate from which distinct compositions are convected se-

quentially and measured optically. The non-trivial features of
our approach arise from the coupling between the flow veloc-
ity of sample plugs and the static temperature profile which
(dynamically) defines the temperature ramp, and from the use
of U-shaped microchannel designs capable of temperature cy-
cling and a facile measurement of the MSZW in exception-
ally controlled conditions. For this demonstration, we employ
a micellar surfactant solution and map its phase behaviour
as a function of concentration and temperature. We select a
commercially significant, biodegradable, anionic surfactant,
namely Sodium Linear Alkylbenzene Sulfonate (NaLAS)!
for our study, and focus on the transition from the micellar
phase (L) to the lamellar phase (L), forming multilamel-
lar vesicles (MLV)?? upon cooling. We evaluate the plat-
form employing segmented flows of NaLAS/water mixtures
and benchmark our rapid phase mapping and MSZW results
with conventional optical microscopy and SANS data. Vari-
ous potential modes of operation and their relative merits are
then discussed.

Il. DESIGN OF THE PLATFORM

The platform consists of a custom-designed (A) thermal
stage, (B) microfluidic chip, (C) optical diagnostic setup, and
(D) automated sampling unit, illustrated in Fig. 2. The mi-
crofluidic chip is placed atop the thermal stage and solutions
of prescribed concentration are convected into the microde-
vice by withdrawal from a multiwell plate equipped with xyz
displacement and a fine nozzle, using a syringe pump. Auto-
mated image analysis is carried out as various solution com-
positions are convected along the thermal gradient profile.

A. Thermal stage system

The thermal stage system is a customized dual Peltier
module system developed in collaboration and fabricated by
Linkam Scientific. The Peltier stages (4 cm x4 cm, nickel
coated) are arranged side by side, separated by an 8 mm gap,
whose temperature can be individually computer-controlled
within a temperature range of -40°C to 120°C, and 0.01°C
precision. These are generally kept at fixed (but distinct) tem-
peratures, which can be altered at a cooling/heating rate of up
to 30°C/min. The system is fully enclosed and the top cover
has a large transparent glass window (4 cm x 8 cm) which
seals the stage while enabling optical imaging (or scattering).
Lateral ports for microfluidic tubing (inlets and outlet) and
purge gases are available.

B. Microdevices

The two microchips demonstrated in the current work, with
straight or U-shaped channels, were lab-made using frontal
photopolymerization (FPP)33 of a thiolene resin (NOASI,
Norland optics) with a photomask, between 1 mm-thick glass
slides. The microchannels are 1000 um wide and 400 um
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FIG. 2. (a) Schematic of the system including a multiwell plate mounted onto two horizontal (xy) moving stages and a microchip (straight
and U-shaped microchannel) placed onto the dual temperature stage. A syringe continuously withdraws samples from the multiwell plate via
a vertical (z) moving stage connected through the microchip. (b) Image of the open and enclosed setup, with optically transparent window for

inspection in both transmission and reflection modes.

deep with length of 6 cm and 13 cm for the straight and U-
shaped channels, respectively. A diamond tip drill bit was
used to drill two holes on the top slide. The UV-curable
resin was exposed for 90 s using a 365 nm UV Lamp (Om-
niCure S1500) at 5 mW/cm? intensity, yielding a dose of 0.45
J/em?. The unexposed liquid thiolene within the channel was
removed by flushing with ethanol and (briefly) with acetone.
The chip was then post cured for another 15 min at the same
intensity. A nanoport (Upchurch N-333) was then attached to
each hole with two-part liquid adhesive (Araldite Rapid), and
connected to tubing PEF tubing (Cole-Parmer, o.d. 1/16 in.,
i.d. 1/32 in.) and to a high-pressure syringe pump (Harvard
PHD Ultra 4400) via the metal syringe (Harvard 20 ml Stain-
less Steel Syringe with 1/16 inch SWAGELOK) on the outlet.
The microchip is placed in conformal contact onto the pol-
ished Peltier stages, across the 8 mm gap, and clamped into
position.

To characterise the thermal profile of the system, detailed
measurements and numerical simulation of thermal profile
across the microchannel were carried out and compared in
Fig. 3. The surface temperature of the two Peltier elements
was set to 40°C (hot side) and 0°C (cold side) and multiple
thermocouples were bonded along the microchannel between
the glass slides to assess the temperature gradient in depth (z)
and in-plane (xy), over the thermal stages. The temperature
profile was found to be flat toward the external boundaries
of the hot and the cold stages and exhibit a sigmoidal profile
between the two modules with a largely linear profile across
the gap. Non-linear recessed regions can be observed near
the edges of the Peltier elements, associated with the lateral
heat conduction along the microchannel glass plates and plas-
tic matrix. Simulations were carried out with the open source
CFD software package, OpenFOAM, to calculate the temper-
ature profile along the microchannel (in the presence and ab-
sence of flow) and compared with experiment, to enable the

rapid computation of thermal profiles under various flow con-
ditions. At these flow rates (1-15 uL/min), corresponding to
average flow velocities of v ~40-600 um/s, the flow induced
thermal offset is modest, yielding equilibration times below
~1 s (estimated from Ax, f /v at 15uL/min).
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FIG. 3. Comparison of the numerical simulation (solid lines) at
different flow rates (indicated) and experimental measurement (full
squares, quiescent) of the temperature along the microchannel in the
centre of the 1+1 mm thick glass microchip placed atop the thermal
stages set to 40°C and 0°C. The position along the microchannel, x,
is defined as the distance of the inlet, and the 8 mm gap is centred
at position x=30 cm. The temperature profile of the microchannel
at two points, A (on the top of thermal stage) and B (in the gap) at
5 uL/min across the height of the channel is illustrated in the sub-
figure. The temperature variance between the bottom (close to ther-
mal source) and the top is less then 0.2°C.
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C. Optical microscopy

A homemade tube reflecting microscope is used for opti-
cal detection, comprising a Mitutoyo M plan 5x long work-
ing distance objective, Mitutoyo to C-mount adapter, infinity
corrected tube lens (Thorlabs, TTL165-A), a broadband beam
splitter cube (Thorlabs, BS013), in-line LED light source
(Thorlabs, M530,L3), and a digital camera (Basler acA2000-
165um). The optical setup provided a spacial resolution of 1.4
um per pixel. The microscope is mounted on an xyz manual
linear translational stage (Thorlabs, XR25C).

D. Automated sampling unit

The sampling unit consists of a multiwell plate (Costar),
xyz stages, and a syringe pump. For the demonstration here,
standard 48 or 96 sample plates were employed, and mounted
onto two orthogonal (xy) motorized linear translational stages
(Thorlabs, DDSM100). A vertically moving (z-axis) motor-
ized linear translational stage (Thorlabs, PT1-Z8) connected
to a needle tubing assembly (1/16", length ~ 30 cm) is con-
trolled by DC Servo Drivers (Thorlabs, KBD101) together
with the xy stages via LabView using Thorlabs Kinesis® soft-
ware. A Harvard PHD 2000 Advance syringe pump is used to
continually withdraw liquid samples from the multiwell plate
through the microchannel. At every step, the xy stage moves
the multiwell plate such that the relevant sample well is placed
under the aspiration assembly and the z-stage is then activated
to dip the needle tubing and withdraw a prescribed volume
of solution. Between each sample aspiration and xy-z dis-
placement step, an air plug is introduced into the tubing, thus
compartmentalizing each sample. As a result, a series of sam-
ple plugs are sequentially loaded into the microchip from the
multiwell plate using a single syringe pump. This protocol can
be trivially modified to include a ‘wash’ step between sample
loading, as described below.

Ill.  EXPERIMENTAL PROCEDURE

For the model system employed here, NaLAS/water micel-
lar solutions at <30% mass fraction surfactant concentrations,
the phase boundaries are within 0-40°C according to previous
studies.’>* We therefore set the dual Peltier stages at 40°C
on the inlet side (corresponding to homogeneous L micellar)
and 0°C on the outlet side (mixed L;+Ly(MLV) phase) and
creating a thermal gradient along the microchannel spanning
these values. The temperature of the microfluidic system is
allowed to reach steady state before phase mapping.

The withdrawal flow rate sets both the timescale of the mea-
surement of phase change and the temperature profile (cool-
ing ramp) experienced by the fluid during convection across
the microfluidic system. Typically, a value of 5 uL/min (de-
tailed in the next section) is employed, in order to exceed the
intrinsic timescales associated with the instability and its op-
tical detection (~150 s for this system). Further, possible
device contamination from the analysis of multiple samples

of distinct composition must be considered, and is largely
mitigated by three steps in sample loading. By segmenting
the flow, sample plugs are sequentially loaded with air plugs,
cross-contamination is minimised; a wash step (with a misci-
ble fluid, such as pure water, or an immiscible ‘displacement’
fluid) is also assessed; finally, surfactant samples are loaded
into the microchannel in increasing order of concentration.
The relative efficiency of these protocols is examined below.

Images of the microchannel at the temperature gradient
were captured at an integration time of 10 ms in optical re-
flection mode, as a function of composition and flow rate,
and batch processed in Imagel to determine the light inten-
sity profile along the channel direction. Images were first split
into 2048 columns (normal to flow direction) and the aver-
age light intensity of each column was automatically com-
puted. The phase transition from the micellar L; to the lamel-
lar MLV phase results in a measurable reduction in light in-
tensity, from which the location (and corresponding temper-
ature) of the phase transition can be obtained. We define a
variation of light intensity greater than 2 % between consec-
utive columns to signify the onset of phase change. Relative
light intensities were computed pixel by pixel as Loy, = /1 jear
where 1., is the light intensity of the sample in the micellar
(homogeneous) solution.

IV. RESULTS AND DISCUSSION
A. Identification of phase boundary

The micellar to lamellar phase transition of NaLAS aque-
ous solutions (<30 wt%) results in the formation of micron
sized multilamellar vesicles (MLVs) that coalesce and ap-
pear as darker features in optical microscopy. Detection of
phase change can thus be carried out by the identification
of sparse particle-like features in the microchannel. Repre-
sentative images of the phase change location of five differ-
ent NaLLAS solutions, from 22.5% to 24.5% in increments
of 0.5%, are presented in the Fig. 4. By contrast with bulk
transitions, these nucleation events have low density and yield
a mixed MLV-micellar phase with prescribed fractions. The
microchannel position (x, indicated below) corresponds to a
specific temperature (indicated above), as detailed in Fig. 3
based on experimental and simulation results. The location
where phase change is first observed evidently varies with
composition. Significantly, a relatively high optical magni-
fication is required for their accurate detection, and therefore
phase boundaries cannot be correctly identified using a wide
field of view, low magnification optical (e.g. imaging) sys-
tem. Microchannel position, illumination and imaging set-
tings are kept constant during an experiment to enable correct
background subtraction and reduce noise during image anal-
ysis. The quantitative analysis of the optical data shown in
Fig. 4, is presented in Fig. 5(a) where the light intensity
profile along the channel is plotted for five NaLAS aqueous
solutions. To improve statistics data are averaged vertically,
normal to channel position (i.e. along the y-direction) and
normalized to 100% relative intensity, corresponding to the
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transparent micellar phase. The position x where the reflected
intensity drops (corresponding to MLV-formation) indicates
the apparent phase boundary, at the measurement time and
flow rate. Our system provides a direct correspondence be-
tween position and temperature, as shown in the top and bot-
tom axis of Fig. 5(a,b). These measurements can then be
readily plotted to define the boundary between the isotropic
micellar phase (one phase region) and the lamellar phase (two
phase region), as shown in Fig. 5(b). Upon decreasing sur-
factant concentration, the fraction of MLVs decreases and the
detection of phase change becomes increasingly challenging.
With the current optical system, NaLAS solution concentra-
tions down to 10% and ~4°C could be readily analysed yield-
ing <0.5% apparent MLV volume fraction, or projected area
fraction, as shown in Supporting Information Fig. S1.

31 Temperature (°C) 20

1)
22.5%

(I
23%

i
23.5%

NaLAS (wt%)

(V)
24% U

(V)
24.5% -

28 285 29 295 30 30.5 100um
Position in Microchannel, x (mm)

FIG. 4. Optical images of the phase change locations of selected
NaLAS aqueous solutions of different concentrations sequentially
loaded into the microchannel, along the thermal gradient at a flow
rate of 5 uL/min. The images were background-subtracted and pro-
cessed by ImageJ. The images in the coloured square boxes on the
right side correspond to higher magnifications of the squares with
the same color on the left side, where the phase transition is first de-
tected. The correspondence between position along the microchan-
nel and temperature is given in Fig. 3.

The accurate detection of phase change of the surfactant
solution upon cooling takes place after a finite time, as illus-
trated in Fig. 6. Since the microfluidic system is thermally
equilibrated and the sample equilibration time within the mi-
crochannel is very short (with respect to the flow velocity), the
sample can be considered to be thermalized with the device
(<1 s estimated from the thermal offset). This timescale is in-
stead associated with the intrinsic kinetics of the micellar-to-
MLV transformation and the time required for the liquid crys-
talline surfactant assemblies to grow to optically detectable
dimensions (>1pum) and with sufficient number density. The
relative light intensity of a 24 wt% LAS solution over differ-
ent time scales at a low flow rate (1 uL/min) is plotted in Fig.
6(a). The time of the first appearance of MLVs (and thus ini-
tial phase change) after the introduction of the sample in the
microchannel is selected as time =0 s; thereafter, the appar-
ent location of the phase transition evolves with elapsed time.

Temperature (°C) (b)

Temperature (°C)
30 28 26 2 22 20 30 28 26 24

20

One phase region

NaLAS (wt%)
8
4

Two phase region

Relative Light Intensity (%)

280 285 290 205 300 305 310 280 285 200 205 300 305 310
Position in Microchannel, x (mm) Position in Microchannel, x (mm)

FIG. 5. (a) Relative light intensity variation along channel position
(and corresponding temperature) for NaLAS aqueous solutions of
22.5-24.5 wt%. The intensity remains highest in the micellar (one-
phase) region before decreasing at the apparent phase change tem-
perature. Symbol and line colours correspond to the coloured square
boxes in Fig. 4. (b) Location and temperature where the phase
change is detected, obtained from (a), found to increase with sur-
factant concentration as expected.

The phase change position appears initially at a low tempera-
ture (~27.5 °C, t=1 s) and shifts towards the inlet side (higher
temperature) before reaching a time-invariant (or steady-state)
location along the channel position corresponding to ~29.5
°C after approximately =150 s. This time scale is also il-
lustrated in the measurement of the relative light intensity at
a fixed location in the microchannel shown in Fig. 6(b). For
this surfactant system, we find that each concentration must be
loaded for ~2.5 min to observe a stable phase transition tem-
perature (and a modest ~ 2°C is apparent after t=1 s of intro-
ducing the sample at this concentration and flow rate, shown
by the red data set in Fig 6(a)).
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FIG. 6. (a) Temporal evolution of relative light intensity of a 24 wt%
surfactant concentration along the microchannel, after first detection
of phase change at flow rate of Q=5 pL/min, indicated by the red data
set. The phase change location evolves with time before reaching a
static position after 150 s (discussed in the text). (b) Quiescent mea-
surement (i.e., in the absence of flow) of the relative light intensity
at a reference phase change location (x=28.3 mm) over time. The
intensity starts to decrease at 150 s which corresponds to the time
scale measured in (a), associated with MLV formation under these
conditions and the finite spatial resolution and contrast of the setup.

B. Metastable zone width

We next explore the role of the flow rate and direction of the
thermal gradient in the detection of phase change. In particu-
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lar, we consider its effect in the reversibility of the transition
as a means to develop a facile MSZW estimation. Concep-
tually, an ‘excessively large’ flow rate should not allow ade-
quate thermalization of the sample with the imposed thermal
gradient, while an ‘excessively low’ flow rate might enable
thermal diffusion and the smearing of the detection of phase
change. As shown in Fig. 7, the relative light intensity of 24
wt% LAS is plotted for different flow rates in the microchan-
nel. For comparison, we include a quiescent experiment (i.e.
in the absence of flow, labelled as ‘0 puL/min’). This exper-
iment was carried out in the microchannel setup by injecting
the sample in the micellar phase, with both Peltier modules set
to Ty = T,=40°C, stopping the flow, and then equilibrating 7>
gradually to 0°C to yield the stepped temperature profile. This
dataset trace is included in Fig. 7 as an ‘equilibrium’ refer-
ence. As the flow rate decreases from 15 puL/min, the We find
that the phase change position moves towards the inlet (lower
position x, and higher temperatures). The temperature profile
in the microchannel also shifts, albeit only marginally at these
flow rates, as shown in Fig. 3. At or below 5 uL/min, we find
that the optical detection of phase change to yield invariant
temperature values. It takes ~15 s for a fluid element to travel
across the observation window at 5 uL/min, enabling reliable
measurements of the transition, while higher flow rates require
shorter image integration times. For the current system, we
find a flow rate of 5 uL/min to provide a suitable compromise
between measurement speed and accuracy.

29.5°C
= | Vo
T 100 o g & @ v, 4 -
2 { NN
RN N
@ 98- METOAIN 3
b= v. %
:_-:' \ o :3\
< ° AR
2 96+ Toet
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FIG. 7. Relative light intensity of 24 wt% NaLAS sample flow-
ing at different flow rate (indicated) along the microchannel. The
phase change location (and thus temperature) is unchanged for the
lower flow rate (<5uL/min) and moves toward the colder direction
at higher flow rate. The temperature profile does not change appre-
ciably for these rates, as shown in Fig. 3.

The asymmetry of the phase change temperatures upon
heating and cooling results in the metastable zone width
(MSZW) for these surfactant solutions, whose value is rate
dependent and of great practical importance, often measured
by the so-called ‘polythermal’ method. In our system, cool-
ing (or heating) rate, AT /At, is dictated by the temperature
difference between the thermal stages and the flow rate of the

(a) Flow Rate (uL/min) (b)
0 5 10 15 20 25 30
404
Heating Heating _ _ =
—o--a T - .
301 S T T
[ -t -
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Cooling Cooling
04 Microfiudics Static
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Cooling/Heating Rate (°C/min) Cooling/Heating Rate (°C/min)
FIG. 8. Metastable zone width (MSZW) determination for a 20 wt%
NaLAS solution measured by the (a) microfluidic and (b) conven-
tional static method, as a function of cooling/heating rate. The blue
line marks the appearance of MLVs from the micellar phase upon
cooling (in microfluidics, corresponding to flowing from high to low
temperature), while the red line indicates complete dissolution of
L back to micellar phase (from low to high temperature). The mi-
crofluidic heating/cooling rate are set by the temperature difference
between two stages and flow rate.

sample. Specifically, it is product of two terms: (i) the tem-
perature difference between hot and cold stages AT /Ax and
(i) the flow rate that subsequently determines the fluid ve-
locity Ax/At = Q/A, where Q is flow rate and A the cross-
sectional area of the channel, assuming plug flow. We thus
obtain AT /At = (AT /Ax) x (Ax/At). For a fixed AT, increas-
ing Q increases the cooling/heating rate and thus changes the
apparent MSZW. To expedite MSZW measurement, we em-
ploy a U-shaped microchannel, illustrated in Fig. 2(a). Keep-
ing the dual temperature stage at 40/0°C, we investigate a 20
wt% NaLAS under this configuration by varying Q, whose
results are shown in Fig. 8(a). The blue line represents the
change from micellar L; to MLV lamellar L, phase as the so-
lution is convected from high to low temperature, while the
red line indicates the reverse trajectory. When the solution
travels from high to low temperature, Fig. 7 exhibits the same
critical flow rate as in Fig. 6. At higher flow rate (>5 uL/min),
and thus higher cooling/heating rate, the apparent MSZW be-
comes wider. A quiescent measurement of MSZW carried
out on the same LAS solution (by placing the sample within a
glass cuvette) and the results are shown in Fig. 8(b). The solu-
tion is cooled/heated at comparable rates as in the microfluidic
platform and observed under the microscope. The overall pro-
file coincides for both methods, showing qualitative and quan-
titative agreement for the dynamic (microfluidic) and static
polythermal MSZW measurement, however the measurement
time is considerably shorter in the former. The total polyther-
mal measurement time using the reversible microfluidic chip
is <2 h for all rates, while the conventional method requires
>10 h.

C. Validation with Optical and SANS measurements

In this section, we compare experimental results obtained
with the microfluidic platform with those obtained by static
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microscopy and small-angle neutron scattering (SANS) mea-
surements. The static measurements are performed as de-
scribed in Fig. 1.
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FIG. 9. Phase diagram of LAS/H;O micellar solutions, within 10-
25% surfactant, mapped with current microfluidic setup (H) com-
pared with static optical microscopy (red [J).32 At high temperatures,
optically transparent solutions comprise ~3 nm ellipsoidal micelles,
as seen by SANS at 25°C (red data, L;). Upon cooling (5°C shown),
MLVs form and coexist with the micellar phase, inferred from blue
SANS data, with a Bragg peak (Q ~ 0.2 A~1), corresponding to the
spacing between lamellar Ly, sheets (=~ 3 nm), and scattering upturn
from the overall MLV.

A phase diagram of NaLLAS/water is plotted with 32 weight
concentrations over a 10-25 wt% concentration range (below
Ly formation at ambient conditions) using current setup in
Fig. 9. The phase boundaries are obtained for cooling cy-
cles performed at the minimum rates of cooling (0.1 °C/min)
and shown by full black squares. Comparison with previ-
ous work?? (open red squares) by quiescent microscopy and
SANS provides robust validation of the method and similar
precision (~1°C). Optical microscopy images illustrate the
(isotropic) micellar and MLV lamellar phase at long times,
accompanied by static SANS measurements at 25 °C and 5
°C.

Employing conventional approaches, each solution at one
concentration is cooled down at a relatively low rate to lo-
cate the phase change temperature. For instance, to investi-
gate a temperature range between 40 to 0 °C at a cooling rate
of 0.1 °C/min requires in excess of 6 h. Often this delay is
mitigated by simultaneously imaging several, however, rela-
tively high optical resolution is needed to resolve nucleation
events or low demixed volume fractions, and thus sequen-
tial measurements are required. With the current method, as
different solution concentrations travel within the microchan-
nel subjected to a stationary thermal field, measurement times
can be significantly reduced without compromising accuracy.
The aspirated sample volume must be sufficient to enable a
steady state measurement, but generally does not have to ex-
ceed an entire channel length, such that several samples can
be simultaneously present within a channel, segmented with
an immiscible fluid (or gas, such as air, or an inert gas). The
sample plug length and flow rate effectively define the time
available for measurement, thereby placing an upper cap on

the flow rate during measurement. During the sample loading
(and possibly cleaning) step, however, this cap can be sig-
nificantly relaxed and much faster rates employed. Fig. 10
illustrates various possible operation modes. We indicate the
sample injection in ‘green’, whose maximum flow rate is ef-
fectively determined by the necessary residence time in the
microchannel to detect the instability; the flow rate of the
cleaning fluid, water in the present case, is shown in ‘blue’,
and can be much greater than that of the sample injection; fur-
ther, sample loading into the chip can also be faster, prior to
measurement. Under typical measurement conditions (of vis-
cosity and channel geometry), the maximum flow rate is not
limited by device hydrodynamic resistance. When swapping
inputs between different samples, or cleaning fluid, a short air
plug (shown in white) is also inserted in the fluid sequence.
Fig. 10(a,b,c) illustrates the variation of measurement cycle
time at fixed flow rates 5 uL/min for sample measurement and
500 pL/min for the cleaning (and loading). For instance, in
Fig. 10(b), a single measurement of one concentration takes
~5 min when 50% of the channel is filled with the solution (12
uL) at the flow rate of 5 uL/min, and thus ~150 min to exam-
ine more than 30 concentration points. Fig. 10(d) shows the
coupling between sample volume, measurement time, and cy-
cle frequency at three representative flow rates. Further to re-
ducing sample measurement cycle time, considerable paralel-
lization of measurements is evidently possible by introducing
additional channels (10-100) within the same microdevice.

(b)

500

g

H

8
H

Flow Rate, Q (uL/min)
o
8

Flow Rate, Q (uL/min)
g 3
g 8

3 B
g8 8
8
H

H
g

o
°

0 500 1000 1500 2000 2500 500 1000 1500 2000 2500
Time, t(s) Time, t(s)

500 250 10 uL/min
5 pL/min

5

Flow Rate, Q (uL/min)
g g

Sample Volume (uL)

8

5 pL/min

{a)
500 1000 1500 2000 2500 1000 2000 3000 4000 5000 6000 7000 8000
Time, t (s) Time, t(s)

ir

Air A

FIG. 10. Illustration of relative timescales associated with sampling
volume and sampling protocol. The entire microchannel length (60
mm) is indicated by the gray area. (a) 100% of the channel is filled
with solution, (b) 50% of the channel is filled with solution, (¢) 3x
the channel length is filled with solution. The flow rates in the illus-
tration are Q = 5 pL/min during measurement and Q = 500 uL/min
during sample loading and cleaning procedure. (d) The relation be-
tween volume of a single sample and the sample loading and cleaning
time with flow rate for protocols (a)-(c).
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D. Reproducibility, cleaning and contamination

To examine the suitability of flow segmentation with air
plugs (introduced between sampling of distinct compositions)
in compartmentalizing individual samples, we run a series of
measurements of the same sample concentration in alternat-
ing order, as shown in Fig. 11. The first series of mea-
surement take place in increasing concentrations (from low
to high NaLLAS content), while three selected measurements
take place in alternating order. The phase change temperature
of the different runs varies by no more than 0.5°C, in line with
the reproducibility of static measurements. We therefore con-
clude that introducing an air plug provides an adequate strat-
egy for isolating different sample compositions of this system.
However, a washing step can be trivially incorporated in this
work process (detailed in Supporting Information).
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FIG. 11. Comparison of the phase change temperature for a sample
of the same concentration (17.5 wt% NalLAS) measured in increas-
ing and alternating order of concentration. The first run is measured
in increasing order of concentration, while selected repeated mea-
surements take place in different order, indicated by the blue arrows.
All measurements were carried out at a flow rate Q = 1 uL/min and
temperature stages set at 40 and 0 °C. Repeated measurements ex-
hibit consistent results, indicating that the segmented flow approach
is effective in mitigating cross-contamination.

V. CONCLUSION

We present a microfluidic platform for rapid phase map-
ping of liquid formulations (illustrated here with a surfactant
solution) employing a multiwell plate sample library and the
sequential loading of segmented samples across a stationary
temperature profile. The platform automatically withdraws
samples from the multiwell plate employing an xy stage and
z-actuator connected to a needle tubing connected to a sy-
ringe pump via a microfluidic chip. The chip is placed into a
prescribed temperature profile which, together with the with-
drawal flow rate, defines the spatial-temporal temperature pro-
file. A commonly employed biodegradable surfactant NaLLAS
in aqueous solution was employed in the evaluation of the
platform. We report various phase mapping protocols and
discuss the implications of measurement time required to ob-
serve phase changes (with intrinsic thermodynamic and ki-
netic properties) and flow rate, as well as temperature gradi-
ent. Under the established operating conditions, the platform
yields accurate phase behaviour measurements, validated by

conventional methods, but with increased speed without com-
promising on accuracy. By employing segmented, continuous
microchannel flow, the phase change position could be pre-
cisely located spatially along the microdevice, which can then
be mapped onto a temperature scale yielding a steady-state
phase transition image. The system could map NaLAS/water
mixtures between 10-25 wt% in ~3 h unattended. By em-
ploying U-shaped microchannels, the platform could directly
probe the reversibility of a phase change by thermal cy-
cling. We demonstrate that such configuration provides facile
MSZW measurements by the polythermal method in short-
ened timescales by simply varying flow rate. Finally, paral-
lelization of the system is possible by placing multiple chan-
nels side by side along the same thermal profile and operated
by a manifold of liquid withdrawal systems, which can be
useful to further expedite measurement, explore wider com-
position phase spaces, or acquire statistics on, for instance,
activated processes such as demixing or crystallisation by nu-
cleation and growth.

VI. SUPPLEMENTARY MATERIAL

The supplementary material contains the data and discus-
sion of phase change identification at lower surfactant con-
centration and the cleaning between different concentrations
of solution.
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