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a  b  s  t  r  a  c  t

Microfluidic  platforms  provide  several  advantages  for  liquid–liquid  extraction  (LLE)  processes  over
conventional  methods,  for example  with  respect  to lower  consumption  of  solvents  and  enhanced  extrac-
tion  efficiencies  due  to the  inherent  shorter  diffusional  distances.  Here,  we report  the  development  of
polymer-based  parallel-flow  microfluidic  platforms  for LLE.  To  date,  parallel-flow  microfluidic  platforms
have predominantly  been  made  out of  silicon  or glass  due  to their compatibility  with most  organic
solvents  used  for  LLE.  Fabrication  of  silicon  and  glass-based  LLE  platforms  typically  requires  extensive
use  of  photolithography,  plasma  or laser-based  etching,  high  temperature  (anodic)  bonding,  and/or  wet
etching with  KOH  or HF solutions.  In  contrast,  polymeric  microfluidic  platforms  can  be fabricated  using
less  involved  processes,  typically  photolithography  in  combination  with replica  molding,  hot  embossing,
and/or  bonding  at  much  lower  temperatures.  Here  we  report  the  fabrication  and  testing  of  microfluidic
LLE  platforms  comprised  of  thiolene  or a perfluoropolyether-based  material,  SIFEL,  where  the  choice  of
materials  was  mainly  guided  by the  need  for solvent  compatibility  and  fabrication  amenability.  Suitable
designs  for  polymer-based  LLE  platforms  that  maximize  extraction  efficiencies  within  the  constraints  of

the fabrication  methods  and  feasible  operational  conditions  were  obtained  using  analytical  modeling.
To  optimize  the  performance  of  the polymer-based  LLE platforms,  we  systematically  studied  the  effect
of surface  functionalization  and  of microstructures  on the stability  of the  liquid–liquid  interface  and  on
the  ability  to  separate  the  phases.  As  demonstrative  examples,  we  report  (i)  a thiolene-based  platform  to
determine  the lipophilicity  of caffeine  and  (ii)  a SIFEL-based  platform  to  extract  radioactive  copper  from

n.
an acidic  aqueous  solutio

. Introduction

Liquid–liquid extraction (LLE), also referred to as solvent extrac-
ion or partitioning, is a method for separating chemical entities
ased on their selective affinities for one of the phases in a two-
hase system, typically an aqueous and an organic phase. Due
o its attractive characteristics such as versatility and scalability,
LE has been implemented in a variety of applications at indus-
rial scale including metal extraction [1–3] and organic synthesis
4], in various sample pre-treatment processes (e.g., purification
f biomolecules [5], ultra-sensitive measurement of analytes [6,7],

esticide analysis [8]), and in analytical applications, e.g., for
he determination of the lipophilicity during drug discovery and
evelopment [9].
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Conventionally LLE is performed in large containers at scales as
large as hundreds of liters by agitation of the multiphase mixture
followed by gravity-based phase separation and selective removal
of one of the two phases [10,11]. Vigorous agitation of the phases
is required to (1) shorten the distances that the chemicals need to
traverse by diffusion to the aqueous-organic interface; (2) mini-
mize the formation of the depletion and saturation layers on either
side of the liquid–liquid interface; and (3) maximize the contact
area. This need for agitation of the phases for efficient extrac-
tion necessitates the use of large volumes of aqueous and organic
phases, which hampers the utility of LLE for applications involv-
ing small reagent volumes (<1 mL), such as sample preparation
and/or chemical/biochemical analysis of expensive, limitedly avail-
able chemicals [12–14], and extraction of molecules occurring in
low concentrations [15,16].
To sidestep these limitations and to enable LLE at much smaller
scale, various microfluidic platforms comprised of channels with
micron-sized dimensions that use only pico- to micro-liters vol-
umes have been developed [11,15,17–34]. The small dimensions
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inimize the diffusion distances to such an extent that agita-
ion is not needed anymore. In addition, microfluidic platforms
rovide the benefits of rapid stabilization of the liquid–liquid inter-
ace, a large interfacial area to volume ratio, and amenability to
utomation [11,21]. These microfluidic platforms are also particu-
arly suitable for detailed investigation of extraction processes, e.g.,
o derive information of the kinetics of a reaction [15].

Microfluidic platforms for LLE have been developed for a wide
ange of applications, including the separation of metal ions
30,31,35,36] and the purification of DNA [37]. These microfluidic
latforms can be broadly classified into two types: (i) droplet-based
nd (ii) parallel flow. In droplet-based microfluidic LLE platforms,
roplets of one phase are controllably formed in the other phase by
xploiting the interfacial tension between the two  phases. Due to
he ability to precisely control parameters such as size and velocity
uring droplet formation [38,39], these microfluidic platforms have
een used for LLE applications, such as the study of reaction kinetics
uring metal extraction [15]. However, in applications that require
ff-chip analysis or further processing of one or both phases, the
hases need to be separated post-extraction, necessitating addi-
ional processing steps that are typically performed manually and
re time-intensive. One popular approach to separate the phases is
o collect the droplets in a larger compartment where droplets of
he same phase will coalesce, although this approach is not straight-
orward for small volumes (<500 �L) and not easily amenable for
utomation. Various methods including the use of membranes [11],
ydrophilic side channels [40], complex geometries to trap droplets
f one phase [18,19], and capillary action-assisted side channels
15] have been developed for continuous, automated phase sep-
ration with some success, at the cost of having a much more
omplex microfluidic system, often involving additional channel
urface functionalization steps.

In contrast, parallel flow-based microfluidic LLE platforms allow
or continuous phase separation, hence obviating the need to use
dditional steps to separate the phases. This separation is achieved
ecause the two phases come together in a common channel, flow

n parallel, form a liquid–liquid interface, and exit through their
espective outlets at the end of the common channel. Parallel-flow
icrofluidic LLE platforms have been used for a wide range of appli-

ations including metal extraction such as the extraction of cobalt
omplex from aqueous solution to toluene [25] and sample prepa-
ation for analyses, such as the extraction of ephedrine for gas
hromatography [41].

To date, microfluidic parallel-flow LLE platforms have been
ade using materials that are compatible with organic solvents,
ainly glass [12,21–23,35,42] and silicon [11,43–45]. However,

abrication with silicon and glass requires the use of expensive, not
asily available infrastructure, and hazardous materials [46–48].
hese fabrication-related limitations in principle can be addressed
y the development of polymeric microfluidic platforms for LLE
hat can be fabricated using less involved processes and more
asily available infrastructure. While photolithography is often
till needed to create the desired patterns, subsequent steps typ-
cally only involve replica molding, hot embossing, and bonding
t much lower temperatures. Although polymeric microfluidic
evices comprised of poly(methyl methacrylate) (PMMA) and
oly(dimethylsiloxane) (PDMS) have found widespread applica-
ion in biochemistry and biology research laboratories [49], most
olymers used for microfluidic applications are not compatible
ith organics solvents that are needed for LLE. Various polymeric
aterials have been explored for microfluidic applications that

equire compatibility with certain organic solvents, including thi-

lene [50–52], untreated fluoropolymers [53], photo-curable or
hermally curable perfluoropolyether [54–57], polytetrafluoroeth-
yene or Teflon [58], thermoset polyester [59,60], cyclic olefin
opolymer [61], Viton [62], SU-8 [63], parylene [64], polyimide [65],
ors B 190 (2014) 634– 644 635

polyvinyl(silazane) [66], and DyneonTM THV Fluorothermoplastics
[67]. However, the majority of these polymers suffer from one or
more of the following limitations that would hamper their use for
a parallel flow microfluidic LLE platform: (1) incompatibility with
a wide range of organic solvents for extended use; (2) complex,
tedious, and cost intensive fabrication (e.g., requiring an oxygen-
free environment); (3) non-amenability with rapid prototyping;
(4) challenges in inter-layer bonding to obtain leak-free devices;
and (5) challenges in interfacing of the microfluidic platform with
ancillaries. Here, we  achieve solvent compatibility and ease of fab-
rication by developing parallel flow microfluidic LLE platforms out
of thiolene, a UV-curable epoxy resin, and SIFEL, a moldable perflu-
oropolyether.

Along with material considerations, another important factor
for the optimal operation of a parallel flow microfluidic LLE plat-
form is maximizing the contact time between the two  phases. This
contact time is determined by the geometry of the microchannels,
interfacial tension between the two phases, and the interaction
of the two phases with the microchannel walls. Previously, var-
ious strategies have been explored to stabilize the liquid–liquid
interface during LLE in parallel flow, including partial surface func-
tionalization [22,24,42,68,69], placement of membranes [20] or
microstructures between the phases [17,25,32], and/or the use of
surfactants [37]. Surfactants reduce the interfacial tension between
the two  phases, which stabilizes the liquid–liquid interface, but
their use has been shown to affect the extraction kinetics and
reduce the extraction rate because of the reduction in the interfacial
contact area between the two phases [33]. Micro porous mem-
branes can be placed between the two phases fairly easily, but this
drastically reduces the liquid–liquid interfacial area, and increases
the distance across which the chemical species have to diffuse. Par-
tial surface functionalization and the use of microstructures such
as posts at the interface has been used successfully to pin the two
phases in different parts of the microchannel.

Here we will build on this prior work through a systematic
study regarding the effect of surface functionalization and the effect
of microstructures on the stability of the liquid–liquid interface
and on phase separation in microfluidic LLE platforms. To cap-
ture the various physical phenomena of importance to LLE, we
developed an analytical model to guide the design of these plat-
forms with the objective of optimizing the extraction efficiency,
and to validate the experimental observations. As demonstrative
examples of parallel-flow LLE using a microfluidic approach, we
report (i) a thiolene-based platform to determine the lipophilicity
of caffeine, and (ii) a SIFEL-based platform to extract and purify
radioactive copper from an acidic aqueous solution as found in
target processing of cyclotron-generated copper-64.

2. Materials and methods

Detailed information regarding the materials and the experi-
mental procedures used for the determination of contact angles, the
functionalization of microchannel surfaces, the study of interface
stability and phase separation, the determination of lipophilicity of
caffeine, and the extraction of radioactive copper are provided in
the supplementary information.

2.1. Fabrication of the thiolene-based microfluidic platform

Fig. 1 provides an overview of the fabrication steps employed to
create the thiolene-based microfluidic platform. Negative images

of the microchannels, inlets, and outlets of multiple microfluidic
platforms were printed on a transparency sheet using a 5080-dpi
printer (Pageworks, Cambridge, MA). Patterns of the microfluidic
platforms were transferred to an approximately 15 �m thick layer
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Fig. 1. Fabrication steps for the thiolene-based LLX microfluidic platform. The microfluidic platform pattern is created on a silicon wafer by photolithography and deep reactive
ion  etching (DRIE), followed by replica-molding to obtain a PDMS mold of the microfluidic platform. This PDMS mold is then used to transfer the pattern of microchannels
in  thiolene by pouring the liquid pre-polymer and subsequent partial curing via UV exposure. The thiolene mold is then brought in contact with a glass substrate with
pre-drilled holes at the inlets and outlets of the microchannels and bonded to the glass by prolonged UV exposure. The glass interconnects and PTFE tubing is then bonded
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t  the inlets and outlets by application of epoxy and subsequent room temperature

f SPR 220-7 (Rohm and Haas Electronic Materials) spun onto a 4′′

ilicon wafer (using G3P-8 Spin Coat by Specialty Coating Systems)
y UV photolithography and development in AZ 421K. Next, the
icrochannels, approximately 50 �m tall, were etched in the wafer

y deep reactive ion etching (DRIE, PlasmaTherm ICP-DRIE etch-
ng system) for approximately 30 min. Next, the photoresist was

ashed away with acetone and isopropyl alcohol, and the resid-
al impurities on the wafer were removed by oxygen plasma (RIE,
arch Jupiter III). The etch depth was confirmed to be within 10%

f the intended dimensions using profilometry (KLA Alphastep IQ).
he exposed silicon surface was passivated by vapor deposition of
tridecafluoro-1,1,2,2-tetrahydrooctyl) trichlorosilane under vac-
um. All the microfluidic platforms were then diced from the 4′′

afer using a diamond scriber (MTI corporation). Next, a PDMS
eplica of each microfluidic platform was prepared by pouring 5:1
:B (monomer: cross linker) PDMS on the silicon master placed
n a plastic petri dish followed by thermal curing in a convection
ven (Thermo Scientific) at 65 ◦C for 1–2 h. Then, PDMS mold with
he embossed features was removed from the silicon master using

 scalpel. Liquid thiolene, NOA 81 was poured on the mold and
apped by another PDMS block on top, followed by partial curing via
V exposure for 30–40 s. Holes were drilled into a glass substrate

Dremel 300 series drill with a 750 �m McMaster-Carr diamond
rill bit) corresponding to the inlets and outlets of the microflu-

dic platform. The thiolene device was then bonded to the glass
lide with pre-drilled holes using further UV exposure for approxi-
ately 6 min. The high gas permeability of PDMS and the inhibition

f the free radical polymerization induced via UV exposure used
o cure thiolene, in the presence of oxygen, ensured that a thin
uperficial layer of liquid thiolene remains uncured. This resulting
lm retains adhesive capabilities and enables bonding of thiolene
o glass on further UV exposure. Solutions are introduced to and
emoved from the chip using PTFE tubing (30 AWG, Cole Parmer)
hat are connected to the chip via glass interconnects. These glass

nterconnects (ID ∼ 0.7 mm,  OD ∼ 2 mm)  were glued to the holes on
he glass side using super glue (LoctiteTM) for temporary bonding
ollowed by application of epoxy glue (LoctiteTM Epoxy Quick Set)
or permanent sealing. Subsequently, the PTFE tubing was  inserted
g.

into the glass interconnects and fixed in place by applying the same
epoxy glue.

2.2. Fabrication of the SIFEL-based microfluidic platform

Fig. 2 provides an overview of the fabrication steps employed
to create the SIFEL-based microfluidic platform. Negative images
of the microchannels, inlets, and outlets were printed on a trans-
parency film using a 5080 dpi printer. The patterns were transferred
to an approximately 50 �m thick layer of photoresist (MicroChem
SU-8 2050) spun on a 3′′ silicon wafer (University wafer) using
standard UV photolithography. The exposed silicon surface was
passivated by applying a monolayer of 3MTM NovecTM EGC 1700
Electronic Coating diluted with 3MTM NovecTM DL 7100 Engineer-
ing Fluid in ratio 1:4 using a spin-coater at 1500 rpm (G3P-8 Spin
Coat by Specialty Coating Systems). This coating prevented cova-
lent adhesion of SIFEL to the silicon substrates and the photoresist.
The thicknesses of photoresist and SIFEL layers were verified to
be within 10% of the intended dimensions using a surface pro-
filometer (Dektak 3030). The SIFEL replica of the microchannels
was prepared by spin coating 1:1.5 A:B (monomer: cross linker)
SIFEL at 700 rpm followed by partial thermal curing on a digital
hot plate (Dataplate® 730 series, Barnstead Thermolyne) at 110 ◦C
for 7 min. Next, a thin layer (∼5 �m)  of 15:1 A:B PDMS was spin
coated at 3500 rpm and thermally cured at 110 ◦C. Subsequently, a
4 mil  (100 �m)  cyclic olefin copolymer (COC) sheet with predrilled
holes (Dremel 300 series drill with a 750 �m McMaster-Carr drill
bit) corresponding to the inlets and the outlets of the microfluidic
platform, was  bonded irreversibly to the top of the PDMS-SIFEL
layer after 1 min  plasma treatment of both components with a
plasma cleaner (Harrick; Settings: RF level “Hi”, and pressure of
500–1000 mTorr). The COC-PDMS-SIFEL assembly was  then heated
at 110 ◦C for one hour on a hot plate to complete curing. Next, glass
interconnects (ID ∼ 0.7 mm,  OD ∼ 2 mm)  were glued to the inlets

and outlets of the microfluidic platform using super glue (LoctiteTM)
for temporary adhesion followed by application of an epoxy glue
(Devcon® 2 ton epoxy) for permanent sealing. The assembly was
allowed to cure for 2–3 h at room temperature. Teflon tubing was
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Fig. 2. Fabrication steps for the SIFEL-based LLX microfluidic platform. Negative pattern for the microfluidic platform is created on a silicon wafer by photolithography, which
is  replicated in SIFEL via soft lithography followed by partial curing. A thin layer of PDMS is then spin-coated on top of the SIFEL layer. A cyclic olefin copolymer (COC) sheet
with  predrilled holes at the inlets and outlets of the microchannels is irreversibly bonded (plasma) to the top of the PDMS-SIFEL layer. The glass interconnects and PTFE
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dynamic viscous forces and the interfacial surface tension forces at
the liquid–liquid interface (Fig. 3(b)). The expression for the maxi-
mum  extraction length is derived using the generic expression for
the hydrodynamic resistance and hence, is valid for microchannels

Fig. 3. (a) Schematic illustration of a parallel-flow microfluidic platform, where
a  chemical entity (shown in red) is being extracted from Phase 1 to Phase 2. (b)
Cross-sectional view of the microfluidic platform, showing the balance between
ubing  is then bonded at the inlets and outlets by application of epoxy and subseq
artially cured. Finally, the COC-PDMS-SIFEL assembly is lifted off the master and b
o  irreversibly bond the two  layers.

hen inserted into the glass interconnects and fixed in place using
he same epoxy, followed by curing for 2–3 h at room temper-
ture. The whole assembly was then lifted off the silicon wafer.
oles were punched (27G1¼′′ Precision Glide® Needle B-D) at the

nlets and outlets of the microfluidic platform from the SIFEL side.
imultaneously, the substrate layer was prepared by spin coating
.5:1 A:B SIFEL at 1500 rpm onto a 24 mm × 60 mm cover slip (Fis-
herfinest Premium SuperslipTM) and partial thermal curing on a
ot plate at 110 ◦C for 10–15 min. The COC-PDMS-SIFEL assembly
ith interconnects was irreversibly bonded to the SIFEL-glass sub-

trate layer by thermal curing at 120 ◦C to complete fabrication of
he SIFEL-based microfluidic platform.

. Results and discussion

.1. Design of the microfluidic platform for LLE

In the design of a microfluidic LLE platform, several geometrical
nd operational parameters need to be considered simultaneously
or optimal performance. Three key requirements for optimal per-
ormance are: (1) parallel co-flow of the liquid–liquid interface
long the length of the microchannel; (2) clean phase separation at
he exit, i.e., minimal mixing of the phases at the exit; and (3) high
xtraction efficiency. We designed our microfluidic LLE platform to
e double Y-shaped (Fig. 3(a)). The angle between the inlet channels
and outlet channels) was designed to be 56◦ based on a previous
tudy [24], as it allows for phases to come in contact at the inlet
ith minimal turbulence and a clean separation of the phases at

he end. The stability of the liquid–liquid interface depends on the
ength of the microchannel, because the interface becomes unsta-
le beyond a certain length leading to undesired segmented (slug)
ow. Although this requirement of having a stable liquid–liquid

nterface can be achieved by using shorter channel lengths, shorter
icrochannels will reduce the extraction efficiency due to the
horter contact times. The extraction efficiency and the stability of
he interface also depend on the cross-sectional dimensions of the

icrochannels. Hence, for optimal design of the microfluidic LLE
latform, we derived two analytical expressions, one to predict the
oom temperature curing. Simultaneously, SIFEL is spin coated on a cover slip and
t in contact with the cover slip spin coated with SIFEL, followed by thermal curing

maximum extraction efficiency and one to predict the maximum
length for which the interface is stable.

First, we  derived an expression for the maximum length over
which the liquid–liquid interface is stable before breaking up in
droplets (Eq. (1)). We  will call this length the maximum extraction
length, Lext, which depends on the balance between the hydro-
hydrodynamic viscous pressures (�Pflow) and Laplace pressure (Plaplace), resulting
from surface tension. The contact angles (�1 and �2) will be not be the same for
different surfaces. (c) A split-length design for a LLX microreactor, comprising 10
extraction segments. (For interpretation of the references to color in this figure
legend, the reader is referred to the web  version of the article.)
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Fig. 4. Design maps showing contour plots for (a) maximum extraction length, Lext,
and (b) extraction efficiency length, � , as a function of microchannel half-width (w)
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ith any cross-sectional shape, whereas similar expressions
eported previously only applied to rectangular channels [32–34].

Second, we derived an expression to predict the maximum
xtraction efficiency, � , by assuming that the rate-limiting step
uring the extraction process is determined by the rate of dif-
usion transverse to the direction of flow (Eq. (2)). The value of
xtraction efficiency predicted by Eq. (2) will typically be an upper
imit, because certain additional factors that were ignored due to
ssumptions in the derivation of Eq. (2), may  very well reduce the
xtraction performance. For example, in reality the rate of extrac-
ion at the interface is typically finite, yet was assumed to be infinite
to obtain tractable equations), which may  slow down the extrac-
ion process. Details of the derivation of Eqs. (1) and (2) are provided
n Sections 7 and 8 of the supplementary information.

ext = (2�  sin(�contact − 90))/h − �Poutlet

Qaq ¯Raq-ext − Qorg ¯Rorg-ext
, (1)

 = 1 −

⎡
⎣ 1

Lextw

Lext∫
0

w∫
0

∑
n=1,3,5,...

exp−�2
nk2z sin

(
n�

2
x
)

dxdz

⎤
⎦ , (2)

here Lext is the maximum extraction length of the microchan-
el; � is the surface tension between the two phases; �contact is
he contact angle between the two phases; w is the half-width of

icrochannel; h is the height of microchannel; �Poutlet is the differ-
nce between the hydrodynamic pressures in the outlets; Qaq and
org are the flow rates of the aqueous and organic phases, respec-

ively; ¯Raq-ext and ¯Rorg-ext are the hydrodynamic resistance of the
icrochannel per unit length in the extraction zone of the aque-

us and organic phases, respectively; � is the maximum extraction
fficiency; Dext is the diffusivity of the extracting species; Uext is
he linear velocity of the phase in which the extracting species is
iffusing toward the interface

 =
√

Dext

Uext
and �n = n�

2w
.

qs. (1) and (2) can be used to optimize the design of the
icrofluidic LLE platform within the constraints of application

equirements (e.g., desired extraction efficiency) and fabrication
imitations (e.g., minimum feature size). As an example, Fig. 4 shows
ontour plots, also referred to as design maps, for Lext (Fig. 4(a)) and

 (Fig. 4(b)), for developing a microfluidic platform to extract cop-
er in a water–toluene system (one of the applications discussed

ater) using microchannels of different dimensions and operated
t different flow rates. The details of the parameters used for gen-
rating the plots are described in Section 9 of the supplementary
nformation.

Fig. 4(a) shows that larger channel widths enable the use of a
ider range of flow rates. The reason the channel width influences

he range of allowable flow rates is that high operating back-
ressures, which can occur in lower width channels, can destabilize
he interface by exceeding the Laplace pressure. Fig. 4(b) shows that

 combination of higher flow rates and larger channel widths lead
o lower extraction efficiencies. Although the extraction efficiency
an be increased by decreasing the flow rate (increased contact
ime), a lower limit to the flow rate is imposed by the interfa-
ial or Laplace pressure [33], which again has to be balanced by
he hydrodynamic flow pressure to avoid breakup of the parallel
ow pattern into a segmented flow. Alternatively, the contact time
an be increased by increasing the length of the microchannel, but
s explained above, this length has a maximum as determined by

q. (1). To avoid the parallel flow pattern breaking up by using a
ow rate that is too low or by using a channel that is too long, a
plit-length design (Fig. 3(c)) can be used, in which the length of
he individual segments is smaller than the maximum extraction
and aqueous flow rate (Qaq). The contour lines for extraction length vary from 1 to
7  mm in increments of 1 mm,  while the lines for efficiency vary from 75% to 95% in
increments of 5%.

length. Previously, silicon- and glass-based microfluidic configu-
rations have been reported for parallel flow extraction that use
microstructures, including posts, micro pillars, or partitions at the
interface to stabilize the liquid–liquid interface [17,32]. Although
these strategies were effective in stabilizing the liquid–liquid inter-
face, these structures effectively reduced the extraction length, and
these platforms contain features with smaller than 5 �m dimen-
sions, which generally are more challenging to fabricate than the
∼100 �m channels used in the split-length design studied here,
especially in certain materials such as flexible polymers [70].

The gap between the microstructures and the size of the
microstructures determine the contact time, and the time dur-
ing which the two  phases are not in contact with each other. The
throughput of the split-length design is comparable or higher than
those of previous platforms [17,32]. In prior platforms, integration
of microstructures at the liquid–liquid interface typically reduces
the contact area by at least 50%, more typically by 75+% [17,32]. In
the specific split-length design used in this study, the liquid–liquid
interfacial area has been reduced by 50%, but the segments that sep-
arate the individual contact areas in principle can be reduced in size
so that the liquid–liquid interfacial area is reduced by 25% less. We
used Eqs. (1) and (2) to predict optimal microchannel dimensions
and operating parameters for the microfluidic LLE platforms and
we experimentally tested interface stability and phase separation
for different microfluidic platforms (see Section 3.3).

3.2. Material choice for microfluidic LLE platforms

Thiolene and SIFEL were chosen on the basis of their excel-
lent resistance to a wide range of organic solvents, including
hexanes, toluene, and n-octanol, and minimally swell on pro-

longed exposure [56,57,71]. Particularly, SIFEL was  also chosen
due to its inert nature [57]. Both materials have been used
previously for microfluidic applications, although using different
fabrication procedures than presented here, to develop organic
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olvent-compatible microfluidic platforms [50,52,56,57,71,72]. A
ew examples have been reported where SIFEL or thiolene based

icrofluidic chips have been used for applications involving mul-
iphase flow [56,71–73]. Here, we demonstrate the application of
hese materials for parallel-flow microfluidic LLE platforms by co-
owing immiscible phases together, which has not been exploited
ith polymer-based microfluidic platforms to date.

Thiolene and SIFEL-based microfluidic platforms can be fab-
icated via replica molding from a master pattern, which makes
he fabrication process amenable for rapid prototyping. We  fabri-
ated the thiolene-based microfluidic platform by first etching a
attern into a silicon wafer to obtain a primary master that are
hen replicated in PDMS molds with very smooth surfaces. (Creat-
ng identical primary masters via patterning of photoresist does not
rovide the required, less than 1 �m variation in flatness of the sur-
aces.) These PDMS molds then served as the master for the creation
f the thiolene-based platforms via replica molding. Both the pri-
ary silicon master and the PDMS replica can be used repeatedly

o multiple thiolene replicas can be obtained rapidly. While cre-
tion of the thiolene structures required a very flat master, the SIFEL
tructures could be obtained by direct replication of a photore-
ist based master. Complete thiolene-based microfluidic platforms
ere obtained by bonding the thiolene replica against a glass slide

y UV exposure. SIFEL-based microfluidic platforms were obtained
y thermal curing of a SIFEL replica against a SIFEL-covered glass
lide. Next interconnects were mounted on the inlets and outlets.
hen, we exposed these microfluidic platforms to organic solvents
or prolonged duration (at least 2 h) to confirm leak-free operation.
he platforms exhibited minimal or no swelling upon exposure to
olvents such as octanol and toluene which further ensured the
ompatibility of the SIFEL- and thiolene-based platforms with the
rganic solvents of interest.

.3. Interface stability and quality of phase separation

Since stability of the liquid–liquid interface (i.e., no droplet for-
ation) and ideal phase separation (i.e., no mixing of the phases at

he exit) are critical for the operation of parallel-flow microfluidic
LE platforms, we initially tested them for these two  phenomena.
ased on the analytical model, we first designed a microfluidic
latform, comprised of a single, short channel, with an extraction

ength (Lext) of 4 mm,  a channel height (h) of 50 �m,  and a chan-
el width (2w)  of 200 �m (i.e., half channel width “w” = 100 �m in
ig. 4). We  chose Lext to be 4 mm as the value is an intermediate
alue between the minimum and maximum values for extraction
engths that we estimated from the design maps (Fig. 4(a)). For the
hannel width, we picked the maximum value in the design map,
ecause a larger width enables the use of a wider range of flow rates,
hich in turn provides more flexibility to achieve optimal extrac-

ion efficiency. A channel height of 50 �m was chosen, which is
arger than the channel heights used in previously reported silicon
nd glass parallel-flow LLE platforms [12,16,17,22,41]. According
o the model larger heights can be chosen, which is advantageous
s it increases the area of the liquid–liquid interface.

Initial testing for interface stability and quality of the phase
eparation was performed with the thiolene-based microfluidic plat-
orms (experimental details in Section 4 of the supplementary
nformation). As predicted by the analytical model (Eq. (1)), we
bserved a stable liquid–liquid interface when water–toluene and
ater–octanol systems were used. Obtaining a stable liquid–liquid

nterface in a short, 4-mm long channel is advantageous com-
ared to other methods used for stabilization of the liquid–liquid
nterface that use microstructures [17,32], membranes [11,28],
r surfactants [37], with respect to fabrication amenability and
ersatility. As explained above, the need to balance the hydro-
ynamic and surface tension forces (Fig. 3(b)) to ensure parallel
ors B 190 (2014) 634– 644 639

flow imposes a constraint on the channel length (see design maps,
Fig. 4(a)). To achieve the larger liquid–liquid interfacial area needed
to achieve the desired level extraction, multiple short channels can
be arranged in series by using the split-length design (Fig. 3(c)),
introduced in Section 3.1.

Although we observed a stable, parallel two-phase interface
along the length of the microchannel, separation of the phases into
the two outlet channels was not ideal, i.e., one of the phases leaked
into the other at the exit. This phenomenon can be attributed to
preferential wetting of the microchannel surfaces by one of the
phases, resulting in leaking of that phase into the outlet of the other
phase. For example, in the case of the thiolene-based microflu-
idic platform, all surfaces of the microchannels, both thiolene and
glass, are hydrophilic, so water tends to leak into the outlet of the
toluene phase. Previously, this issue has been overcome for glass-
based microfluidic platforms via partial functionalization of the
microchannels with a hydrophobic coating, such that both phases
are guided into their respective outlets due to preferential wet-
ting of the treated, hydrophobic surfaces by the organic phase
[12,30,41,69]. Based on these studies, we applied a hydrophobic
surface coating to the fraction of the microchannel surface that
is exposed to the organic phase by flowing isooctane containing
1 wt.% of (heptadecafluoro-1,1,2,2-tetrahydrodecyl)trichlorosilane
or FDTS (a silane reagent for functionalizing the surface of thiolene
[72]) in parallel laminar flow with isooctane (experimental details:
Section 2 of the supplementary information). This partial surface
modification improved the phase separation as evidenced by the
presence of significantly lower quantity of aqueous phase in the
collected organic phase. To further improve the phase separation,
we performed the same surface functionalization protocol in the
reverse direction, by introducing the FDTS solution from the outlet.
This eliminates the possibility for the pure octane and the octane
with silane to mix  before reaching the outlet sections, where the
precision of surface patterning is crucial.

To confirm that the surfaces were functionalized to be
hydrophobic, we  performed two-phase contact angle measure-
ments on untreated and on silane-treated thiolene and glass
substrates (experimental details: Section 3 of the supplementary
information). The contact angle of a droplet of toluene submerged
in water changed from approximately 65◦ and 88◦ for untreated
glass and thiolene, respectively, to approximately 135◦ for both
after silane treatment. Similarly the contact angles changed from
approximately 82◦ and 136◦ for untreated glass and thiolene,
respectively, to approximately 140◦ for the silane-treated surfaces,
when observing a droplet of water submerged in octanol. The
treated surfaces exhibited these contact angles changes within
10 min  of silane treatment, after which they remained constant
even after prolonged silane treatment (i.e., 30 min).

As a control experiment, we also completely functionalized the
microchannel surfaces with silane and compared the quality of the
phase separation with that obtained in a partially functionalized
microfluidic platform. Surprisingly, we  observed that full function-
alization of the microchannel surfaces resulted in a better phase
separation at the outlet in terms of lower leakage of the aqueous
phase into the octane phase (vol. of aqueous phase < 5% of total
volume of the organic phase) as well as a higher reliability. This
observation seems counter-intuitive at first, as fully functionalized
microchannels are expected to behave similar to microchannels
whose surfaces have not been treated. For the un-functionalized
thiolene-based microfluidic platform, however, one of the contac-
ting surfaces is glass and the other is thiolene, each with different
wetting properties (Fig. 3(b)), whereas when all surfaces are uni-

formly functionalized with silane all the surfaces exhibit similar
wetting behavior (identical contact angles, see above). These obser-
vations were confirmed when studying the quality of the phase
separation for the SIFEL-based microfluidic platform, which is
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omprised of a SIFEL-covered glass slide and a patterned SIFEL
old, so all surfaces are identical from the onset. Also here good

hase separation between water and toluene was observed (<5%
eakage of the toluene into the aqueous phase) (Fig. 6(b)). Based
n these observations, we conclude that uniform functionalization
f all the surfaces is more important for ideal phase separation
han the confinement of the two phases by partial functionaliza-
ion. A more detailed explanation for these observations, which is
ased on the presence of wettability gradients on the channel sur-
ace at the liquid–liquid interface, is provided in the supplementary
nformation.

Another factor that determines the quality of the phase separa-
ion is the position of the aqueous-organic interface, which should
e close to the central axis of the microchannel for ideal separation.
hen the aqueous and organic phases used have different viscosi-

ies, the relative flow rates need to be adjusted in order to position
he interface at the center. The ratio of the two flow rates can be
orrelated directly to the ratio of the viscosities of the solutions
74]. We  were able to position the interface in the center of the
hannel, and accomplish good phase separation when using flow
ates of 10 and 45 �L/min for water and octanol, respectively, and
0 and 35 �L/min for water and toluene, respectively.

When we increased the extraction length from 4 to 10 mm to
ncrease the contact time between the two phases, we observed
nstabilities along the liquid–liquid interface between the phases,

hich resulting in a poor phase separation, as predicted by ana-
ytical modeling (see above). To still achieve the goal of increased
ontact time, we used a split-length design comprised of 10 seg-
ents of 1 mm  length each (Fig. 3(c)), which significantly improved

hase separation (Fig. 5(b)). The short extraction length of each
ection prevents the liquid–liquid interface from becoming unsta-
le. Thus, the split-length design enables extension of the contact
ime between two phases, while still ensuring a stable liquid–liquid
nterface and clean phase separation at the exit.

.4. Validation of the parallel flow microfluidic LLE platforms

.4.1. Determination of lipophilicity of caffeine using
hiolene-based microfluidic LLE platform

The attrition of parent compounds (PCs) during the drug devel-
pment process, for example due to poor in vivo physiological
roperties (e.g., poor pharmacokinetics and toxicity), has resulted

n the development of in vitro methods that can be used in the
arly stages of drug development for estimation of PC bioavail-
bility. Specifically, ADME parameters (absorption, distribution,
etabolism, and excretion) of a PC are determined early on in

he drug discovery process. A PC molecule’s lipophilicity is an
mportant ADME parameter that greatly influences the overall PC
ioavailability [13]. Traditionally, the lipophilicity of a molecule

s estimated by measuring the octanol–water distribution coeffi-
ient (log D) of the molecule via liquid–liquid extraction in a shake
ask, where D is the ratio of concentration in n-octanol phase to
oncentration in the aqueous buffer. Log D enables prediction of
he passive permeation of a PC molecule through the wall of the
ut, and also correlates to the permeability of the blood-brain bar-
ier and the extent to which a PC affects plasma-protein binding
9]. The traditional shake-flask method is simple to operate, but
he method is time-intensive and requires significant amounts of
C material (∼15 mg)  to obtain accurate log D values. This current
ethod precludes investigation of the lipophilicity of compounds

hat are only available in small quantities as well as of large libraries
f compounds. These issues can be overcome by using microfluidic

latforms that require low sample volumes, allow rapid interface
tabilization, minimize the use of organic solvents, and enhance
he extraction efficiency due to the advantage of high interfa-
ial area and small diffusional lengths. Here, we  validated the
ors B 190 (2014) 634– 644

thiolene-based microfluidic LLE platform for the determination of
the lipophilicity of caffeine, a model pharmaceutical compound.
The reason for choosing thiolene for lipophilicity assays is that
thiolene is compatible with n-octanol, a commonly used organic
solvent in these assays.

The extraction experiments were conducted using the split-
length design microfluidic platform with 10 mm total length,
200 �m width, and 50 �m height, fully functionalized with 1 wt.%
FDTS in iso-octane (Fig. 5(a)). Further experimental details can be
found in Section 5 of the supplementary information. The flow
rates of the octanol phase (containing 1 mM caffeine) and the
phosphate buffer (aqueous phase) that resulted in a stable aqueous-
organic interface and a clean phase separation were 10 �L/min and
45 �L/min, respectively (Fig. 5(b)).

Next we performed the caffeine extraction between the octanol
solution and phosphate buffer in three consecutive runs each with a
contact time of approximately 0.3 s, for a total contact time between
the aqueous and the organic phases of 1 s (Fig. 5(c)). The solutions
collected at the outlets after the first run where used as the start-
ing solutions for the second run. Similarly, the solution collected
at the outlets of run 2, were used for the third run. After every
run, a 20-�L aliquot of the solutions at each of the outlets was
collected and analyzed using high performance liquid chromatog-
raphy (HPLC) to determine the caffeine content in both the octanol
and the phosphate buffer phase.

We  estimated extraction efficiencies of caffeine as a function of
contact time until equilibrium was reached (Fig. 5(d)). The mean
extraction efficiency from the octanol phase to the aqueous phase
after contact times of 0.3 s (1 run), 0.6 s (2 runs), and 0.9 s (3 runs)
were observed to be 12%, 34%, and 58%, respectively. We  did not
observe any improvement in the extraction efficiency after the 3rd
run (data not shown), which implied that 58% was the equilib-
rium extraction efficiency. This equilibrium extraction efficiency
yielded a distribution coefficient (log D) value of −0.14, which
is in good agreement with the value obtained using the shake-
flask method [13]. The microfluidic platform approach required
only about 1 mL  of the drug solution, thus drastically reducing the
amount of PC needed to determine its lipophilicity, compared to the
sample quantity needed for a volume of the 50–200 mL  required
in the shake-flask method. Furthermore, phase separation in the
microfluidic setup is achieved by the parallel-flow design, whereas
an additional phase separation step based on density is needed in
the shake-flask method.

3.4.2. Extraction of radioactive copper using SIFEL-based
microfluidic LLE platform

Radioisotopes of metals (e.g., Cu-64 and Y-86) produced using a
cyclotron are crucial in nuclear medicine, for example for positron
emission tomography (PET) imaging. The production of these iso-
topes involves the irradiation of a solid target on the cyclotron
beam line, followed by dissolution of the target in aqueous acid.
The desired isotope is separated from the target material via ion
chromatography. As an alternative to this method, we  sought to
evaluate a microfluidic based LLE process for extracting Cu-64. LLE
has been widely utilized with radioisotopes, an example is the
UNEX process designed for the large-scale separation of radionu-
clides found in nuclear waste, is used to isolate radionuclides from
the acidic waste solutions [75–77]. However, with a cyclotron tar-
get run only micro to milligram quantities of the radioisotope is
produced which can be dissolved in a few milliliters of solvent.
The development of a microfluidic processing platforms offers (i)
the use of low sample volumes, eliminating the need for exces-

sive dilution; (ii) allows rapid interface stabilization; (iii) produces
much smaller amounts of organic solvent waste; and (iv) enhances
the extraction efficiency of radio metal due to the large inter-
facial area and small diffusional lengths attained in microfluidic
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Fig. 5. (a) Image of the thiolene-based split-length design microfluidic platform with the various components. (b) Optical micrograph of dyed PBS (aqueous) and octanol
( tane. T
t o stud
f ing ea
e
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m
a
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a
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n
i
p
t
e

organic) co-flowing in a microchannel fully functionalized with 1% FDTS in iso-oc
he  exit was  almost absent. (c) Schematic illustration of the reactor and solutions t
rom  octanol to PBS phase as a function of time. Contact time of the two phases dur
xperiments.

ystems. Here, we demonstrate the application of SIFEL-based

icrofluidic platform to extract radioactive copper (Cu-64) from

n aqueous solution into a toluene solution of 2-hydroxy-4-n-
ctyloxybenzophenone oxime (HOBO), which serves as a chelating
gent that selectively binds to Cu-64 metal [78].

ig. 6. (a) Image of the SIFEL-based microfluidic platform with the various compo-
ents. (b) Optical micrograph of DI water (aqueous) and toluene (organic) co-flowing

n a microchannel. The walls of the microchannels have outlined with dashes for the
urpose of clarity. (c) Schematic illustration of the microfluidic platform to study
he extraction of Cu-64 from aqueous solution to a toluene solution containing an
xtracting ligand, HOBO.
he interface was positioned along the centerline and the leakage of the phases at
y extraction of caffeine from octanol to PBS. (d) Extraction efficiencies of caffeine

ch run was  ∼0.3 s. Errors bars represent the standard error of the mean (SEM) for 4

The extraction experiments were conducted using a microflu-
idic platform with a length of 7 mm,  and channels that 200 �m
wide and 50 �m high (Fig. 6(a)). Further experimental details can be
found in Section 5 of the supplementary information. The respec-
tive flow rates of the aqueous phase (containing Cu-64 in 0.1 M
HCl, pH ∼ 5) and the organic phase (containing 10 �M HOBO dis-
solved in toluene) that ensured a stable liquid–liquid interface and
good phase separation at the exit of the microchannel were 20
and 35 �L/min, respectively. At these flow rates the contact time
of the aqueous stream was 0.21 s. A stable liquid–liquid and good
phase separation could be achieved without functionalization of
the channel surfaces (Fig. 6(b)).

We conducted four different experiments, two experiments
with a Cu-64 activity of 0.5 mCi/mL and the other two  at the
concentration of 4 mCi/mL. In each experiment we  observed that
the radioactive Cu-64 was  extracted from the aqueous phase to
the organic phase containing HOBO with very high efficiency,
often exceeding 95%. These high extraction efficiencies corrobo-
rated with estimates from analytical modeling, where we assumed
that the extraction is a diffusion-limited process. This assump-
tion is valid for the copper extraction experiments performed
here, as the concentration of HOBO is almost six orders of
magnitude larger than copper, which leads to extremely fast
reaction kinetics, and consequently the extraction is a diffusion-
limited process. A more detailed explanation on the validity of
this assumption is provided in Section 11 in the supplementary
information.

4. Conclusions

In this paper, we  reported the development of parallel-flow
microfluidic platforms for LLE fabricated out of polymeric mate-
rials. These microfluidic platforms are made of thiolene and SIFEL,
materials that are (1) compatible with a range of organic solvents
and (2) amenable to simple, low-temperature, and easily accessible
fabrication processes. Comparing the two  materials, SIFEL is chem-

ically more inert than thiolene, but more expensive. We  developed
a generalized analytical model to optimize the design and opera-
tion of the microfluidic platform to achieve maximum extraction
efficiency while ensuring that the dimensions are within the
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imitations of the fabrication methods used. The analytical model
an be used to design parallel-flow microfluidic LLE platforms for

 variety of applications. We  demonstrate for the first time that, as
ong as the extraction length is less than the analytically predicted

aximum value, the separation of the phases is more efficient
hen the two-phase interface uniformly wets the contacting sur-

aces (top and bottom surfaces in the configuration reported in the
aper). This uniform wetting behavior can be achieved by chemi-
al functionalization of the surfaces of all microchannel walls in the
ase dissimilar materials are used for their walls.

We validated the thiolene-based microfluidic platform by
easuring the lipophilicity of caffeine, and the observed the dis-

ribution coefficient was comparable to values obtained in the
iterature. Similarly, we were able to achieve high extraction effi-
iencies when using the SIFEL-based microfluidic LLE platform to
xtract radioactive copper. These high extraction efficiencies were
rimarily due to the small diffusion lengths (<100 �m),  in full
greement with predictions made with the analytical model.

Compared to existing droplet-based polymeric microfluidic LLE
latforms that require outlet channels with different wettabil-

ty to achieve phase separation [15,18,19,40], in the parallel-flow
icrofluidic LLE designs studied here phase separation can be

chieved by splitting the two phases into two identical outlet
hannels. Furthermore, the polymeric microfluidic platforms can
e fabricated using relatively simple, inexpensive methods com-
ared to those used to create similar designs in glass or silicon. One

imitation of these polymeric platforms from a fabrication point
f view is the need to functionalize the inner walls of the chan-
els in case of a thiolene-glass microfluidic platform; however, this

unctionalization is also required in microfluidic platforms manu-
actured out of glass or silicon. Another limitation of these platforms
s that counter current flow, which is typically more efficient for
xtraction compared to co-flow, is challenging to implement due
o issues with stabilization of the liquid–liquid interface. These par-
llel flow polymer-based microfluidic LLE platforms may  find use
n a wide range of applications, including extraction processes that
re constrained by low reagent volumes, sample purification prior
o chemical and biochemical analysis, and analytical platforms for
he determination of the reaction kinetics (e.g., kinetics of reactive
xtractions).
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pplication of microfluidic technologies for life-sciences and biomedical applica-
ions, and development of electrostatic valves for integrated microfluidics.
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