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Delivery of minimally dispersed liquid interfaces for sequential
surface chemistry

The authors demonstrate rapid liquid switching on a microfluidic
probe, which enables localized multi-step surface reactions.
The method is implemented using a vertical microfluidic probe,
allowing contact-free interaction with an open surface. Several
applications, including measurements of receptor-ligand
reaction kinetics are demonstrated.
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We present a method for sequential delivery of reagents to a reaction site with minimal dispersion of their
interfaces. Using segmented flow to encapsulate the reagents as droplets, the dispersion between reagent
plugs remains confined in a limited volume, while being transmitted to the reaction surface. In close prox-
imity to the target surface, we use a passive array of microstructures for removal of the oil phase such that
the original reagent sequence is reconstructed, and only the aqueous phase reaches the reaction surface.
We provide a detailed analysis of the conditions under which the method can be applied and demonstrate
maintaining a transition time of 560 ms between reagents transported to a reaction site over a distance of
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60 cm. We implemented the method using a vertical microfluidic probe on an open surface, allowing
contact-free interaction with biological samples, and demonstrated two examples of assays implemented
using the method: measurements of receptor-ligand reaction kinetics and of the fluorescence response of
immobilized GFP to local variations in pH. We believe that the method can be useful for studying the dy-
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Introduction

Delivery of multiple reagents in sequence is central in a large
number of surface biochemical assays. For example, protein
interactions and function analysis,"” cell stimulation re-
sponse, signaling and chemical communication studies,"®
and nucleic acid hybridization and immuno-assays®® all re-
quire delivery of multiple reagents to a reaction site in a fixed
order. Manual sequential delivery of reagents for multi-step
processes on conventional laboratory platforms, such as
slides or 96-well plates, is a time-consuming and labor-
intensive task. Automation (e.g. via pipetting robots) has en-
abled the wide-spread use of such assays, particularly in clini-
cal laboratories, where high throughput is required.” Increas-
ingly, microfluidic platforms are used for such applications,
as they enable the use of small sample volumes, allow indi-
vidual addressing of a higher density of reaction sites, and
provide relatively simple mechanisms for automation and
control."*"!

In microfluidic devices, the mechanical process of
switching between one liquid and another can be performed
either off- or on-chip. Off-chip switching can be performed
using multiple-position selection valves,"* solenoid valves,"
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namic response of cells and proteins to various stimuli, as well as for highly automated multi-step assays.

electromagnetic valves,'* or pressure controllers,”> and ben-
efits from the relatively high reliability of these instru-
ments, while maintaining simple fabrication of the micro-
fluidic layer as it does not need to include on-chip moving
parts. However, a major practical limitation of such systems
is that the physical distance between the switching element
and the microfluidic device results in a significant disper-
sion of the interfaces between reagents, leading to the crea-
tion of mixed zones and thus very long transition times. In
contrast, on-chip switching'®2" is able to eliminate much
of the dispersion by acting on the liquid in close proximity
to the reaction site, but requires complex and expensive
fabrication of the microfluidic device, suffers from low reli-
ability, and often limits the range of chemical solutions
that can be processed. One strategy for on-chip liquid
switching employs capillary pumps,*>**> which allow autono-
mous and passive delivery with accurate control of the se-
quence of the injected liquids and their flow rates, elimi-
nating the need for actuators. However, capillary pumps
require the design of a specific dedicated geometry for each
assay, and cannot be programmed or adapted in real time.
Another strategy for on-chip switching of liquids is integrat-
ing micro-mechanical elements such as membrane-valves
actuated by pressure.”*>* These valves allow active and flexi-
ble switching of the flow, but require multilayer soft-
lithography and the use of externally controlled pneumatic
lines.

An elegant solution to this challenge is segmented flow, in
which the homogeneous stream of reagent is converted into
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a series of discrete plugs carried by an immiscible fluid,
thus confining the interface between liquids and preventing
axial dispersion. This principle is most commonly used in
segmented-flow analysis and droplet microfluidics for
discretization of reactions, enabling multiple tests to be
performed in parallel.>>>° Chin et al*' used air segmenta-
tion to prevent dispersion between reagents delivered to a
reaction site to perform sequential chemistry. This ap-
proach is useful for a wide range of assays; however it is
not suitable for biological samples, such as live cells which
must be kept in aqueous environments to maintain their
native properties.®® This requirement was addressed by
Chen et al.,** who brought two inclined hydrophobic chan-
nels in contact with a hydrophilic surface and used water-
in-oil droplets to deliver reagents to the surface. In this
method, while the oil was not removed, the sample was
still maintained in a purely aqueous environment by utiliz-
ing a wetting layer on the hydrophilic surface, which was
continuously altered by the incoming droplets. This device
allows very rapid sample switching, but operates only on a
single reaction site, and requires a conformal physical con-
tact with the substrate.

Here we present a method which allows contact-free se-
quential delivery of reagents to a reaction surface, with a
characteristic switching time of less than 1 s. We use a
standard off-chip selection valve to switch between re-
agents, which are immediately encapsulated as droplets in
an immiscible liquid. The droplets confine the dispersion
between reagent interfaces, and are delivered to a vertical
microfluidic probe (VMFP)** - a non-contact scanning de-
vice that hydrodynamically confines liquids to a nanoliter-
scale volume between an injection and an aspiration chan-
nel at its apex. This confined flow can be brought into con-
tact with any surface to drive a reaction. In close proximity
to the apex, we implemented a passive phase-separation
microstructure that allows complete removal of the oil
phase, such that only the aqueous phase exits the chip and
reaches the reaction surface. In contrast to previous solu-
tions utilizing segmented flow to deliver processing liquids
to a reaction site, implementing this strategy together with
complete removal of the oil-phase enables operation with-
out any physical contact between the delivery channels and
the surface. The contact-free operation of the MFP prevents
perturbation of the sample on the surface and allows ad-
dressing multiple reaction sites on the surface automati-
cally. In the Theory section, we provide an analysis of the
conditions under which the method can be applied as well
as engineering guidelines for the design of such devices. In
the Results and discussion section, we characterize the
switching time between reagents, and demonstrate two ex-
amples of assays that can be implemented using the
method: measurements of reaction kinetics and protein re-
sponse to chemical stimuli. Although our focus here is on
open-surface and contact-free analysis, we note that the
method is equally applicable to reactions in more tradi-
tional closed microchannels.
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Experimental
Microfluidic devices

We fabricated the two-layer silicon-glass MFP heads using
standard photolithographic and dry-etching techniques, as
described previously.>* The geometry of the MFP channels is
provided in Fig. S1 in the ESL{ After fabrication, we coated
the channels with a hydrophobic layer by first flowing
through the channels piranha solution consisting of sulfuric
acid (MicroChemicals GmbH, Ulm, Germany) and 30% hy-
drogen peroxide (MicroChemicals GmbH, Ulm, Germany), in
a ratio of 1:3 for 5 min, followed by rinsing with deionized
(DI) water (Merck-Millipore, Darmstadt, Germany), and fi-
nally flushing the channels with a solution of 50 mM
trichloro(octadecyl)silane (Sigma-Aldrich, St. Louis, MO) in
hexadecane (Sigma-Aldrich, St. Louis, MO) for 1 min. The pi-
ranha solution activates the channel surfaces by introducing
hydroxyl groups which covalently bind to the silane mole-
cules, resulting in a hydrophobic surface.” Following the hy-
drophobic treatment of the channels, we dipped the MFP
apex in piranha solution for 2 min to ensure that the surface
that is in contact with the aqueous immersion liquid is
hydrophilic.

Experimental setup

We performed all experiments using an inverted microscope
equipped with an automated XY stage (Ti-E, Nikon Instru-
ments, Melville, NY) and an LED white light source (Sola,
Lumencor, Beaverton, OR), using a pressure regulator (MFCS-
EZ, Fluigent, Villejuif, France) connected to a selector valve
(ESS M-switch, Fluigent, Villejuif, France). We used a PEEK
T-junction (VICI, Schenkon, Switzerland) with a circular cross
section, located at a distance of 1 cm from the selector valve
for generation of segmented flow. The flow rates of the aque-
ous phase and the oil phase were 5 uL min™* and 4 uL min ",
respectively. The length of the capillary between the selector
valve and the MFP head was 60 cm, with a diameter of 125 um
(see Fig. S1 in the ESIf for detailed dimensions). We used
a motorized Z-stage (T-LSM050, Zaber Technologies, Vancou-
ver, Canada) to control the distance of the MFP device from
the surface. We used MATLAB (R2013a, Mathworks, Natick,
MA) to control the selector valve and synchronize it with the
light source. For fluorescence experiments, we used a Zyla 5.5
SCMOS camera (Andor Technology, Belfast, NIR, UK), a FITC
filter-cube (F36-525, AHF Analysetechnik, Tiibingen, Ger-
many) and a 20x water immersion objective (CFI Fluor, NA =
0.5, Nikon Instruments, Melville, NY). For experiments in
bright field, we used a Nikon 1 camera (Nikon, Melville, NY)
to capture the images. All images were processed and ana-
lyzed using MATLAB.

Reagents

In all experiments, we used hexadecane (Sigma-Aldrich, St.
Louis, MO) as the organic phase. In the fluorescence
switching experiments, the aqueous plugs contained a

This journal is © The Royal Society of Chemistry 2016
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concentration of 100 pM fluorescein (Sigma-Aldrich, St.
Louis, MO) and DI water. To demonstrate switching between
4 different liquids, we used a 1:10 dilution of Amaranth Red
(E123), Brilliant Blue FCF (E133), and Dark Green (E104,
E133) food dyes (Trawosa AG, St. Gallen, Switzerland) in DI
water.

GFP response to pH assay

We immobilized green fluorescent protein (GFP), (Abcam,
Cambridge, UK) on an aldehyde-coated slide (SuperAldehyde 2,
Arraylt, Sunnyvale, CA), by depositing 1 ng uL™ of GFP on
the surface and incubating it overnight at 4 °C. We rinsed
the area with phosphate-buffered saline (PBS) (Gibco pH 7.4,
Thermo Fisher Scientific, Waltham, MA) to remove unbound
protein molecules from the surface. We used PBS as the im-
mersion liquid, and delivered to the surface a sequence of
buffers having pH values between 4 and 9, for 5 s each, and
recorded the fluorescence signal of the GFP (for details of the
buffer solutions used, see Table S1 in the ESIt).

Association kinetics measurement assay

We prepared a test surface by incubating an aldehyde-coated
slide (SuperAldehyde 2, Arraylt, Sunnyvale, CA) with 100 ug mL™
of rabbit IgG solution (Sigma-Aldrich, St. Louis, MO) at
room temperature for 30 min. We rinsed the surface three
times using PBS for 2 min, then blocked the surface using
1% BSA in PBS for 30 min, and rinsed the surface again with
PBS. We used PBS as the immersion liquid and alternately
delivered rhodamine-conjugated anti-rabbit IgG produced in
goat (Sigma-Aldrich, St. Louis, MO) and PBS to the surface
for 5 s each. To prevent continuous photobleaching of the
bound antibodies, we illuminated the surface for 1 s during
the delivery of PBS and recorded the signal on the surface.
We measured the signal for antibody concentrations of 200 nM,
330 nM and 670 nM.

Theory and principle of the method
Limited switching rate in single phase flow

Consider a sequence of miscible liquid plugs consecutively
injected under an external pressure gradient into a channel
of length L and a characteristic cross-section length scale a,
at a constant cross-section average velocity, U. We assume ideal
switching, resulting in an initially sharp interface between
each of the plugs. As illustrated in Fig. 1a, the width of this
interface increases over time. For a plug containing species
with a molecular diffusion coefficient D, the characteristic
times of cross-channel diffusion and axial convection can be
defined as tq = h*/D and t. = L/U, respectively. For t. > tg, the
dispersion of the interface over time is a result of a combina-
tion of the axial convection and the transverse diffusion of
the parabolic flow-profile, in accordance with the Taylor-Aris
dispersion theory.*® The cross-sectional averaged concentra-
tion of species within a plug (in a coordinate system moving
at the average flow velocity), ¢, is then given by*’

This journal is © The Royal Society of Chemistry 2016
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Fig. 1 Dispersion of an initially sharp interface between two plugs
injected into a channel under a pressure-driven flow. (a) Schematic il-
lustration of the problem. The interfaces between individual plugs se-
quentially injected into a channel cannot remain sharp, due to molecu-
lar diffusion and the non-uniform cross-section velocity acting to
disperse the interface. (b) Theoretical results showing the transition
length, x (left y-axis), and the transition time (right y-axis), as a function
of the capillary length for different values of f. Here, D = 5 x 107° m? 5%,
U=4mms? a=50um, and we assume a cylindrical capillary (8 =
1/48). (c) The transition length is calculated as the distance required
for a drop in concentration from ¢ = (1 - f)-co to ¢ = f-co.
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where x is the axial coordinate, D is the effective diffusion
coefficient of the species of interest, and f is a dispersion co-
efficient that depends on the geometry of the channel. For an
initial condition ¢ (t = 0, x) = c,H(x), the solution to eqn (1) is
c(x.t) :%[1 +erf(x/2m)] 3637 As illustrated in Fig. 1c, to
assess the extent of mixing between two adjacent plugs at the
end of the channel, we define a factor f, which is a measure
of dilution of the initial concentration (ranging between
0 and 1), and seek the distance x; over which the concentra-
tion varies from ¢ = ficy to ¢ = (1 - f)-co at ¢t = L/U (e.g., for =
0.1, this would indicate a variation in concentration between
10% and 90% of the injected concentration). Solving for x on
both sides of the interface, with ¢ = fc, and to ¢ = (1 - f)-co,
and summing the results to obtain the total transition length,

with an effective Péclet number defined as Pe, = UL/D,,

we obtain

Lab Chip, 2016, 16, 3015-3023 | 3017
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4 Des1gn considerations

£ (1-21).
Pe erf " (1-2/) (2) Segmenting the fluid into individual droplets prevents disper-

sion on a scale larger than the droplet length Ly. However,
within the droplet, one can assume near complete
mixing.>®*?° Thus, implementing sufficiently short droplets
(shorter than the length of the intended transition length) is
essential for minimizing the total dispersion. The remaining
contributions to dispersion would be the channel segments
connecting the valve and the droplet generator, along the
phase separator itself, and from the phase separator to the
desired delivery site. The total dispersion is thus on the order
of

%o
L

We define the switching time as the time over which the tran-
sition length x, transverses a point at a distance L,

ts = x,/U (3)

Fig. 1b presents the transition length, x;, and the transition
time, ¢, as a function of the length of the capillary, L, for typ-
ical values of our setup (D=5 x 107" m>s™, U=4 mm s,
and a = 50 um). For f= 0.1, a 60 cm long capillary (as in the
case of our setup) results in a transition time of approxi- 4L,

mately 15 s, and illustrates the need to limit dispersion. X~ O L+ Pe, ’ (4)
el

Principle of the method
where Lq is the length of the droplet, and Lp is the length of

the channel over which the sample experiences Poiseuille
flow. The switching time remains x4/U.

For a given aqueous flow rate, the size of the individual
droplets can be reduced by increasing the flow rate of the or-
ganic phase. The maximum flow rate of the organic phase the
separator is capable of removing is determined by the number
of capillaries formed between the pillars, N, the hydrodynamic
resistances of the separator geometry, Ry, scp, and the additional
fluidic path after the separator, Ry, ,qq- The hydrodynamic resis-
tances can be calculated using the Hagen-Poiseuille equa-
tion,*® and the maximum removed flow rate is given by

To minimize dispersion, we encapsulate the aqueous solution
into droplets (discrete phase) in an immiscible organic sol-
vent (continuous phase) in close proximity to the outlet of
the selector valve. Thus, mixing between sequentially injected
plugs is confined to a single droplet containing the interface,
as illustrated in Fig. 2b. We use a phase-separation device lo-
cated at the end of the channel to remove the continuous
phase and deliver only the aqueous plugs to the desired reac-
tion site. The phase separator consists of an array of pillars
forming N short capillaries, which are subjected to a negative
pressure and, owing to differences in the hydrophobicity of
each phase, allow removal of only the continuous phase (see
Fig. 3a-c). We implement the method using the MFP to de-
liver sequences of processing liquids for reaction on the sur- O =5
face, as illustrated in Fig. 2c. Risep  Ruaae

-

over distance L
L=60cm
®125 um
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mited

limit E 1
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Fig. 2 Schematic illustration of the operation principle which allows sharp interfaces to be maintained between individual plugs over long
distances. (a) A train of consecutive liquids has to be delivered to a remote reaction site with minimal cross-contamination between the sections.
However, dispersion results in significant mixing between the plugs and loss of the original structure. (b) By encapsulating the aqueous phase into
water-in-oil droplets whose length scale is significantly smaller than that of the plug, we limit the dispersion to each droplet. The continuous oil
phase is removed in close proximity to the reaction site, allowing only the aqueous phase to continue to the surface while preserving the sharp in-
terfaces between the sections. (c) Implementation of the method on the MFP and description of the setup and channel geometry. Different pro-
cessing liquids are switched using a selector valve, and are encapsulated in oil using a standard T-junction located at a distance of 1 cm down-
stream. The droplets are transmitted through a 60 cm long circular capillary, with a 125 pm diameter, to the MFP head where the oil is removed in
close proximity to its apex, such that only the aqueous phase reaches the reaction surface. The channels and microstructure on the MFP chip are
50 um deep. The injection channel has a circular inlet with a 125 pm diameter and is connected to the capillary and sealed using a standard circu-
lar dolomite connector (not shown). The width of the injection and aspiration channels at the apex is 50 um. The oil removal microstructure con-
sists of an array of 20 um wide and 100 um long pillars, at a distance of 15 um from each other, forming 50 rectangular capillaries.
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Fig. 3 Operation of the on-chip continuous-phase removal module.
(a—c) Sequence of raw fluorescence images showing the operation of
the phase-separation structure. (a) The aqueous phase is delivered in
individual droplets encapsulated in an organic solvent to an array of
20 um wide and 100 um long posts, located at a distance of 15 um from
one another. Across the array, we apply a negative pressure that is suf-
ficiently high to remove the continuous phase, but lower than the cap-
illary pressure of the interface between the phases such that the aque-
ous phase remains in the main channel. (b) As the oil phase is removed
through the array of pillars, the distance between the approaching
droplet and the continuous aqueous phase along the pillar array de-
creases. (c) The approaching aqueous droplet merges and continues
through the main channel to the reaction site. (d) Theoretical results
showing the maximum continuous phase flow rate that can be re-
moved by the array as a function of the applied pressure drop, and for
different numbers of capillaries. As the number of capillaries, N, in-
creases, the device can be operated at higher flow rates and using a
lower pressure. The horizontal dashed line represents the capillary
pressure, above which the aqueous phase will begin to leak into the
removal channel (eqn (6)) calculated for y = 53.3 mN m™. The vertical
dashed lines correspond to different droplet lengths obtained experi-
mentally at each of the oil flow rates, for a fixed aqueous phase flow
rate of 3 pL mint. As the mixing is limited to a single droplet, this
length affects the transition length after the oil has been removed
according to eqn (4). For organic-phase flow rates significantly higher
than that of the aqueous phase, no segmented flow can be generated.

where AP is the applied pressure drop. The maximum value of
AP is determined by the capillary pressure in the pillar array.*"*>
The capillary pressure is equal to the product of the interfacial
tension between the phases, y, and the curvature of the surface.*®
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For a rectangular cross section, the principal radii of curvature
are half the depth and the width of the capillary, and the capil-
lary pressure in the pillar array is thus given by

1 1
AP =2y —+—|, 6
=2(7+1] ©)

where h and d are the depth of the channel and the distance
between the pillars, respectively. For a hexadecane-water sys-
tem, as we use here, the value of the interfacial tension is
y=53.3mNm ".*

Fig. 3 demonstrates the operation of the phase separator
and removal of the organic phase from the main channel. As
long as the pressure drop across the capillary array is lower
than the capillary pressure AP, the capillary pressure coun-
terbalances the applied pressure drop, preventing the aque-
ous phase from entering the removal channel, while the or-
ganic phase is removed through the array. The removal of
the organic phase facilitates the merger of the aqueous drop-
lets into a continuous flow in the main channel, which con-
tinues to the desired reaction site. A high frame rate video
showing the operation of the phase separator is provided in
the ESI{ (SM-1).

Fig. 3d presents the maximum flow rate of the organic
phase for different separator array sizes and pressure drops.
The working point for the desired conditions (appropriate
flow rates and minimal dispersion) can be chosen based on
eqn (4) and Fig. 3d. For instance, using a geometry consisting
of a single capillary, the contribution of the separator to the
total dispersion in eqn (4) is negligible, and the mixing
length is essentially the length of the droplet. However, oil
flow rates higher than 1.3 pL min™" cannot be achieved due
to the pressure limitation of AP, resulting in longer droplets.
In contrast, using an array of 20 capillaries allows working at
flow rates of up to 26 uL min~', leading to shorter droplets,
but requires a longer separator array, which results in disper-
sion along the separator.

Results and discussion

Fig. 4 presents a demonstration of flow-switching between
two processing liquids delivered to a surface. Fig. 4a presents
experimental results of alternately delivering a fluorescent
dye (fluorescein) and DI water to the surface, using an oil-
removal microstructure with N = 50. The signal was analyzed
based on an average of a 30 x 30 um?® area in the flow con-
finement between the channels. The signal on the surface
(blue solid line) follows the rectangular input function (or-
ange dashed line), with a switching time of ¢, = 0.56 s (based
on an f = 0.1 criterion). The switching time that can be
achieved is a function of the flow rate and the length of the
segments in which the flow is subject to dispersion, as
discussed in the Theory section. For a flow rate of 5 pL. min™"
and an array of 50 capillaries as we used here, the obtained
experimental switching time is comparable with the theoreti-
cal value of 0.49 s calculated for dispersion of an interface in

Lab Chip, 2016, 16, 3015-3023 | 3019
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Fig. 4 Demonstration and application of flow-switching between two
processing liquids delivered to a surface. (a) Experimental results
showing the fluorescence signal resulting from 1.3 s alternating injec-
tions of DI and 100 uM fluorescein (D = 4.25 x 1072° m? s™), traveling a
total distance of 60 cm from the valve to the surface. The red dashed
line corresponds to the rectangular pulse function actuating the
switching valve. The solid blue line shows the average fluorescence in
a 30 x 30 um? rectangle located between the injection and aspiration
orifices. The resulting switching time of t; = 0.56 s (based on f = 0.1) is
indicated for the first two cycles. Inset: Raw fluorescence images of
the hydrodynamic flow confinement (HFC), viewed from beneath the
surface, for three different times along a cycle. (b) Measurement of
antibody-antigen association kinetics using flow switching. Alternating
5 s plugs of rhodamine-labeled anti-rabbit IgG (D = 37 x 1072 m? s7})
and of pure PBS are delivered to a surface functionalized with rabbit
IgG. Three anti-rabbit IgG concentrations, co were used: 670 nM (dia-
monds), 330 nM (circles), and 200 nM (squares). All kinetic responses
collapse to a single curve as a function of t-cq, resulting in an associa-
tion constant of kon = 6.7 x 10% [M™ s, (c) The signal was analyzed by
extracting the peak values recorded during the wash step (pure PBS).
In the calculation of the kinetic rate, the time used between measure-
ments is the time over which the surface was exposed to the antibody
solution, i.e., 5 s.

the continuous flow sections, 11.7 mm in length. The contin-
uous flow section before the flow segmentation junction,
10 mm in length, causes most of the dispersion, and is respon-
sible for 0.44 s of the total transition time. A video showing
the flow-switching between the two liquids is provided in the
ESIT (SM-2). The ability to rapidly switch between two liquids,
where each maintains a constant concentration in its turn,
opens the door to measuring association kinetics using a
fluorescently labeled reactant. In Fig. 4b we show the results
of experiments in which we switch between an antibody solu-
tion containing rhodamine labeled anti-rabbit IgG and pure
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PBS buffer, delivered alternately (for a duration of At = 5 s) to
a surface with immobilized rabbit IgG. This reaction can be
described by Langmuir reaction kinetics,*>*

Cb = Co(1 + Kalcy) (1 — e koo + ety (7)

where ¢, is the concentration of the antibodies, ¢ is the con-
centration of the antigen on the surface, k,, and k. are re-
spectively the on- and the off-rate of the reaction, Ky is the
dissociation constant, Ky = ky¢/Kon, and ¢ is the reaction time.

The ability to switch between fluorescently labelled anti-
bodies and non-fluorescent buffer enables the measurement
of the fluorescence signal on the surface (indicative of the
concentration of antibodies reacted with the IgG on the sur-
face) during the buffer wash, as illustrated in Fig. 4c. Assum-
ing At < 1/kog (an assumption which holds well for the ma-
jority of antibodies), each data point corresponds to a
reaction time which is the total time over which the surface
was exposed to the antibody solution (since both the anti-
body and buffer are injected at equal intervals, At, this time
is precisely half of the clock time). As shown in Fig. 4c, the
measurements of the signal using three different concentra-
tions of antibodies collapse to a single curve as a function of
t-co, fitting the Langmuir model with an association rate of
kon = 6.7 x 10* [M™* s7']. This is consistent with the value of
kon = 6.8 x 10" [M™* s7'] measured by Sun et al.*” for binding
of unlabeled F,;, fragments of goat anti-rabbit IgG with rabbit
IgG targets.

Fig. 5 presents experimental results of application of
switching between multiple processing liquids to perform re-
actions on a surface. Fig. 5a presents a time-dependent plot
of the signal on the surface obtained from switching four
processing liquids: (a red dye, a green dye, a blue dye, and DI
water), for varying time durations between 5 and 15 s, simu-
lating a hypothetical multiple-step assay. We demonstrate the
ability to switch and control the duration of each processing
liquid injection on the surface, and show the signal stability
over long injection times. This allows one to perform more
complex chemical modifications to the surface using the
method, such as delivery of longer chemical pulses and their
temporal modulation, making the method useful for deliver-
ing reagents for multi-step reactions with varying time scales
such as ELISA,*® or sandwich hybridization- and immuno-as-
says.'®'!" A video showing the switching between the four pro-
cessing liquids is provided in the ESI{ (SM-3).

Fig. 5b presents the use of such switching to obtain, in
under 30 s, the fluorescence response of GFP to pH, for six
data points in the range 4 to 9. Here, we immobilized GFP on
a glass surface, and delivered a set of solutions in a decreas-
ing order of pH. As expected the signal on the surface ex-
posed to the buffers decreases with the reduction in pH. The
assay is capable of measuring the steady-state response of the
GFP to the change in pH. However, because the time-scale of
the dynamic response of a GFP molecule is on the order of
100 ps,*>*° and is shorter than the switching time between
buffers using our device, the signal measured on the surface

This journal is © The Royal Society of Chemistry 2016
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Fig. 5 Demonstration and application of switching between multiple
processing liquids to perform reactions on a surface. (a)
Demonstration of sequential injection of three different solutions in a
desired order. The duration of each liquid injection and the order of
the liquids delivered to the reaction site can be accurately controlled.
The insets show color images of the flow confinement during the
delivery of the different solutions. (b) Switching between multiple
liquids is used to study the dynamic response of surface-immobilized
GFP to changes in the pH of the buffer. (c) The normalized steady-
state signal as a function of pH.

does not capture the dynamic response of the protein to the
change in the environmental conditions.

Fig. 5¢ shows the steady-state signal dependence of the
GFP on pH. Our measurements show similar values to previ-
ous results by Kneen et al.>' and Haupts et al.’® showing a
gradual increase of signal with pH between pH of 5 and 8,
with a saturation above a pH of 8 and below a pH of 5. At a
PH of 6 the signal increases to 50% of its maximum value
(recorded at pH 8-9), and the minimum signal is recorded in
the range of pH 4-5 (below 20% of the maximum).

Conclusions

We presented a new method for sequential delivery of re-
agents to a surface-reaction site, with minimal dispersion of
their interfaces. We minimize dispersion by segmenting the
(aqueous) flow into individual water-in-oil droplets in close
proximity to the switching valve, thus maintaining the disper-
sion between reagents within small confined volumes. The
droplets can then be transported over long distances to the

This journal is © The Royal Society of Chemistry 2016

View Article Online

Paper

reaction site. Upstream of the reaction site, we use an array
of micro-fabricated pillars, which act as capillaries for re-
moval of the continuous oil phase, thus reassembling the
content of the droplets, and allowing only the aqueous phase
to come in contact with the reaction site. This makes the
method particularly useful for interaction with biological
samples, which must be maintained in a well-controlled
aqueous environment at all times. We implemented the
method on a microfluidic probe designed to deliver reagents
to an open surface, and demonstrated two examples of assays
which use the method: measurements of receptor-ligand re-
action kinetics and measurement of the fluorescence re-
sponse of immobilized GFP to local variations in pH.

We have demonstrated the application of the method on
an open surface using a microfluidic probe fabricated in sili-
con using standard photolithography and dry etching, but it
is important to note that the necessary fabrication resolution
would allow straightforward fabrication in other materials
such as PDMS, epoxy, or plastic. In fact, the use of a naturally
hydrophobic substrate would likely eliminate the need for
surface coating which we have used to render the silicon and
glass hydrophobic. The method is also equally applicable to
sequential delivery of reagents to reaction sites in traditional
closed channels.

In the experimental results presented in this work, we
used an array of 50 capillaries to ensure that the oil is en-
tirely removed. This resulted in a transition time of 560 ms
between reagents (as compared to 15 s when flow segmenta-
tion is not used). While for many applications switching
times on this order are sufficient, measurements of rapid cel-
lular responses would require a sharper change of environ-
mental conditions, on the order of hundreds of micro-sec-
onds. The switching time in the current implementation of
the method is mainly limited by the continuous flow seg-
ments between the selector valve and the encapsulation junc-
tion, and along the oil-removal micro-structure, where the re-
agents are subject to dispersion. This limitation may be
overcome by replacing the commercially available T-junction
and connectors we used here with a customized chip for gen-
eration of segmented flow in which the distance to the
T-junction will be minimized, and by shortening the oil-
removal microstructure (since for lower flow rates merger of
the water droplets occurs early along the array). Assuming a
negligible distance over which dispersion occurs in the first
segment, the optimized switching time that can be achieved
is a result of a trade-off between minimizing the length of
the oil removal segment and maximizing the flow rates of the
reagents. For example, using a flow-rate of 30 pL min™" with
3 functioning capillaries in the array will lead to a switching
time of 20 ms. However higher flow rates are not always prac-
tical for expensive reagents.

We believe that the method can be particularly useful for
studying the dynamic response of biological samples (e.g.,
cells, proteins) to various stimuli, in which sharp transitions
between reagents (i.e., clear initial conditions) are required,
as well as for highly automated multi-step assays.
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