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Abstract
High precision control of micro- and nanoscale objects in aqueous media is an essential
technology for nanoscience and engineering. Existing methods for particle trapping primarily
depend on optical, magnetic, electrokinetic, and acoustic fields. In this work, we report a new
hydrodynamic flow based approach that allows for fine-scale manipulation and positioning of
single micro- and nanoscale particles using automated fluid flow. As a proof-of-concept, we
demonstrate trapping and two-dimensional manipulation of 500 nm and 2.2 μm diameter particles
with a positioning precision as small as 180 nm during confinement. By adjusting a single flow
parameter, we further show that the shape of the effective trap potential can be efficiently
controlled. Finally, we demonstrate two distinct features of the flow-based trapping method,
including isolation of a single particle from a crowded particle solution and active control over the
surrounding medium of a trapped object. The 2-D flow-based trapping method described here
further expands the micro/nanomanipulation toolbox for small particles and holds strong promise
for applications in biology, chemistry, and materials research.
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Precise methods for particle confinement and manipulation have played a major role in
advancing basic and applied science during the past three decades.1–3 In particular, fine-
scale control over the position of colloidal particles in liquid medium has enabled
comprehensive studies of fundamental problems in physics, chemistry, biology, and
materials science. For this purpose, a wide range of methods have been developed utilizing
forces based on optical,4–23 electrical,24–39 magnetic40–42 and acoustic43–46 potential fields.
Despite the demonstrated benefits and versatility of these methods, new approaches to
particle manipulation are required to study fundamental problems in biophysics (e.g., protein
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folding or biomolecular conformational dynamics), soft matter (e.g., single polymer
dynamics), and biology (e.g., single cell mechanics).

Among the existing methods for trapping, optical confinement techniques are arguably the
most established and versatile, offering high precision control of micro and nanoscale
objects.4–23 Conventional optical tweezers are based on tightly focused laser beams exerting
strong optical gradient forces to confine objects. For these methods, the tightness of
confinement scales with the volume of the object, which imposes a lower limit on the
particle size for a given laser power.47 To address this challenge, plasmonic and optofluidic
nanotweezers have been recently developed.14–23 These methods capitalize on amplified
electromagnetic fields around specifically-designed nanostructures, thereby enabling optical
trapping of small molecules and nanoparticles (< 50 nm) without substantially raising the
temperature of the surrounding medium.16

A recent promising approach for particle confinement has been developed based on
feedback-controlled electric fields.29–37 Pioneered by Shapiro et al. and Cohen et al.,
electrokinetic trapping functions by observing the position of a particle and uses a feedback
control mechanism to apply a two-dimensional corrective electrokinetic flow, which induces
a drift to direct the particle to a desired position. In this way, a combination of
electrophoretic forces and electroosmotic flows are used to manipulate particles. Using this
method, Shapiro et al. demonstrated positioning precision of ~ 50 nm (during confinement)
and ~ 120 nm (during manipulation) for a single fluorescent semiconductor nanocrystal in a
viscous (230 cP) polymer solution.36, 37 Similarly, Cohen et al. reported positioning
precision of 550 nm for a 24 nm fluorescent polystyrene bead, 140 nm for a large protein
molecule (~ 18 nm), and 416 nm for a single organic dye molecule using various software
and hardware-based versions of the Anti-Brownian Electrokinetic (ABEL) Trap.29–33

Together, plasmonic tweezers, optofluidic tweezers, and electrokinetic trapping methods
have focused on pushing the limits of particle trapping towards remarkably smaller
particles.14–23, 29–37 These methods are capable of trapping and manipulating particles with
dimensions that are generally not accessible to traditional optical tweezers. However,
additional features for particle trapping would be desirable, including: (1) the ability to
isolate and confine individual “target” particles in crowded samples, and (2) the ability to
actively control and/or exchange the surrounding medium of a confined particle. For
example, the manipulation capability of plasmonic and optofluidic nanotweezers are
generally limited by the predetermined locations of the nanostructures generating the force
fields.16–20 Furthermore, the electrokinetic trap is capable of isolating a single particle, but
could be prone to diffusion of other particles into the trapping area.32

Particle trapping and manipulation methods based on gentle fluid flow offer several
advantages for studying small particles in solution. Contact-free flow-based confinement
methods have traditionally relied on microeddies and microvortices, which precludes fine-
scale control.48–52 Recently, we demonstrated a flow-based method for precise point
confinement of particles in free solution.53, 54 However, all existing methods for particle
trapping lack the ability to dynamically manipulate single objects with high spatial
resolution without application of additional external fields.52

In this work, we present a new flow-based method for two-dimensional manipulation and
high-resolution confinement of single micro and nanoscale particles in free solution. Single
particles are trapped at the stagnation point of a planar extensional flow, and precise control
over the position of the stagnation point using automated feedback control enables fine-scale
manipulation of particles in two-dimensions. The stagnation point flow is generated in a
microfluidic device with a simple cross-slot channel design with two on-chip valves to
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precisely control fluid flow, thereby enabling particle trapping and manipulation. The
stagnation point represents a semi-stable equilibrium point, where a single target particle is
confined and the other particles in solution are simply convected away from the trapping
region by fluid flow. Here, we demonstrate facile isolation and confinement of a target
particle in a crowded solution. Furthermore, we actively control the surrounding medium of
a confined particle by switching the inlet fluid streams in a controlled fashion.

Stagnation point flows are defined by one or multiple regions within a fluid where the local
velocity is exactly zero. Planar extensional flow is a stagnation flow containing a single
stagnation point at the junction of two laminar streams that converge in opposing directions
(Figure 1). In the vicinity of the stagnation point, a planar extensional flow can be expressed
as a potential flow with a velocity potential function (φ):

where  is the strain rate (s−1) and x and y are the particle coordinates with respect to the
stagnation point along the inlet and outlet streams, respectively. Equation (1) implies that: (i)
the stagnation point represents a saddle point in the velocity potential, i.e., a local minimum
(maximum) along the inlet (outlet) streams (Figure 1b); (ii) velocity is exactly zero at the

stagnation point; . If a particle is precisely positioned at
the stagnation point, it will experience zero velocity and is effectively trapped. However, in
practice, a particle located at a stagnation point will be eventually displaced due to Brownian
motion or external fluctuations. Therefore, the stagnation point is a semi-stable equilibrium
point (i.e., saddle point), which is stable (unstable) along the inlet (outlet) streams. In the
absence of feedback flow control, particles can only be transiently confined at the stagnation
point with finite residence times on the order of the inverse strain rate.55–58 To achieve
stable particle trapping, we implement active flow control along the (unstable) outlet stream
to generate an effective trap potential (Figure 1b–c).53, 54, 59, 60 In this way, the stagnation
point position is actively adjusted along the outlet streams in order to effectively confine
particles at a predetermined set-point (Supporting Information), albeit without the full
translational control.

In this work, we demonstrate two-dimensional manipulation of particles by implementing
simultaneous control of the stagnation point position in orthogonal directions (both along the
inlet and outlet streams), thereby significantly increasing the overall versatility of this flow-
based confinement method. Two-dimensional manipulation is implemented by precise
positioning of the stagnation point along the inlet and outlet streams (Figure 2). Consider
two opposing laminar streams (Figure 2a–d, left & right) converging at a microchannel
junction, which results in two divergent streams (Figure 2a–d, top & bottom) exiting the
junction along the orthogonal axis in opposite directions. The position of the stagnation
point at the junction depends on the ratio of the flow rates of the inlet (Qleft : Qright) and
outlet (Qtop : Qbottom) streams.53 Due to conservation of mass, the stagnation point is located
closer to the inlet or outlet stream with the smaller volumetric flow rate. For instance, if the
flow rate of the right inlet stream is larger than the left inlet, then the stagnation point will be
located closer to the left channel along this axis (Figure 2a and c). In this manner, the
stagnation point position can be dynamically controlled by actively adjusting the relative
flow rates of the inlet and outlet streams. Two metering valves positioned above the inlet
and outlet fluidic channels facilitate the control of the relative flow rates of the inlet and
outlet streams, thereby enabling independent control of particle position along each direction
(inlet/outlet streams).
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Flow-based confinement and manipulation of micro and nanoparticles is carried out in a
microfluidic device fabricated using multilayer soft lithography (Supporting
Information).61, 62 Figure 3a shows a micrograph of the 2-D microfluidic trapping device,
which consists of a fluidic layer (red) and a control layer (black). Within the fluidic layer,
four buffer streams and a sample stream meet at the junction of two perpendicular
microchannels (Figure 3a, trapping region) and exit the junction along the outlet channels,
thereby generating a planar extensional flow. Fluid flow at the junction is controlled by two
monolithic membrane valves (Figure 3a, shown in black, located in the control layer)
positioned above one of the inlet and outlet channels. These valves are used as metering
valves to control the relative flow rates of the inlet and outlet streams, facilitating fine-scale,
two-dimensional control of the stagnation point position at the junction (Figure 3b).
Trapping and manipulation of particles is achieved by an automated feedback control
algorithm that executes real-time image analysis, particle tracking, and flow field
manipulation (Supporting Information). Figure 3c shows a photograph of a microfluidic
trapping device mounted on a microscope stage with fluidic connections.

Individual micro and nanoscale particles can be manipulated in two dimensions within the
trapping region by dynamically adjusting the position of the trap center (Figure 4). Using
this approach, a particle can be steered towards any arbitrary direction in the lateral plane
(along the inlet/outlet streams). As a result, particle trajectories can assume any two-
dimensional shape consisting of paths running parallel or diagonal to the inlet/outlet streams.
Figure 4a shows the trajectory of a micron-sized particle (2.2 μm diameter Nile red
fluorescent polystyrene bead) manipulated in the lateral (x-y) plane using the trap. A single
particle, initially confined at t=0, is manipulated in two dimensions to spell out the letter
“C”. The trajectory is comprised of segments in which the particle moves either parallel or
diagonal to the inlet/outlet streams. In this manner, the particle is manipulated along a
programmed, predetermined trajectory (shown by arrows) in a 30 μm × 60 μm area with
high-precision (RMS accuracy < 1 μm). Figure 4b shows the trajectory for a particle
spelling out the letter “I” while moving along straight paths parallel to the inlet/outlet
streams.

In the 2-D hydrodynamic trap, the strain rate  plays a key role on the trap performance. We
characterized the effect of strain rate on particle confinement and on the shape of the
effective trap potential (Figure 5). Figure 5a shows distinct x-y trajectories for a confined
particle (500 nm diameter fluorescent bead) at four different strain rates ( ),
with the data organized by rows:  (top row, purple),  (second row, green),

 (third row, red),  (bottom row, blue). At each strain rate, the particle is
positioned along the inlet stream (x-axis) and trapped at three distinct positions while its
trajectory is recorded. For clarity, the intervening trajectory of the particle between the three
fixed positions is not shown. Figures 5b and 5c show the one-dimensional trajectory of a
trapped particle at  along the inlet (x-axis), and outlet (y-axis) streams,
respectively. Figure 5d shows a sample two-dimensional trajectory and the corresponding
particle displacement histograms for a particle trapped at , which corresponds to
the trajectory in the dashed box in Figure 5a. Particle confinement along the inlet and outlet
streams are characterized by the standard deviations (σx = 0.19 μm, σy = 0.22 μm) of the
Gaussian fits (red curves) to the particle displacement histograms. In this manner, we
determined the root-mean-square (RMS) particle displacement from the trap center along the
inlet (RMSX) and outlet (RMSY) streams as a function of strain rate (Figure 5e). The RMS
particle displacement is < 1 μm for all strain rates, generally ranging between 0.16 – 0.69
μm. In addition, the RMS particle displacement decreases (increases) as the strain rate
increases along the inlet (outlet) stream using a constant set of feedback control parameters.
Along with the micromanipulation data presented in Figure 4, these results demonstrate high
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precision confinement and manipulation of micro- and nanoscale particles using the sole
action of fluid flow.

By adjusting the fluid strain rate, the effective trap potential for the 2-D microfluidic trap
can be directly controlled. Figures 6a–d show histograms of particle displacement from the
trap center along the inlet (flow-in) and outlet (flow-out) streams for increasing values of
fluid strain rate. Histograms are obtained from the first row of particle trajectories
( ) presented in Figure 5a. We define the tightness of confinement as the standard
deviation of the Gaussian fit to the histograms: σx and σy along the inlet and outlet streams,
respectively. With increasing strain rate, the tightness of confinement (or trap stiffness)
increases along the inlet streams, and decreases along the outlet streams. As  is increased
from 5.14 s−1 to 10.29 s−1, σx drops to half of its initial value (from 0.26 μm to 0.13 μm),
and σy increases by 22% (from 0.18 μm to 0.22 μm). In this manner, trap stiffness along
both axes (inlet and outlet) can be tuned with a single flow parameter, namely the fluid
strain rate. The shape of the velocity potential function for the planar extensional flow is
determined by the strain rate (Equation 1). The third column in Figure 6 labeled as “Flow
Potential” shows velocity potential function plots at four different strain rates. The depth of
the potential well along the inlet streams increases with the strain rate, thereby resulting in
tighter particle confinement along this axis.

Particles are confined along the outlet streams by generating an effective or pseudo potential
well via active flow control (Figures 1b–c). The fourth column in Figure 6 shows qualitative
3-D plots of the pseudo trap potential as a function of strain rate. The depth of the pseudo
potential well along the outlet streams is calculated from experimental data based on the
relationship between the velocity potential function and the tightness of confinement along
the inlet streams. Delineating the results for σx and σy presented in the first two columns,
these plots indicate that the depth of the effective trap potential increases (decreases) along
the inlet (outlet) streams with increasing strain rate.

The effective trap potential is determined by several key parameters, in addition to the strain
rate (Supporting Information). Along the inlet streams, a passive trap is formed by fluid
flow, and the restoring force arises due to hydrodynamic drag acting on the trapped particle

such that , where η is the viscosity of the medium, a is particle
radius (or hydrodynamic radius),  is strain rate, and x is the distance between the particle
and the trap center along the inlet streams. In this way, the trap stiffness along the inlet
streams is . The equipartition theorem can be used to determine the RMS
particle displacement from trap center (RMSX) along the inlet streams, such that

. Estimates of the particle displacement along the inlet streams (RMSX)
are in good agreement with the experimentally determined values (Figure 5e).

Along the outlet streams, however, a pseudo-potential well is generated by active flow
control, which complicates the analytical expression for trap stiffness. The RMS particle

displacement from trap center along the outlet streams ( ) is determined by
a balance between convection (i.e., fluid strain rate ), Brownian motion (i.e., ambient
temperature, viscosity of the medium, hydrodynamic radius), and the type of the feedback
controller and the associated control parameters (i.e., gain constants, feedback delay). The
effective trap potential along the outlet streams dictates the particle size limit for
hydrodynamic trapping, which is the smallest particle that can be confined and manipulated.
Using the current set of flow and feedback control parameters (proportional-only controller),
we estimate that the particle size limit is ~30 nm (Supporting Information). However, we
anticipate that even smaller nanoparticles can be confined by implementing advanced
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feedback controllers (e.g., PID controllers) using the same experimental setup and a similar
set of fluid strain rates.

Finally, we demonstrate two distinct features of the flow-based trapping method described in
this work. First, we directly show the isolation of a single target particle within a crowded
particle solution (Figure 7). In general, trapping methods based on passive force fields are
prone to unintentional capture of particles adjacent to the trap center. Trapping methods
based on active feedback (e.g. electrokinetic trapping methods) can achieve isolation of a
target particle within a crowded solution, but random diffusion of particles into the trapping
area can hamper this in practice. Due to the semi-stable nature of the stagnation point,
hydrodynamic trapping intrinsically allows for isolation and confinement of a single target
particle, such that untrapped particles in the sample are convected away by fluid flow. To
demonstrate this feature, we introduced a solution of fluorescent polystyrene beads into the
trapping area through the sample inlet (see Figure 3). Next, the sample inlet stream was
closed, and a single target particle was isolated and trapped from this sample (Figure 7a).
Untrapped particles in the sample are cleared from the trapping area via fluid flow through
the buffer inlets. In this manner, a single trapped particle is effectively trapped and isolated
from the rest of the sample within approximately 25 seconds. For the device shown in
Figure 7a, single target particles entering the trapping region within a 100 × 100 μm area
centered at the microchannel junction (300 × 300 μm) can be specifically captured and
manipulated. Membrane valves with enhanced flow control capacity would extend the
manipulation area, and enable control over all particles passing through the trapping
region.53

A second key advantage of hydrodynamic trapping is the ability to actively and precisely
control the surrounding medium of a trapped object. As an experimental proof-of-principle
demonstration, we trapped a single fluorescein-coated polystyrene bead (1.9 μm diameter),
and we periodically switched the medium surrounding the trapped particle between pH 4
and pH 8 buffers (citric acid – Na2HPO4) in a pre-defined manner. The fluorescence
emission from the bead is observed as a function of time during the medium exchange
(Figure 7b). Fluorescein is a highly pH sensitive dye, and its fluorescence emission
decreases with pH (maximum quantum yield at pH 9.5 which significantly decreases at
lower pH). As a result, the fluorescence emission intensity fluctuates between higher and
lower values as the trapped bead is transiently immersed into high and low pH buffer
solutions, respectively (inset, Figure 7b left panel). Importantly, the fluctuations in the
fluorescence emission intensity directly correlate to the changes in the surrounding medium
pH (Figure 7b). During the observation period, the fluorescein molecules on the bead
surface gradually photobleach, which results in an overall steady decrease of fluorescence
intensity. We further demonstrate that we can control the period of medium exchange. For
the two traces shown in Figure 7b, we carried out buffer exchange at two different periods
(T=40 and 60 sec, respectively for the left and the right panel), which show excellent
agreement with the period of fluorescence emission intensity fluctuations in fluorescence
intensity. The results depicted in Figure 7b demonstrate a critical advantage of flow-based
trapping. Among existing trapping methods, optical tweezers have also been shown to allow
for replacement of solution medium in real time, albeit using large particles confined by
high-intensity laser beams.63

In this work, we report a new method for full two-dimensional manipulation and
confinement of micro and nanoscale particles using the sole action of fluid flow. By
coupling an automated feedback controller with a stagnation point flow field, we
demonstrate 2-D manipulation of single particles at a microchannel junction via fine-scale
adjustment of fluid flow using two integrated, on-chip metering valves. The microfluidic
trap described here offers a versatile platform for non-perturbative observation and analysis
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of single micro and nanoparticles in free solution in the absence of electric, magnetic,
optical, and acoustic force fields. Similar to electrokinetic trapping methods, the flow-based
method has an effective spring constant that scales linearly with particle size and viscosity
of the medium, which offers the possibility for facile trapping of small nanoparticles in free
solution. This method is amenable to virtually any particle that can be visualized, and
therefore may expand the potential applications of micro/nanomanipulation tools. By
employing the intrinsic advantages of fluid flow, this new powerful approach may open up
new venues for the study of biomolecules, micro and nanoscale particles, and cells.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Single particles are confined and manipulated using an automated stagnation point flow
generated at a microchannel junction. (a) Two opposing laminar streams meet at the
junction, thereby generating a stagnation point where the local fluid velocity is exactly zero.
A particle positioned at the stagnation point is effectively trapped. (b–c) A planar
extensional flow can be expressed as a potential flow where the stagnation point represents a
saddle point in the velocity potential. The stagnation point is a semi-stable equilibrium point,
which is stable (unstable) along the inlet (outlet) streams. By implementing active flow
control along the (unstable) outlet streams, a pseudo-potential well is created (as shown in
(c)) to confine the particle.
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Figure 2.
Schematic of the manipulation mechanism for a single particle using an automated
stagnation point flow. The position of the stagnation point can be manipulated in two
dimensions by changing the relative flow rates of the inlet and outlet streams. As shown in
(a) and (b), when the flow rate through the bottom channel is larger than the flow rate
through the top channel, the stagnation point lies in the upper half of the junction. Similarly,
when the flow rate through the left channel is larger than the right channel, the stagnation
point lies in the right half of the junction ((b) and (d)). In this manner, fine-scale control of
the stagnation point position enables manipulation of single particles in the microchannel
junction.
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Figure 3.
The 2-D microfluidic trap. (a) Optical micrograph of a microfluidic manipulation device.
Single particles are confined at a predetermined location within the junction of two
perpendicular microchannels (trapping region). Two on-chip membrane valves (black)
positioned above one inlet channel and one outlet channel are used as metering valves to
control the relative flow rates through the opposing channels (red). (b) Schematic of 2-D
particle trapping. Two opposing laminar streams meet at the intersection of two
perpendicular microchannels, thereby creating a well-defined flow field containing a
stagnation point where an object is trapped. (c) The microfluidic manipulation device
consists of a glass coverslip and a PDMS slab containing the microchannels and valves.
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Figure 4.
2-D micromanipulation of single particles using fluid flow. (a) Sample trajectory of a single
particle (2.2 μm diameter Nile red fluorescent polystyrene bead) manipulated in two
dimensions using the trap. A predetermined trajectory was programmed to spell the letter
“C”. The manipulation starts at t=0 and ends when the particle returns to the initial point at
t=300 seconds. (b) Sample trajectory of an individual particle tracing the letter “I” using the
flow-based trapping and manipulation method. Scale bar: 10 μm.

Tanyeri and Schroeder Page 13

Nano Lett. Author manuscript; available in PMC 2014 June 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Characterization of trap response. (a) Particle trajectories at four different strain rates. Top
row:  (purple), second row:  (green), third row:  (red), bottom
row:  (blue). At each strain rate, a single particle (500 nm diameter bead) is
confined at three distinct positions along the inlet streams (x-axis). For clarity, the
intervening trajectories between the three trapping positions are not shown. Particle
trajectory along (b) the inlet and (c) the outlet streams at strain rate,  (first row in
(a) shown in purple). (d) Two-dimensional center-of-mass positions and the corresponding
displacement histograms for the boxed trajectory in (a) at . The standard deviation
of particle displacement is < 1 μm (σx = 0.19 μm, σy = 0.22 μm). (e) Effect of strain rate 
on particle displacement from the trap center along the inlet (RMSX) and outlet (RMSY)
streams.
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Figure 6.
Shaping the effective potential of the 2-D microfluidic trap for a 500 nm bead. The two
columns on the left show the distribution of particle displacement from the trap center along
the inlet (X) and outlet (Y) streams at four different strain rates: (a) , (b)

, (c) , (d) . In each case, the trap centers (X, Y) = (0,0)
correspond to the first column of particle trajectories displayed in Figure 5a. The standard
deviations (σx and σy) are obtained by fitting a Gaussian function (red curves) to the particle
displacement data. Upon increasing the strain rate, the width of the distributions decreases
(increases) along the inlet (outlet) streams. In the third column, the flow potential for the
planar extensional flow as a function of strain rate is shown. In the fourth column, the
effective trap potential for a 500 nm particle using the automated trap is shown. The shape
of the pseudo potential well can be “tuned” by varying the strain rate.
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Figure 7.
(a) Isolation and confinement of a single particle from a crowded solution using the
hydrodynamic trap. A solution containing fluorescent polystyrene particles (2.2 μm
diameter) is introduced to the trapping area. One of the beads is effectively isolated and
confined using the hydrodynamic trap, and the remainder of the untrapped beads in the
sample is convected away by fluid flow within approximately 25 seconds following sample
introduction. Yellow arrow shows the position of the trapped particle. Scale bar: 50 μm. (b)
Dynamic control of the surrounding medium of a trapped particle. A single fluorescein-
coated polystyrene particle (1.9 μm diameter) is trapped, and the surrounding medium is
periodically exchanged in a preprogrammed manner between high pH (pH 8) and low pH
(pH 4) buffer solutions. The intensity of fluorescence emission from the pH sensitive dye
(fluorescein) fluctuates as the surrounding medium changes, thereby demonstrating the
effectiveness of the buffer exchange in the trap.
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