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Abstract. The flow direction of microfluidics in biological applica-
tions is not limited to two dimensions, but often extends to three
dimensions. Currently there are optical methods available for the
measurement of 3-D microfluidic flow vectors, but with low spatial
resolution. Line scan fluorescence correlation spectroscopy �FCS� was
proposed to determine flow directions in 2-D within microchannels
and small blood vessels in our previous work. Importantly, its spatial
resolution was demonstrated to be as good as 0.5 �m. In this work,
we extend line scan FCS to the third dimension for the characteriza-
tion of 3-D flow velocity vectors. The spatial resolution is close to the
diffraction limit using a scan length of 0.5 �m in all three dimensions.
The feasibility of line scan FCS for 3-D microfluidic flow is verified by
measurements in microchannels and small blood vessels of zebrafish
embryos. © 2009 Society of Photo-Optical Instrumentation Engineers.
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The measurement of microfluidic flow velocity is of great
ignificance in the field of microfluidic chips, perfusion cul-
ure tissue engineering, and developmental biology. The infor-

ation obtained is either used to improve the performance of
icrofluidic chip systems or collect physiological parameters

rom the circulation system for further experimental analysis.

ddress all correspondence to Thorsten Wohland, National University of Sin-
apore, Department of Chemistry, 3 Science Drive 3, Singapore 117543, Sin-
apore. E-mail: chmwt@nus.edu.sg
ournal of Biomedical Optics 024049-
Currently there are several noninvasive optical methods de-
veloped for this purpose, including laser line scan
velocimetry,1,2 particle image velocimetry �PIV�,3 and fluores-
cence correlation spectroscopy �FCS�.4,5 From the principles,
most of these methods can be applied only to situations when
the flow axis is limited to a 2-D plane. However, with the
development of miniature fabrication techniques and the
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rowing interest in biological organism with complex 3-D
tructures, flows often have to be measured in a 3-D coordi-
ate system. Therefore, we developed a noninvasive optical
ethod that can measure 3-D microfluidic flow velocity vec-

ors. Stereoscopic micro-PIV is one of the solutions for the
easurement of three components of the velocity vector;6 it

ses two cameras to capture PIV images at two different
ngles by a stereomicroscope. However, the spatial resolution
s limited by a low NA stereo objective �44�44�15 �m3�
sed in the stereomicroscope, and it requires a good and pre-
ise alignment of two focal planes through the objective in
his case. Superresolution particle tracking velocimetry �PTV�
s an alternative for 3-D velocity measurement,7 but its low
patial resolution is still a disadvantage �10�10�10 �m3�.
n our previous work,8 it was demonstrated that line scan FCS
as a higher spatial resolution of 0.5 �m to resolve 2-D flow
elocity. In this work, the line scan FCS was extended to the
easurement of 3-D microfluidic flow velocity in both a mi-

rochannel and small blood vessel with a scan length of
.5 �m in 3-D.

FCS is traditionally implemented at a single focal point;9

patial FCS measurements utilize two-foci schemes for the
haracterization of diffusion10 and microfluidic flow.11 Scan-
ing FCS is another representative technique of spatial FCS
easurements, which collects fluctuation signals along the

can path.12 The principles of FCS for microfluidic flow and
ine scan FCS for 2-D flow velocity have been discussed
reviously.8 Briefly, the dwell time of molecules in the laser
ocus increases or decreases by scanning the laser in different
irections. This time varies dramatically when the direction of
he laser scan is the same as or opposite to the flow. In 2-D
ow measurements, a line scan of the laser focus is performed

n the xy plane in one direction as required for the measure-
ent of a 2-D flow velocity vector. The scan can be extended

o the z direction to resolve a 3-D flow velocity. In this case,
wo additional line scans have to be implemented, one per-
endicular to the first scan line in the same xy plane, and the
ther along the optical axis �z direction�. For simplicity we
efer to the three line scans as x-scan, y-scan, and z-scan.
herefore, the three following velocity vector equations can
e obtained, where Vn is the apparent flow, Vf is the micro-
uidic flow, and V is the line scan speed:

X

Y

Z

θ

ψ
Vf

ig. 1 A 3-D representation of flow velocity vector. Angle � is the one
ormed between the flow vector and xy plane; angle � is the one
etween the x axis and the projection of flow vector in the xy plane.
s
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x-scan:

Vnx
� = Vf

� + Vsx
� = �Vfx + Vsx

Vfy

Vfz
� ,

y-scan:

Vny
� = Vf

� + Vsy
� = � Vfx

Vfy + Vsy

Vfz
� ,

z-scan:

Vnz
� = Vf

� + Vsz
� = � Vfx

Vfy

Vfz + Vsz
� .

The apparent flow velocity vector is actually the combination
of three velocity components. The mathematical equations re-
garding this relationship can be written as,

�Vnx
2 = �Vfx + Vsx�2 + Vfy

2 + Vfz
2

Vny
2 = Vfx

2 + �Vfy + Vsy�2 + Vfz
2

Vnz
2 = Vfx

2 + Vfy
2 + �Vfz + Vsz�2 � . �1�

During calibration, the scan speeds Vsx, Vsy, and Vsz are de-
termined. The apparent flow velocities Vnx, Vny, and Vnz are
measured during the experiment. Thus, the three unknown
parameters �Vfx, Vfy, and Vfz� can be found from the equa-
tions using the known values of Vnx, Vny, Vnz, Vsx, Vsy, and
Vsz. From these, the angles of the flow velocity vector can be
calculated. The schematic representation of a flow velocity
vector is shown in Fig. 1. The two characteristic angles of the
flow vector are defined in the figure:

� = arcsin�Vfz

Vf
� ; � = arctan�Vfy

Vfx
� .

All the calculated FCS data from the algorithm for scan length
reduction8 were fitted with the following flow model.

G��� = 	 Ftrip

1 + Ftrip
exp�− �/�trip� + 1


�
1

N
g���exp�− 	��/� f�2 1

1 + �/�d

� , �2�

with

g��� =
1

1 + �/�d

1

1 + �/�K2�d��1/2 . �3�

The optical setup for fluorescence correlation microscopy
�FCM� and xy line scan FCS, using the beam scanning mir-
rors, was described in a previous work.13 To implement a line
scan in the z direction, an extra device with a piezo scanner
�LISA NanoAutomation Actuator, P753.2CD, Physik Instru-
mente, Germany� was designed and mounted on the micro-
scope mechanical stage �Fig. 2�. In the figure, the custom-
made components of A, B, and C were fixed on the
March/April 2009 � Vol. 14�2�2
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icroscope stage, while D, the sample mounting adapter, was
onnected to the piezo drive scanner. In this design, when the
iezo scanner was moving vertically by applying a dc voltage,
he sample attached to the adapter was being scanned in the z
irection at the same frequency as the scanner. The mechani-
al stage and z-focus motor of the microscope were fixed, and
n FCS point measurement was performed at the desired po-
ition. This is equivalent to line scan FCS in the z direction.
he frequency of the sawtooth voltage wave applied to the
iezo actuator/scanner was set to 300 Hz, and the maximum
oltage amplitude was set to 1.2 V, which corresponded to a
can travel distance of 1.2 �m. The travel position of the
canner corresponded linearly to the applied dc voltage.

A polydimethylsiloxane �PDMS� microchannel was sealed
n a glass coverslip, and its cross section was designed as a
quare of 100 �m width.8 For this work, the fabricated mi-
rochannel included one inlet, one center channel, and one
utlet �Fig. 3�. During the fabrication process, the inlet chan-
el �Fig. 3 part A� can be placed at different angles in the xz
lane such as 30° and 60°. In this case, it was 30° or 60° for
he angle of � when measured in the inlet �Fig. 3 part A�, 90°
n the center channel �Fig. 3 part B�, and 0° in the outlet �Fig.

part C�. During the experiment, the center channel was
anually placed at 45° for the angle �. Thus, 3-D microflu-

dic flow was generated when the dye solution �Atto 565� was
erfused into the microchannel through the inlet.

P75
3.2

A

B

C

D

ig. 2 Schematic diagram of z piezo scanner. A is the customized mi
anoAutomation actuator �P753.2CD, Physik Instrumente�; D is the a
ounted zebrafish embryo�; and E is the principle of scan length red

inlet

θ

center channel

outlet

A

B

C

θ = 90θ = 0
θ = 30 or 60

ig. 3 Schematic diagram representation of a PDMS microchannel
tructure including inlet, center channel, and outlet. 3-D microfluidic
ow can be measured in the inlet, center channel, or the outlet �green
pot�, namely at 30° or 60°, 90° and 0° for the angle of �. The center
hannel is always placed at 45° for the angle of �. �Color online only.�
ournal of Biomedical Optics 024049-
The maintenance and preparation of zebrafish embryos
was described previously.8 Briefly, treated embryos were
mounted in 0.5% low melting temperature agarose �Invitro-
gen, Singapore� on a glass coverslip �25�75 mm� for the
following measurements. The 3-D organization of blood ves-
sels in zebrafish embryos made it a good model to study the
3-D microfluidic flow in small blood vessels. As found, some
vessels in the embryo brain were naturally isolated from oth-
ers, and were thus clearly visible. All the blood vessels in
TG�fli1:EGFP�y1 zebrafish embryo14 expressed green fluo-
rescent protein �GFP� in endothelial cells clearly marking the
blood vessels Fig. 4�b�, lateral view�. A region of interest was
then identified in the embryo brain Fig. 4�c�, dorsal view� for

z scan
voltage

intensity
trace

selective
z scan

selective
intensity
trace

used to calculate ACF

e stage insert; B is the support stand for the z scanner; C is the LISA
for #1 coverslip �50�22 mm� with samples �either microchannel or

(a)(b)

(c) (d)

Fig. 4 �a� Picture of GFP expressed in blood vessel endothelial cells of
zebrafish embryo. Zoom in from �a�, �b�, �c�, to �d� until a single blood
vessel in 3-D is identified.
E

croscop
dapter

uction.
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-D blood flow velocity measurements using line scan FCS.
urthermore, a single blood vessel organized in 3-D �approxi-
ately �=45°, �=45°� was found using confocal laser scan-

ing microscopy �LSM� imaging Fig. 4�d�, dorsal view�. A
-D projection from z-stack of the blood vessel Fig. 4�e�� and
ts orientation in 3-D was determined.

The length of the scan line in the x and y directions can be
educed to restrict the used range to the linear range of the
canner and simultaneously increase the spatial resolution.8 In

and y directions, line scan FCS was implemented by the
alvanometer scanning mirrors. The experiment of selective
can length was duplicated in this case. The resulting autocor-
elation function �ACF� curves are shown in Fig. 5�a�, where
he scan length was reduced from 2 �m, 1.5 �m, and
.0 �m to 0.5 �m. The respective ACF curve shifted to the
eft, indicating a shorter dwell time of molecules in the laser
ocus. The corresponding measured scan speeds are shown in
he inset of Fig. 5�a�. The shorter the scan length is, the faster
he scan speed. The same principle and strategy applies to the
ine scan in the z direction. To reduce the scan length, one of
he methods is to record the photon counting data only from a
art of the scan line, while the galvanometer mirrors scan
ver a long distance. By selecting the middle part of the scan
ine, the linear range of the scanners is used, avoiding prob-
ems of nonlinearities of the scanner as well as reducing the
can line. The extracted photon trace data are then used to
alculate the ACF. The original z line scan length �travel dis-
ance� was 1.2 �m. In this case, it can be selectively reduced
own to 0.5 �m. As shown in Fig. 5�b�, the scan speed is
ecoming faster when the selective length reduction algorithm
s applied to shorten the scan length from 1.2 down to
.5 �m, which is represented by the left-shift of the ACF
urves and the derived scan speed graph Fig. 5�b� inset�.

The PDMS microchannel is a good model to study micro-
uidic flow, because it is an optically transparent material and
asy to manipulate for a variety of 3-D microchannel struc-
ures. For this work, a 3-D microchannel was designed and
erfused with a solution of Atto 565 �1 nM�. Point FCS was
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first implemented to measure the absolute flow speed at a
position in the microchannel �Fig. 3, green spot�, and line
scan FCS was then performed at the same position in xy di-
rections using the galvanometer scanning mirrors in the con-
focal LSM scan unit, and in the z direction using the piezo
actuator scanner. The selective scan length reduction is addi-
tionally applied to line scan FCS in the xyz directions. All
ACF curves were fitted with the one-flow model see Eq. �2��.
The calculated microfluidic flow velocities were used in Eq.
�1�. Thus the three components of flow velocity, Vfx, Vfy, and
Vfz, were measured. The angles � and � were then calculated
from the known Vf vector components. The measurements
were performed at different positions in one microchannel
with an inlet channel at 30° �Fig. 3, parts A, B, and C� and the
other microchannel with inlet channel at 60°. The result of
3-D flow velocity angles is listed in Table 1. As shown, the
angles of � were measured as 46.5°, 54.7°, 39.4°, and 30°,
which were close to the aligned channel angle of 45°. Con-
sidering the measurement and alignment errors, the line scan
FCS can accurately measure the angle � for the 3-D flow
velocity vector with an error less than 10° or better. During
the experiment, the x and y line scans are both at an angle of
45° with respect to the flow axis, so the measurement error by
line scan FCS is optimal. This is further demonstrated by the
results of flow angle �, which shows a large error �21.6°� at
0°, but smaller errors at 30°, 60°, and 90° �3.6°, 5.7°, and
12.4°, respectively�. The reason is that the z scan line is par-
allel to the flow axis when the angle � is 0°, and the measure-
ment error decreases when � is close to 90° �Ref. 8�. To make
the measurements more accurate, flow angles of � and � are
chosen close to 45° as a compromise in the following work.

Recent years saw a few FCS applications in blood vessels
of small animals.8,15 In this work, we extended our previous
work of line scan FCS in zebrafish embryo to 3-D velocity
measurements. The flow measurements without external label
are made possible by any autofluorescent species within the
blood. The major component would be erythrocytes, but au-
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ofluorescent biomolecules within the blood will serve the
ame purpose, as flow can be observed even at embryonic
evelopment stages, at which erythrocytes are not present in
he blood stream. It should be noted that due to the variety of
uorescent species, the amplitude of the FCS is difficult to

nterpret. However, the width of the FCS, which is dominated
y the flow velocity, is reliable. This is confirmed by the
njection of fluorescent labels into the blood stream of ze-
rafish embryos, which yield the same flow speeds �unpub-
ished data�. In the experiments, the zebrafish embryo was

ounted at dorsal view in agarose gel on a coverslip glass.
hen the coverslip was adapted to the z piezo scanner sitting
n the microscopic mechanical stage. Using confocal LSM, a
ingle blood vessel was identified in the brain of the embryo
Figs. 4�d� and 4�e��. The orientation of the blood vessel was
anually arranged at angles � of 45° and � of 45°. Line scan
CS was performed in x and y directions using the galvanom-
ter scan mirrors in slow scan mode with scan length of
�m, and in the z direction using the stage piezo scanner at
frequency of 300 Hz with scan length of 1.2 �m. Further-
ore, the scan length of line scan FCS in the xyz directions
as limited to 0.5 �m by the algorithm of selective scan

ength reduction described previously �Fig. 5�. The line scan
peeds in xyz directions were obtained during the system cali-
ration �Vsx=Vsy =1.60 mm /s, and Vsz=0.93 mm /s�, and all
he ACF curves for blood flow coupled with line scan were
tted with the one-flow model Eq. �2��. From the fitting re-
ults, Vnx, Vny, and Vnz are measured as 1.59, 1.53 and
.30 mm /s, respectively. With the known parameters, the
lood flow velocity in xyz directions is calculated as Vfx
0.88 mm /s, Vfy =0.95 mm /s, and Vfz=1.06 mm /s using
q. �1�, and the angles of � and � were calculated as 43.1°
nd 39.3°, respectively. Therefore, the total flow velocity of
lood at this position is about 1.67 mm /s. Corresponding to a
eport of blood flow velocity in the developing heart of ze-
rafish embryos,2 the value ranged from 1 to 4 mm /s. Con-
idering that FCS measures average flow velocity and organ
ifference, the prior measured velocity is physiologically
lausible. The data are presented in Table 1, together with
hose in a microchannel. The resulting angles are quite close
o the prealigned embryo orientation with small measurement
rrors. It demonstrates that line scan FCS can be extended to
he z direction for 3-D flow velocity measurements in small
nimals. The scan length of line scan FCS in the z direction is
ept to 0.5 �m, while the resolution of 2-D line scan FCS is
aintained as 0.5 �m. Therefore, line scan FCS has potential

pplications in either tissue engineering or developmental bi-

able 1 Angles �� and �� measured for 3-D flow velocity vector in
icrochannel; Fish: zebrafish embryo�.

Sample �Ch �Ch

Angle � 0 30

Measured � 21.6 26.4

Angle � 45 45

Measured � 46.5 54.7
ournal of Biomedical Optics 024049-
ology, as the two fields may require an accurate measurement
of 3-D microfluidic flow velocities to optimize or characterize
the systems.

In this work, line scan FCS was extended to the third di-
mension to measure 3-D microfluidic flow velocities. For this
purpose we introduced three line scans. Two along the xy axes
performed by using the scan mirrors of the confocal micro-
scope, and a third one along the z axis using a piezo scanner
to scan the sample. The method and its accuracy were proved
in both the microchannel and zebrafish embryo brain blood
vessels with 3-D flow microstructures. With the development
of selective scan length reduction, the scan length of line scan
FCS was reduced to 0.5 �m in all three directions. This is an
advantage to other methods available for 3-D microfluidic
flow vector measurements. Due to its noninvasive property
and successful demonstration of application in zebrafish em-
bryo brain blood vessels, line scan FCS for 3-D microfluidic
flow velocity could assist in the system optimization of mi-
croelectromechanical systems �MEMS� research,
microfluidic-flow-related tissue engineering, or blood flow
physiological measurements in small animals.
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