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For the first time we have been able to measure the flow velocity profile for nanofluidics with a spatial
resolution better than 70 nm. Due to the diffraction resolution barrier, traditional optical methods have
so far failed in measuring the velocity profile in a nanocapillary or a closed nanochannel without an

opened sidewall. A novel optical point measurement method is presented which applies stimulated
emission depletion (STED) microscopy to laser induced fluorescence photobleaching anemometer
(LIFPA) techniques to measure flow velocity. Herein we demonstrate this far-field nanoscopic
velocimetry method by measuring the velocity profile in a nanocapillary with an inner diameter of
360 nm. The closest measuring point to the wall is about 35 nm. This method opens up a new class of
functional measuring techniques for nanofluidics and for nanoscale flows from the wall.

Introduction

With recent progress in microfluidics, nanofabrication and
nanotechnology, the field of nanofluidics is now gaining impor-
tance in the field of Lab-on-a-Chip."? Interest in this area is not
just motivated by studying increasingly smaller sizes, i.e. nano-
scale channels, but because there are new areas of fundamental
physics, materials science, and chemistry that are important at
the nanoscale.* For example, biological systems display
a plethora of nanomachines, e.g., enzymes and ion channels,
which operate in a fluid environment.* In fact, transport
phenomena can also dramatically change in non-biological
nanofluidics compared with that in microscale. In this regard,
a recent breakthrough observation is that the flow rate in
nanotube membranes can be nearly five orders of magnitude
greater than predicted from conventional hydrodynamic
theory.>® This important discovery could lead to new under-
standing of the transport mechanisms in transmembrane protein
pores such as aquaporins, methods for selective biochemical
sensing, and flow control in nanofluidics. However, the inter-
pretation of high flow rate in nanotube membranes remains an
open question.” To explain this behavior, slip length with values
up to tens of micrometres has been used for modifying the
Hagen-Poisseuille equation in a nanotube only several nano-
metres in diameter.>® An extremely large slip length (micrometre
order) inside a very small tube (nanometre order) indicates
a nearly flat velocity profile, in contrast to the Hagen—Poiseuille
flow model. On the other hand, experiments have also shown an
increased flow resistance in nanocapillary filling,*® and the
explanation of this increased resistance in nanochannel is not
clear either.>'

In order to build functional and practical nanofluidic devices,
it is also important to know the velocity profile, which plays an
key role for transport phenomenon and separation in nano-
fluidics, due to, e.g. Taylor dispersion.'* Although there has been
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considerable research performed in the area of nanofluidics
which focused on the study of fluid flow velocity profiles, only
theoretical or simulation results exist. The reason for the lack of
experimental evidence is simply because no nanovelocimetry
currently exists to measure the flow velocity, or even the transient
bulk flow velocity in nanofluidic studies, where the transverse
dimension is between 1-500 nm. Here, the term nanovelocimetry
refers to a device capable of measuring a flow velocity profile
with spatial resolution within the range 1-100 nm. Without the
capability of measuring the velocity profile in nanochannels, the
nanofluidics could be seen as a “black-box”, and the relevant
research and development of nanofluidic devices will be greatly
hampered.

The most successful approaches for employing advanced
velocimetry for measurements in microfluidics, are micro-
particle image velocimetry (LPIV)'>7¢ and molecular tagging
velocimetry (MTV)'72® respectively. (Note that another high
spatial resolution (about 50 nm) method was presented using
atomic force microscopy (AFM) by Piorek et al.,* but due to its
intrusive nature and access issue, it could be very difficult to use
this technique in a nanochannel that does not have an opened
sidewall.) Evanescent wave total internal reflection has been used
with nanoPIV (nPIV).?*3* This method can measure the flow
velocity within a distance of 100 nm from the solid wall, and even
the velocity distribution near the wall in microchannel.?® Both
WPIV and nPIV use particles whose diameters are of the same
order as a nanochannel, and therefore are not suitable in nano-
fluidics systems since the particles can disturb and block flow and
thus are no longer “passive”. Furthermore, larger particles could
modify the evanescent wave field, the ability of particles to move
close to the surface, and particle-fluid interactions could
compromise the accuracy of fluid velocity measurement. A
quantum dot of 6 nm in diameter has therefore been developed
for nPIV.3¢ However, so far no report has been published on
measuring velocity profiles in nanochannels.

The powerful MTV method uses a molecular tracer and avoids
the issues related to nanoparticle tracers. There are several
methods employed by MTVs,* including caged-fluorescence
visualization.’”*® MTV also includes photobleaching based
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methods. Original fluorescence recovery after photobleaching
(FRAP), that requires two laser beams at the detection point, has
been used to measure extremely low flow velocity in the region of
Brownian motion.?®* The method was further developed to
measure convection velocity.?® Since this method has to wait for
the recovery of fluorescence, the temporal resolution is relatively
low. Photobleached fluorescence visualization®® and a line
writing technique with photobleaching' have also been devel-
oped to measure flow velocity. The former has relatively low
temporal resolution and the latter has difficulty in measuring the
velocity profile. A qualitative implementation of photobleaching
for flow visualization in a Bénard—Marangoni flow has also been
developed.?® However, no associated quantitative measurement
has been developed.

Recently a powerful velocimetry, laser induced fluorescence
photobleaching anemometry (LIFPA) has been developed using
a molecular tracer with high temporal and spatial resolution to
measure the velocity profile in microcapillaries.**** In LIFPA,
a molecular tracer of fluorescence dye and the photobleaching
effect are applied as a transducer to measure the flow velocity.
The velocity is calculated by measuring fluorescence with a cali-
bration relationship between the velocity and fluorescence. The
temporal resolution has been achieved to ~5 ps,* and it appears
that this method has the potential to further improve the
temporal resolution.

The most important issue is that all of the aforementioned
optical methods (except evanescent wave) have spatial resolu-
tions set by the well known Abbe’s diffraction limit on confocal
microscopy.*® Since this normally implies a spatial resolution
greater than about 200 nm, these methods cannot directly be
used in nanofluidics.

Even though non-intrusive nanovelocimetry is highly desir-
able, none has been developed that can measure the flow velocity
in nanofluidics systems where the transverse dimension in
a nanochannel is between 1-500 nm. Neto et al.*® emphasize the
strong need for an accurate physical description of fluid flow near
an interface with molecular resolution. (However, current tech-
niques do not appear to be capable of yielding such results, and
therefore we depend on indirect techniques to infer fluid flow
near interfaces, which is very important for nanofluidics.) In
order to develop a non-intrusive optical method, relevant key
issues must be addressed. (1) The tracer has to be molecular in
size. Although a small molecule can be regarded as a particle, its
size is generally much smaller than that of a normal nanoparticle.
(2) The molecular tracer should be able to serve as a signal
transducer to monitor flow velocity if it is based on single point
measurement. (3) A novel “focused laser beam” will be required
in order to overcome the Abbe’s diffraction limit, since the size of
the nanochannel is normally the same order or smaller than
Abbe’s diffraction limit (~200 nm). (4) The optical method
should provide far-field nanoscopy, such that several different
transverse positions within the nanochannel can be scanned for
measuring the velocity profile over a sufficiently long working
distance. (5) No “waiting” should be required for either data
interrogation or recovery, so that high temporal resolution is
achieved.

Several break-through techniques have recently emerged
relative to the capability of “focusing” a laser beam to a smaller
size than the diffraction limit, thereby increasing spatial

resolution for optics-based measurements. Stimulated emission
depletion (STED) seems to be the most promising technique for
high spatial resolution measurement that is based on far-field
nanoscopy and laser induced fluorescence (LIF), and is
compatible with LIFPA. Hell*’ pioneered the STED that broke
the diffraction barrier and achieved a spatial resolution of about
5.8 nm in the focal plane.*® STED provides the ability to achieve
an extremely finely focused laser beam.

In this letter, we describe an optical point measurement tech-
nique, Le. far-field nanoscopic velocimetry, to measure flow
velocity profile in a nanocapillary. Here we combine the principle
of STED to “focus” the laser beam to overcome the diffraction
limit with the principle of LIFPA to measure the velocity.

Measurement mechanism

The measurement principle is based on LIFPA and STED. The
current LIFPA method is a single point measurement whose
volume is about 2 attolitres. The relation between fluid velocity
(V) and fluorescence intensity (/) can be expressed as a simplified
model*’

Ir = Ie " (1

where constant Iy represents fluorescence intensity at t = 0; ¢
denotes the photobleaching time constant, and the focus laser
beam width is d. If I,is known, the velocity (V) can be calculated
using eqn (1). In order to measure the velocity profile in
a nanocapillary, a measurement system with nano-scale spatial
resolution is required. For this purpose, we developed a contin-
uous wave STED system to overcome the Abbe’s diffraction
limit, so that a nano-scale resolution can be realized.

STED itself has proven to be a revolutionary technology for
far-field, noninvasive nano-scale imaging of fluorescently labeled
structures. Fig. 1 illuminates the basic principles of STED. The
excitation laser beam (violet light) is steered by a dichroic mirror
through an objective lens, and is focused to a spot in the flow
field. The smaller the excitation spot, the better the spatial
resolution. However, due to diffraction, the detecting zone
cannot be made smaller than ~200 nm by the focusing laser beam
with a lens, even though the confocal technique is applied. The
trick with STED is that one uses a second laser beam (green
light), which is doughnut-shaped by a phase plate modulation
and concentric over the excitation spot, to quench the fluorescent
dye before it can fluoresce, by using the same objective lens. The
STED (second laser) is able to preferentially quench the dye at
the outer edge of the excitation spot and not that in the center.
The result is a smaller effective fluorescence spot. If one defines
saturation laser intensity as I, at which half of the excited
molecules are stimulated to the ground state, the resolution of
a STED system (Ax) can be described by:*

A
~ 2nsin 64/ 1 + 1/, @
where A, n, 6 are the beam wavelength, refractive index, and half
aperture angle of the lens, respectively. This shows that
increasing the intensity (/) of the STED laser, the signal becomes
more depleted at the spot’s periphery and increasingly more
effective towards the middle. In the region of the doughnut hole,
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Fig. 1 A schematic of the nanoscopic velocimetry setup. (a) Laser 1: continuous wave at 405 nm; laser 2: continuous wave at 532 nm; Ly, L, L3, L4 and
Ls: optical lenses; PH;, PH, and PH3: pinholes; /; and I,: Iris; WP and WP,: wave plate (WP;: 2/2, WP,: A/4); Pol: light polarization direction; DM, and
DM,: dichroic mirrors; PP: phase plate; PMT: photomultiplier tube; R and Rj: reflector mirrors; BP: bandpass filter; OL: objective lens (PlanApo
100X, NA = 1.4 oil immersion); dye: Coumarin 102; NC: nano cube piezo scanner (3-axis); TS: translation stage (3-axis). (b) A detailed sketch of the

measurement setup in the vicinity of the nanocapillary.

however, the fluorescence is ideally not affected at all. Therefore,
by increasing the intensity of the doughnut-shaped second STED
beam, the fluorescence spot (measurement point) can be
progressively narrowed.*”-!

Measurement system

We will now describe the system and equipment needed for this
approach. The schematic of the experimental setup is shown in
Fig. 1a. The excitation beam (laser 1) is generated by a contin-
uous wave (CW) violet laser diode with a wavelength of 405 nm.
The linear-polarized beam is aligned through a lens—pinhole-lens
system which includes lens (L), pinhole (PH;) and lens (L3) to

expand the beam diameter. A dichroic mirror (DM,) reflects the
beam and the latter is reflected by a second dichroic mirror
(DM,). On the other hand, the STED beam (laser 2) is generated
by a CW green laser diode with a wavelength of 532 nm. The
linear-polarized STED beam is cleaned and expanded by another
lens-pinhole-lens system which includes lens (L,), pinhole (PH,)
and lens (L,). The STED beam is then transmitted by a A/2 wave
plate which can make the polarized direction same to that of the
excitation beam. Downstream of the phase plate (PP) and DM,,
the two laser beams mentioned combine and pass through a A/4
wave plate. Orientation of the fast axis of the A/4 wave plate is set
to 45° with reference to the polarized direction. The linear
polarization state of the beam is changed to circular by this wave
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Fig. 2 Image for cross-section of nanocapillary by a SEM microscope.
(a) At 200x magnification; (b) this magnified view of the marked area
demonstrates the nano-scale capillary at 10 000x magnification. (Cour-
tesy of Polymicro Technology.)

plate. The circular polarization beams are reflected by a reflector
(R,) and focused by an objective lens (OL, 100X, PlanApo, NA
1.4 oil immersions). Fig. 1b is a detailed sketch of the measure-
ment setup in the vicinity of the nanocapillary. It illustrates
patterns of the excitation and STED in the objective focal plane.

In order to facilitate the following theoretical prediction that is
used to compare with the experimental results, the inner diameter
(ID) of the nanocapillary was measured by a scanning electron
microscope (SEM). The cross-section image of the nanocapillary
is shown with 200x magnification in Fig. 2(a). The inset image
(b) is a magnified view of the marked area, and demonstrates the
nanoscale tube at 10 000x magnification. From the inset image
Fig. 2(b), it can be seen that the ID of this nanocapillary is about
360 nm.

A nanocapillary with inner diameter of 360 nm is fixed on
a nanocube (NC) piezo-scanning stage that can be translated in
all three spatial directions with a positioning resolution of 1 nm
for fine-tune. Another 3-axis manual translation stage (TS) is
used for rough adjustment. A fluorescent dye is used to generate
fluorescence. The fluorescence emitted by the dye is collected by
the same objective lens and passes the two dichroic mirrors (DM,
and DM,). Then it is reflected (R;) and focused onto a photo-
multiplier tube (PMT) by a lens (Ls). The fluorescence signal is
detected confocally through a confocal pinhole. The pinhole and
an optical bandpass filter for the fluorescence signal are placed
before the detector. The reason for using a pinhole is to reject
stray and ambient light to reduce noise. The signal from the
detector is amplified by a current preamplifier, and then acquired
by an A/D converter and saved to a computer.

Experimental results and discussion

We will now describe the experiments used to validate this new
far-field nanoscopic velocimetry. To determine the effective
spatial resolution, we scanned a glass cover slide coated with
fluorescence nanoparticles (~100 nm, Spherotech Inc.) using
both the STED and confocal techniques. These particles are
distributed randomly on the slide. The resolution is defined as the
smallest distance between two distinguished peaks. Hence, it is
very difficult to find the smallest distance between two particles,
which the STED system can distinguish. From Fig. 3, it can be

1200 ; ; : 300
=— Confocal
—~ 800- s {2005
3 # e S
F o ~ z
8 *** * @
c * *
g 4007 F L oL gr + {100 ¢
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Fig. 3 Comparison of spatial resolution between the CW STED system
and confocal microscope. The fluorescence intensity profile of nano-
particles is measured to determine the smallest distance between two
peaks that can be discriminated when the “focused” laser beam scans
through various positions along a line.

seen that the STED system has achieved a spatial resolution
better than 70 nm in the focal plane, while the confocal technique
cannot discriminate the two peaks from the particles.

To validate the feasibility and accuracy of this far-field
nanoscopic velocimetry system for measuring velocity profile,
a series of experiments were performed. All of the parts of the
experimental system (see Fig. 1) were fixed on an optical table. A
nanocapillary of 360 nm ID was fixed on the NC piezo-scanning
stage. First this velocity measurement technique requires cali-
bration between fluid velocity and fluorescence intensity. The
calibration process was the same as described in our previous
work.*®* Fig. 4 shows the experimentally measured relationship
between flow velocity and observed fluorescence intensity. Black
squares represent the measured result for the calibration between
velocity and fluorescence intensity. Three runs were made for
each measuring point to generate these average points. The
standard deviation error bars are given in Fig. 4 as well. Based on
the experimental data in Fig. 4, a polynomial correlation of the
calibration points for the setup was obtained.

After calibration, nanocapillary fluid measurements were
performed by moving the NC piezo stage in the radial direction
through the axis of the nanocapillary. The nanocapillary width is
traversed in 18 steps; each step is only 20 nm. The time it takes to

400+
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3 150 -
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Fig. 4 The calibrated relationship between fluorescence intensity and
flow velocity measured in the centerline of the nanocapillary.
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Fig. 5 Velocity profile and relative difference. (a) Velocity profile in
a nanocapillary of 360 nm ID; (b) relative difference between the
experimental results and theoretical prediction (parabolic).

perform a point measurement and one scan across the diameter is
0.2 s and about 4 s, respectively. The positional results are
averaged using five runs. Based on the relationship between the
intensity and velocity, the velocity profile of the nanocapillary is
attained as shown in Fig. 5(a), where rectangular dots represent
the average velocity of the measurement point. The standard
deviation error bars are also shown in Fig. 5(a). In order to
validate the method, theoretical prediction based on the Hagen—
Poiseuille equation is used to compare with the experimental
results. For a constant pressure gradient in the axial direction of
the nanocapillary with no-slip boundary condition at the wall,
this theoretical velocity profile can be expressed as:>

20 2

V) = W[l - (ﬁ) } 3)
where V is the fluid velocity in the axial direction, R is the radius
of the nanocapillary, r represents the distant between the
measurement point and the axis of the nanocapillary and Q
denotes the volumetric flow rate (which is set to 0.0004 pl h™!
here). The difference between the experimental data and theo-
retical prediction is given in Fig. 5(b). What is important is that,
for the first time, the velocity profile in a nanocapillary can now
be directly measured. The measurement result is an approxima-
tion to the parabolic Poiseuille flow profile, which is basically
similar to the theoretical prediction. The measured velocity

profile in Fig. 5(a) could indicate that at least the classical
Hagen—Poiseuille equation could still be valid when the capillary
ID is 360 nm. The velocity can clearly be differentiated within
just a 20 nm step, even near the axial region of the nanocapillary.
The closest measuring point to the wall is estimated to be about
35 nm. Clearly, the technique can be applied not only in nano-
fluidics, but also in near-wall interfacial flows.

Note that the difference increases as the measuring points are
approaching the wall of the nanocapillary. This phenomenon
might be explained as follows. (1) The total internal reflection
phenomenon is partially generated in the nanocapillary due to
the mismatch of the refraction index between the fluid and the
wall. Evanescent waves have an intensity that decays exponen-
tially along the distance normal to the interface.®® This error
could be decreased if the nanochannel were rectangular, and if
the refraction index of the capillary wall and the fluid were the
same. (2) The calibration could also be an error source, since the
calibration is conducted only on the axis. Such an error could be
reduced if time-of-flight'”-*® is also used for the calibration. (3) In
addition, in a nanoscale capillary, the real velocity profile might
be different from the prediction of classical theory.®*°

Conclusions

STED itself has proven to be a revolutionary technology for far-
field, noninvasive nanoscale imaging of fluorescently labeled
structures.*’**! Concurrently the LIFPA is a promising tech-
nique for velocity measurement.**>* Applying STED to LIFPA
could establish a new method for nanoscopic velocity measure-
ment that can ‘side-step’ the classical optical diffraction limit.

In conclusion, we presented and demonstrated a far-field
nanoscopic technique to successfully measure flow velocity in
nanofluidics. This nanovelocimetry, applying STED to LIFPA,
enables direct experimental measurement of flow velocity profile
in nanofluidics beyond the diffraction limit. The closest
measuring point from the wall is estimated to be about 35 nm.
The corresponding spatial resolution is better than 70 nm. This
method opens up a new opportunity for research in nanofluidics
and interfacial flows.
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