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Introduction

Out-of-plane integration of a multimode optical
fiber for single particle/cell detection at multiple
points on a microfluidic device with applications
to particle/cell counting, velocimetry, size
discrimination and the analysis of single cell lysate
injections

Jalal Sadeghi,1®* Damith E. W. Patabadige,}® Anne H. Culbertson,?
Hamid Latifi® and Christopher T. Culbertson*?

In this paper a single particle/cell-tracking microfluidic device that integrates an out-of-plane multimode
optical fiber (OP-MMF) is reported. This OP-MMF is used to generate three excitation light-lines and three
detection spots using only one excitation source and one detector. It takes advantage of an optical tunnel-
ing mode to create two excitation lines in a microfluidic channel emanating from a single fiber end. This
method was used to accurately count particles/cells and perform velocity measurements and size discrimi-
nation. The velocity and size distributions of 5, 7, and 10 um fluorescently labeled polystyrene beads were
determined using the OP-MMF. Additionally, this method was used to analyze cell lysates with the third ex-
citation line in the separation channel. The OP-MMF setup accurately detected an intact cell twice ~2 mm
prior to lysis, determined its velocity, and detected the injected cell lysate 3 mm downstream of the injec-
tion point in the separation channel. Using this setup, the velocity of cells entering the lysis intersection
and the absolute migration times of fluorescently labeled analytes injected into the separation channel
were determined in an automated fashion. This method enabled us to determine a lysing/injection effi-
ciency coefficient (K) using signals from the injected lysate signal and from the intact cell before lysing. K
provided a reliable measurement of the amount of cell lysate that was injected into the separation channel.
The approach reported here could be used in the future to track particles, cells or droplets in a variety of
existing microfluidic devices without the need for multiplexed masks, layers, bulky optical elements or
complex optical designs.

flow velocity in the center of the channel and the lowest veloc-
ity along the walls.® Cells or particles are, therefore, trans-

Interest in microfluidic devices for the analysis of cells and
particles continues to increase due, in large part, to the flexi-
bility in being able to design the channel manifold to perform
a variety of operations on the cells as they are transported
through the channels."™ Often, this transport is controlled
through the generation of pressure differentials in the chan-
nels which creates a hydrodynamic flow. The flow profile in
the channel, therefore, is parabolic in nature with the highest
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ported at different velocities depending upon their axial loca-
tion in the channel. These velocity differences can cause
issues and uncertainties with the transport and manipulation
of particles/cells in these devices. Therefore, simple, inexpen-
sive and easy-to-implement methods to characterize the exact
nature of this flow and to monitor it in real time, could sub-
stantially improve the ability to track, transport, and manipu-
late particles/cells in microfluidic devices. Such capabilities
are especially relevant in flow cytometry techniques where cell
sorting, cell counting, cell trapping and cell lysis operations
are implemented.*” Many different techniques to measure
cell velocities on microfluidics devices have been devel-
oped.*® For example, particle image velocimetry (PIV) is used
for real-time deformability cytometry'® or for the direct mea-
surement of velocity fields in experimental systems.'’ A
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specially designed optical space-time coding method using a
spatially patterned mask has also been reported for determin-
ing cell velocity.">"* The mask modulates the optical forward
scattering or fluorescent emission propagating toward the de-
tectors. Cell tracking information has also been obtained
using a mathematical signal processing algorithm from time-
domain modulated signals."® Finally, the creation of a struc-
tured light intensity pattern without using a patterned mask
has been used to measure cell velocities. For this method a

spatial light modulator (SLM) was used in place of a pat-
In addition to velocity information,

terned optical mask.'*"”
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several of these methods can also be used to determine the
average size of the cells/particles.'®® Both theoretical and ex-
perimental studies have revealed a correlation between equi-
librium position/velocity of cells/particles in the channels and
their size as a function of channel cross section geometry,
flow profiles and Reynolds numbers regimes.'**® While use-
ful, these optical detection methods are difficult to imple-
ment, mathematically complex and/or the spatial distance
needed between particles to avoid interference is relatively
large. For simple velocimetry measurements creating 2 detec-
tion spots in close proximity (i.e. <1 mm) to measure cell
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Fig. 1 (a) Ray paths within a MMF, (a;) a bound ray, (a,) a tunneling ray, (az) a tunneling ray showing all angles including «, 6,, and 6,, (a4) a
covered channel by a tunneling mode with the beam diameter w(l) at a position [, (as) tunneling ray formation at the position p; on a propagation
plane (b) schematic diagram of the optical setup with details and magnified microfluidic chip integrated with MMF. (c) Photograph of a chip
integrated with MMF and four inlets to actuate the peristaltic pumps. (d) Schematic of the lysis intersections for the microchip design shown in (b)
and (c), showing the three excitation lines and important points and distances.

146 | Lab Chip, 2017, 17, 145-155

This journal is © The Royal Society of Chemistry 2017


http://dx.doi.org/10.1039/C6LC01161F

Published on 24 November 2016. Downloaded on 07/09/2017 20:10:22.

Lab on a Chip

velocity is difficult and requires the use of multiple detectors.
Therefore a simpler, less expensive method to obtain this in-
formation would be highly useful.'”

We recently reported a method to incorporate 2 detection
points in close proximity on a microfluidic device using an
optical fiber bridge.”" In this system, light was focused into a
microfluidic channel to form one detection point using an
epi-illumination system. A short length of optical fiber was
inserted 30 um above the channel at this detection point.
The focused light from the epi-illumination system was also
coupled into the fiber. The other end of the fiber was placed
at another location 30 um above a channel in the channel
manifold. The light from the fiber then created a second exci-
tation spot in the channel, and thus a second detection
point, using only one excitation source and one detector.
While the system could create 2 detection spots in close prox-
imity (~1-2 mm) for velocity determinations, an even closer
set of detection points was desired. In addition, the excita-
tion spot size (118 um) was larger than desired and limited
the spatial resolution. In order to decrease the distance be-
tween the detection spots and create narrower excitation
lines, a rarely used optical fiber light propagation method
has been employed and will be reported in this paper. As
explained in more detail below, tunneling modes were cre-
ated in a multimode optical fiber resulting in a ring of excita-
tion light emanating from the end of the fiber. When this fi-
ber was placed above the channel, 2 excitation lines were
formed as shown in Fig. 1. These lines were narrow (~8 pm
wide) and only ~110 um apart. The velocities of cells and
particles passing through the 2 points could easily be deter-
mined. In comparison to the methods mentioned above, cell/
particle excitation-emission using an out-of-plane multimode
optical fiber (OP-MMF) has several advantages. First, the high
spatial resolution generated by the narrow (~8 um) excitation
lines can significantly decrease particle/cell detection overlap
problems. This is in contrast to other methods such as the
spatially patterned mask that has a detection length of 980
pm and thus requires a much larger spatial separation of par-
ticles in the channels.” Second, a high signal to noise ratio
(S/N) is generated from the concentrated excitation beam
intensity, and the narrow field of view of the fluorescence col-
lection minimizes environmental stray light. Third, the OP-
MMF detection point can be moved easily, compared to the
use of in situ fabricated fixed planer waveguides.”>>® Fourth,
the functionally rectangular excitation beam of the OP-MMF,
in comparison to the focused circular beams of a microscopic
epi-illumination system, can cover the whole channel width.
Finally, the OP-MMFs have low light attenuation, have high
throughput data handling capacities, are flexible, and are
cost effective.

In actuality, with this system, 3 detection points are cre-
ated as the end of the fiber into which the excitation light was
coupled was situated above a detection point also (Fig. 1b-d).
With this optical setup the efficiency of cell lysis and the effi-
ciency of cell lysate injection were determined in a micro-
fluidic single cell analysis device. As cells enter the lysis inter-
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section they are axially distributed throughout the channel
cross section. As such, they will have different velocities due
to the parabolic nature of the hydrodynamic flow. These vary-
ing velocities mean that the time over which the cell is ex-
posed to the electric field used to lyse the cell will also vary. If
the cells enter the lysis intersection too quickly they are either
not lysed or only partially lysed, as their interaction time with
the electric field is limited. This can result in partial injec-
tions of the cellular content and thus can generate misleading
results and conclusions because of the biased nature of the
injections. This 3 detection point technique allows one to
characterize the maximum velocity that a cell can enter into
the intersection and still be completely lysed and the lysate
completely injected. This technique can be used to character-
ize the flow in a microfluidic manifold, or be employed in any
experiment in order to provide real-time feedback on how well
the system is functioning.

In this paper the theory behind the optical fiber
tunneling mode is developed and the usefulness of this
light propagation mode to create two closely spaced excita-
tion lines is shown. With this OP-MMF configuration, the
velocity distributions for 3 different sizes of particles were
measured and a correlation between particle size and the
average particle velocity was developed. Lastly, using this
device, the relationship between the cell velocity entering
the lysis intersection and the efficiency of cell lysis and ly-
sate  injection into a  separation channel was
demonstrated.

Characterization of the optical fiber light modes

According to optical waveguide theory, optical modes in a
waveguide can be divided into two classes: guiding modes
(bound rays) and leaky modes (refracting rays).>” Guiding
modes propagate along the waveguide via total internal re-
flection (TIR), while leaky modes completely disappear
within an extremely short distance. However, in cylindrical
multimode waveguides, such as large core multimode opti-
cal fibers (MMF), a third class of modes arise that are dis-
tinct from both guiding and leaky modes; these modes are
called tunneling modes (i.e. tunneling rays).”® A MMF can
propagate light via hundreds of guiding modes and the
interference of these modes at the fiber output usually gen-
erates a random speckle pattern (Fig. 2a)."> However, under
specific optical conditions when laser light is focused into
MMF input, tunneling modes can be excited and travel to
the other end of the fiber resulting in a ring-like output
pattern as illustrated in Fig. 2c.

The general ray paths and mode regions valid for all rays
propagating along the MMF can be defined by the spherical
polar angles 6, and 0,, where angle 0, is the azimuthal propa-
gation angle and 0, represents the longitudinal propagation
angle, i.e. the angle between the ray and the optical axis.
Bound rays are only defined by 6, while tunneling rays are de-
fined by both 0, and 0,. Unlike bound rays, which are con-
fined within the critical angle, 6., given by 0 < 6, < 6,
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Fig. 2 The 3-D rendered view of the near-field pattern of generated guiding (a), guiding-tunneling (b), and tunneling mode (c). The horizontal
intensity profile of the tunneling mode for central (black) and lateral (blue) path of the particles (d), fluorescence intensity profile of a 10 um bead

under a tunneling mode excitation (e).

tunneling rays are confined within the ranges given by 6. <
0, < /2 and a. < a < n/2 where o, = Sin"(Reladding/Meore); Oc =
cos_l(ncladding/ncore) where the angle of incidence, «, is
depicted in Fig. 1(a;) and given by cos « = sin 6,sin ,. In con-
trast to bound rays which cross the fiber axis (Fig. 1(a;)),
tunneling rays never cross the fiber axis (Fig. 1(a,)).>’

In general, tunneling rays have larger losses than bound
rays, but under certain conditions the overall power detected at
the fiber end may be in the same range as that for bound rays.
Finding the excitation power of different rays requires the eval-
uation of eqn (1) which represents summation over all rays

Pou(@)= [, B (#)a¥+[, B () 0

o 1)
+[, Ba(#)e " aw

where, P;, is the initial distribution of rays and is determined
by the input power and y specifies a particular ray. The loss
coefficients o(y) and (w) depend on optical fiber loss (like ab-
sorption and scattering) and wave propagation effects such as
ray reflection at the core-cladding boundary or refraction. The
first integral can be easily calculated and the third integral over
refracting rays is set to 0 because for all practical purposes f(y)
~ oo, The second integral, however, is difficult to calculate as
a(y) is a complicated function.

In order to evaluate this second term so that the power at-
tenuation of the tunneling rays can be determined, two arbi-
trary parameters of L and D are defined by eqn (2a) and (2b)

148 | Lab Chip, 2017, 17, 145-155
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L=[2BC i] (2a)
P
D=InL (2b)
where, p is the radius of circular cross section and V is a
waveguide dimensionless parameter (V = 2mpno0./4).

For most tunneling rays of interest, the attenuation factor
a(y)zlp from the 2nd term can be written in the following form

%=g(m)[f(&r)L]“ (3)

or

az 220, R’ (l—tsz)l/2 1 (l—tZRZ)S/2

I 7 N i I
where for a step-index optical fiber
R = (sin4,/6,) (5a)
t=sing, (5b)
and
Vis large (=190) (5¢)
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Here g(R,t) can become large for a small number of rays
with very large R values and ¢ ~ 0. For instance, when the
rays are excited by a diffuse, Lambertian light source, over
90% of tunneling rays have R < 5 and g(R,f) < 29. In our opti-
cal configuration with a 488 nm laser source and MMF with
0. = 11.5 and p = 52.5 um the vast majority of rays have g(R,t)
~ 1. This results in the tunneling rays being divided into two
different classes: f{R,{)L < 1 which leads to rays being greatly
attenuated and f{R,{)L > 1 in which the rays are propagated
with no attenuation. This allows us to explicitly determine an
effective domain for tunneling rays with low attenuation. To
determine this domain we must solve f[R)L = 1 in (R,t)
space. For real values of ¢, the upper limits R, and ¢, on R
and t, respectively are:

R (D)= {1 + (3%)}”2 (6)

tb(R)=%ll—(1§;__lJ } ?)

where the effective domain for tunneling rays is then defined
by:

{effective 1<R< Rb} @®

tunneling rays: 0<r<t,

Values of R and ¢ smaller than the values given by eqn (6)
and (7) satisfy f{R,t)L > 1 and thus should be minimally at-
tenuated. Eqn (5a), and (5b), can then be used to optimize
the input angle to maximize excitation power. Several fiber
techniques have been developed to generate such ring-like
patterns while employing several polarization dependent
higher-order modes.*® Since these mode generations involve
several hybrid modes propagating at different phase veloci-
ties, the intensity distribution will vary strongly along the fi-
ber (Fig. 1(as)). Unlike higher-order guiding modes, a tunnel-
ing mode as a stable pattern is bounded between two specific
rings. Therefore, the width of ring-like pattern depends on
the rings' radii. As indicated in Fig. 1(a;) and (as;) and
according to eqn (4) to (8), rays can be launched from any-
where p; across the core surface under the incidence angle of
;. One such ray (yellow arrow), lying in the plane of ACGE,
shows the maximum space that can be occupied between the
first ring with a radius of p; in a fiber core with a radius of r.
Here r — p; is the width of the ring-like pattern. In this paper,
we show how the tunneling rays can be used as the dominant
excitation rays in comparison to bound rays with application
to single cell measurements in microfluidic devices.

Materials and methods
Reagents and materials

Dow corning Sylgard 184 silicone elastomer kits were pur-
chased from Ellsworth adhesives (Germantown, WI). SU-

This journal is © The Royal Society of Chemistry 2017
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8 2010 photoresist was obtained from MicroChem
(Westborough, MA). AZ P4620 photoresist was acquired from
AZ Electronic Materials (Branchburg, NJ). Silicon wafers (100
mm P(100) 1-10 ohm cm SSP 500um Prime Grade single side
polished) were purchased from University Wafer (Boston,
MA). 6-Carboxyfluorescein diacetate (6-CFDA, ~95%) was
obtained from Sigma-Aldrich (Saint Louis, MO). Yellow-green
fluorescent polystyrene latex microbeads (5, 7 and 10 um)
were purchased from Magsphere Inc. (Pasadena, CA). Deion-
ized water was generated using 18 Mohm Millipore Synthesis
A10 system (Billerica, MA, USA). A length of multimode opti-
cal fiber (0.22 NA, core ©105 um) was acquired from
Thorlabs Inc. (Newton, NJ).

Cell culturing

T-lymphocytes obtained from Clone E6-1 cell line (ATCC TIB-
152 American Type Culture Collection, Rockville, MD, USA)
were cultured as described previously.*!

Microchip fabrication

The two-layer PDMS microchip was fabricated as previously
reported.’’ Briefly, master molds for the microfluidic channel
manifold and the microvalve/pump manifold were created
using AZ-P 4620 photoresist and SU8-2010 photoresist, re-
spectively. The micropump manifold was molded in a 5 mm
thick layer of 5:1 PDMS, and the microfluidic channel layer
was molded in a 50 um thick layer of 30:1 PDMS separately.
The micropump control valves were 22 pm high and the ef-
fective surface area between the pump and channel layer was
100 pm x 200 pm. The channels in the bottom layer were 18
um high. The gap between micropumps and fluidic channels
was 32 pm. Detailed dimensions of the device are given in
the ESLf

Optical detection system and generation of optical fiber
tunneling modes

A 105/125 pym multimode fiber (MMF) (Thorlabs FG105UCA,
N.A. = 0.22) was used to generate tunneling modes with a
uniform irradiance distribution.”® As illustrated in Fig. 1(b),
several optical elements (i.e. elliptical mirrors and an iris dia-
phragm) were used to direct the beam into the rear port of a
commercial inverted Nikon TS-100 microscope (Nikon Instru-
ments, Inc., Melville, NY) and control the incidence angle ()
of the rays into the optical fiber. A 20x microscope objective
(NA = 0.45) and Z-axis control (i.e. focusing knob) were used
to control the laser spot size of a laser beam. Also, the stage
upon which the microchip sat was equipped with a transla-
tional controller knob to adjust the optical incidence position
(pi> = X*> + Y?) at the MMF end face. The objective lens had
an effective working distance of 7.4 mm with focal length of
9 mm. The beam with a diameter of 8 um was focused into
the incident point (on the separation channel) with the fol-
lowing characteristics of 40 < p; < 52.5, 78° < a < 90°, 11.5°
< 6, < 90°.
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The fiber was bridged between the velocity measuring
point (VMP) in the cell handling channel and the lysate de-
tection point (LDP) in the separation channel. As shown in
Fig. 1(c), a few millimeter long pipette tip was used as a
clamp in order to hold the ends of the optical fibers in place
and to adjust the X, Y and Z positions of the both ends of the
MMF's relative to the channels as previously described.*!
Over the 1 cm length of the nozzle, the cone diameter ta-
pered from 1 mm down to 300 um which was suitable for fi-
ber clamping. The excitation source was a 488 nm line from
a multiline argon-ion laser (MellesGriot Laser Group, Carls-
bad, CA). The focused excitation beam from the 20x micro-
scope objective could be easily coupled into the bridged fiber
at the LDP. The fiber then transmitted the excitation light via
tunneling to create the VMP. The tunneling mode and micro-
channel junction made two uniform light-lines that perpen-
dicularly covered the channel width (Fig. 1(a,) and (d)).

At the VMP, intact fluorescently labeled cells could be ex-
cited two times at shown in Fig. 1d. resulting in two sharp
emission spikes (Fig. 2e). After the cell was lysed at the inter-
section, the lysate was electrophoretically injected into the
separation channel and the fluorescently labeled substrate
electrophoretically transported down the separation channel,
where the third focused beam excited the cell lysate (LDP)
and caused the third emission spike (Fig. 4a-c). Two sharp
emission spikes due to the fiber's backward collection, and
the third emission spike were all detected by the same photo-
multiplier tube (Hamamatsu Instruments, Bridgewater, NJ)
attached to the trinocular port of the microscope.

Sample preparation

Jurkat cells were loaded with 6-carboxyfluorescein diacetate
(6-CFDA) as previously reported.®® Briefly, 50 uL of 2 mM
6-CFDA in a DMSO stock solution was aliquoted and intro-
duced into a cell culture flask such that the final concentra-
tion of the fluorescent dye was 50 uM. Cells were then incu-
bated for 20 min at 37 °C in a 5% CO, environment. After
incubation, the cells were centrifuged for 3 min at 2000 rpm.
The supernatant was then removed and the cell pellet was
resuspended in a warm, sterile PBS solution. The centrifuga-
tion/resuspension process was repeated two more times to
minimize the fluorescent background from the non-loaded
dye.

The fluorophore (carboxyfluorescein diacetate; CFDA) was
used to label cells. This species is cell permeable and non-
fluorescent in nature. After passively diffusing onto the cells,
the CFDA is hydrolysed by intracellular esterases and the
fluorescent product (carboxyfluorescein; CF) is formed. All
live cells are labeled. Due to the hydrophilic nature of the
product, it is trapped inside the cells and stable for signifi-
cant time period (>1 h) as previously reported.**

Five, 7 and 10 um diameter green fluorescent (480/501
nm) polystyrene latex beads (Magsphere Inc., Pasadena, CA)
were separately prepared in 10 mM sodium borate solutions
such that the final concentration of each solution was 1 x 10*
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Fig. 3 (a) Fluorescence signals for the mixture of 10, 7, and 5 um
polystyrene beads. The inset is an expanded view of three
fluorescence intensity profiles. (b) Scatter plot for the all particle
suspensions. Each data point represents the velocity and the
fluorescent intensity of a detected particle. (c) The particle distribution
based on the number of fluorescence spikes.

beads per mL. Also, a mixture of each size of beads was pre-
pared in same manner such that concentration of each type
was 3 x 10° beads per mL.

Microchip operation - bead experiments

All of the microfluidic channels were filled with 10 mM so-
dium borate solution at pH = 7.2. A sample of polystyrene
beads was placed in the sample reservoir. Fluid flow between
the sample reservoir and the waste reservoir was generated
using the 3 peristaltic pumps that were integrated with the

This journal is © The Royal Society of Chemistry 2017


http://dx.doi.org/10.1039/C6LC01161F

Published on 24 November 2016. Downloaded on 07/09/2017 20:10:22.

View Article Online

Lab on a Chip Paper
i
&2 3 * 1l
~ 1l I~3 o 3.5 " Intact ce
= 3.0 0 (a) A=02 g # Lasate i b * *
S 25 Lo 23.04F i
‘.-Z: 2.51 20 a~ 15 R7) i
& 15 I § 2.5
8 2,04 10 =
5 — 2.0
2 ) 0.5 | 3 " #
5 20 ¢ t S 1.57
2 1.0 0.40 0.45 0.50 (5] #
E . Time (sec) 8 1.01 #
o
2 03] | i Zos;
0.0 th 3 - 0.0 y A X
0.5 1.0 1.5 2.0 2.5 3.0 55 60 Ti 65( ) 70 75
Time (s) = 1me (S
‘ 3.10 s 10 ¥ Lysed Cell ®
< Intact Cell -
(C) 248 2 9. eNznltZ? ‘ N (d) © o> ©
! 186 £ g ° N ’ o o
= ©
- 124 8
)
A 062 3 3,
=3 -
i ; - 000= 3
Al A 7z 2
7 j 7 f \ 24 Ef
; ; > ; s F
& _?5
- e y & 2
7 /, 7
: ; ; ; : ; ; & 4
00 05 10 15 20 25 3.0 35 40

0 100 200 300 400 500 600

Time (s) et
me (S

s 1.0 -hliﬂl:l|[= }!_"l LR L

=) . Eaagy = l\

= L} [ 1™ ‘l.

E 0.8 L] l'. Ll L]

£ (e) "% "

8 0.6 L} u

o u [

g ", ! |

g o u u [

3 0.4 1 ‘. n )

g . LY s

e —m— E=700 V/cm n L™

200.24 = E=770 V/em . N =

— [ ] L |

?, = E=650 V/cm | ™ \ =

— L] L] [

00 o -.-II \_
2 3 4 S 6 g
Cell velocity (mm/s)

Fig. 4 (a) and (b) Electropherograms of intact cells 2 mm upstream from the lysis intersection and cell lysate 3 mm downstream of the lysis
intersection. Each cell produced three peaks. Two narrow peaks appear at ty and t;. A third broader peak appears at ts. (c) 3-D representation of
fluorescence intensity variations of lysate as a function of cell velocity. (d) Separation of 185 cells in velocity interval between 4-10 mm s™* to show
the critical velocity for an applied electric field of 700 V cm™. (e) Lysing injection coefficient variation as a function of cell velocity for electric field

strengths of 650, 700, 770 V. cm™.

three parallel fluidic channels.*" Stable and consistent hydro-
dynamic flow was generated using multilayer soft litho-
graphic valves integrated into the device. This device has
been previously characterized in terms of long-term stability
and flow rates and showed no experimentally measurable
changes in flow over a >80 min time period while continu-
ously pumping cells.*" In addition, when flow rate changes

were introduced intentionally, the flow rates were reproduc-

ible for a given actuation frequency and pressure, and they
could be controlled precisely over a wide range of particle/cell

velocities.

This journal is © The Royal Society of Chemistry 2017

Microchip operation - cell experiments

Single cell manipulation was performed as previously
reported.®’ Briefly, all of the fluidic channels were filled with
a separation buffer that contained 2% BSA (w/v), 20%
acetonitrile (v/v), 40 mM sodium borate, 2 mM SDS and 0.2%
tween 20 (w/v). Fluorescently labeled Jurkat cells were intro-
duced into sample reservoir. Single cells were then driven to-
wards waste reservoirs using the peristaltic pumps at an aver-
age flow rate of 5 nL s . As each cell reached the lysing
intersection, they were automatically lysed with a constant
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electric field (~700 V em™) that was applied across the 5 cm
long separation channel. The flow rate was finely adjusted so
that cell debris were rejected towards waste reservoir and
charged fluorescently labeled analytes were injected into the
separation channel. The intact cell was detected just prior to
lysing using the fiber bridge (zero detection point), and the
lysate was detected 2 mm downstream of the lysis intersec-
tion directly using the epi-illumination system.

Results and discussion
Particle velocimetry

Particle velocimetry is based on the measurement of the ve-
locity (V) of a particle between 2 detection points. In other
words, the velocity of a cell is acquired by dividing the dis-
tance between the two points (W;) by the time elapsed be-
tween the two recorded signals (At), i.e. V = Wj/At where, W; is
defined as the external diameter of the expanded tunneling
mode at the mid-plane of the channel. According to the beam
divergence principle,®” the beam diameter at a position I, as
shown in Fig. 1(a,), can be found from

12

W=, 1+[ ”z)z 9)

™y

where, w, is the initial beam (i.e. core) diameter (w, = 105
um). As described in the theoretical section, light can be
propagated using tunneling modes through the fiber based
upon the azimuthal and longitudinal angles of incidence. By
adjusting the incidence parameters as defined in the theoret-
ical section, most of the central guiding modes were
converted to tunneling modes without a significant reduction
of the excitation power. We have utilized a near-field tech-
nique to check the intensity expansion of tunneling modes at
various incident conditions. A 3-D rendered view of the near-
field image of a generated guiding mode (Fig. 2(a)), a
guiding-tunneling mode (Fig. 2(b)), and a steep tunneling
mode (Fig. 2(c)) are shown. The light exiting the fiber can be
used to excite fluorescently labeled particles in a channel
twice if the fiber is significantly larger than the channel
width. For the results reported below, the channel width was
50 um and the distance between the two excitation lines as
obtained from eqn (9) was 118 um. In fact, the two excitation
beams act as rectangular excitation lines at two points along
the channel. As such they can be used to detect and measure
the velocity of a particle or cell at any point axially along the
width of the channel. This is illustrated in Fig. 2(c and d). In
Fig. 2c two dashed lines are shown that indicate the center
line and one edge of a channel. Cross-sections of the light ex-
citing the optical fiber at these two points along the channel
width are shown in Fig. 2d. As can be seen in the Fig. 2d, the
excitation points for particles/cells transported through the
central (black) and lateral(blue) points in the channel are the
same within the measurement precision of the technique.
The transport of each cell/particle through the excitation
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points results in two steep fluorescent signals which are mod-
ulated in time (Fig. 2(e)). This excitation setup provides an
advantage over previous cytometry velocity techniques, as in
those techniques some cells pass through different positions
relative to the focal point of the excitation spot or may miss
the excitation profile entirely®® (because excitation diameter
is much smaller than the channel width). In our case, cells
can be detected across the entire channel width and depth
(e. Y and Z axes with negligible excitation intensity
differences).

As performed in our previous work® the collection effi-
ciency of the emitted light into the fiber bridge at the ZDP
which was calculated to be <94% while the actual coupling
efficiency for the fiber was determined to be 45 + 5%. Unlike
the coupling efficiency, the ratio of effective excitation inten-
sities depends on the optical modes. According to the optical
dispersion principle, the 105 um multimode fiber used in the
experiments reported here produced expanded light spots
with diameter of 118 um at the mid-plane of the microfluidic
channel, which was ~45 um from the end of the fiber. Based
on the modal field distribution, for the same input power,
the ratio of the effective excitation intensity between guiding
(Iefc)) and tunneling (Ieg)) modes can be derived as,

[eff(T) Aeff(G)
I e (10)
Ly  Aarer)

where Acgr) and Acgc) are the effective cross-sections of the
light modes at the mid-plane of the fluidic channel. Here the
Actiic) was ~8.7 x 10> mm” and Aegr) for the experimentally
measured ~8 pum ring width obtained was ~2.4 x 10> mm®.
Using this equation the effective excitation intensity ratio was
determined to be ~3.6. As such tunneling modes have a
greater capacity than guiding modes to contribute excitation
power and receive fluorescent signal tunneled back from the
sample.

Determination of particle size and velocity

The ability of the tunneling optical fiber bridge detection
setup to both determine particle size and velocity was exam-
ined using fluorescently labeled polystyrene particles of dif-
ferent sizes. The initial assay was performed using a suspen-
sion of particles that were 5, 7, and 10 um in diameter at
approximately equal concentrations. As shown in Fig. 3(a),
the fluorescent signals can be divided easily into three groups
based upon the size of the fluorescent beads. The relative
standard deviations (RSDs) for the 5, 7, and 10 um diameter
beads were determined to be 5.1%, 6.9%, and 7.8%, respec-
tively. These values were close to the RSD values of 10%
reported by the manufacturer and most likely a more accu-
rate assessment of the size distribution for the particular
batches used.

The minimum interval between cells/particles/samples
that can be distinguished using the tunneling excitation and
detection scheme can be determined using the resolution
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equation, R, = At/4¢.>* In this equation At is the time differ-
ence between two particles passing between the excitation
lines from the fiber optic, ¢ is the average standard deviation
of the width of the two spikes, and 40 is used as the baseline
width of a spike. For the experiment reported in Fig. 3, the
average baseline width of the particles was 40 = 0.0008 s so
the minimum temporal spacing of the cells must be >0.8
ms. In comparison, the minimum spacing between particles
for guiding modes is ~4 ms.

The scatter plot in Fig. 3(b) shows the fluorescent intensity
as a function of the velocity of the mixture. For each particle
size, the average and standard deviation of the velocity was
determined as well as the spread of the velocities and are
reported in Table 1. The low velocity standard deviation (SD)
for the 10 pm population indicated that particle velocities
were close to the mean velocity which reflected the confine-
ment of this population to the central portion of the micro-
channel. In contrast, the high velocity-SD of the 5 um popula-
tion indicated that they were spread out over a wider area of
microchannel and thus sampled a wider range flow streams
in the parabolic fluid flow profile.

For many applications of particle velocimetry, the particles
used to measure the flow are several orders of magnitude
smaller than the channel's dimensions in order not to per-
turb the flow."* The lateral dimensions of the microfluidic
channel manifolds used for precisely moving cells/particles,
however, are generally only slightly larger than the cells/parti-
cles themselves. Under these conditions, the particles signifi-
cantly affect the flow profile in their proximity. Therefore,
larger particles experience more inertial migration, or in
other words, the mean velocity of smaller particles is higher.
As shown by the results in Table 1, the mean velocity of parti-
cles in microfluidic channels can be utilized to discriminate
the various particle populations. The 10 um population, the 7
pm population and the 5 um population can be clearly distin-
guished by means of the measured velocity. The mean veloc-
ity of the 10 um population was 4.5 mm s and thus slower
than the 7 um population with a mean velocity of 6.6 mm s™
and again slower than the mean velocity of the 5 um popula-
tion with 7.2 mm s™.

Optimization of cell lysis and lysate injection

In this experiment, the optical fiber bridge was used to create
3 detection points - 2 defined by the tunneled light emanat-
ing from the optical fiber to measure cell velocity prior to ly-
sis, and one in the separation channel 2 mm downstream of
the lysis intersection to detect the injected lysate.
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According to the electroporation principle, thousands of
nanopores are formed when a cell is exposed to an electric
field thus permeabilizing the membrane. If the intensity and
duration of the electric field exposure are sufficient, the cell
membrane is irreversibly compromised leading to cell lysis.
Conversely, if electroporation is generated using low electric
fields and short exposure times, the pores can reseal them-
selves after the field is removed.*>*®

For this device, the duration of the exposure of the cell to
the electric field is determined by the velocity of the cell en-
tering the lysis intersection and, therefore, cell velocity
should affect the lysing and lysate injection efficiency. A sec-
ondary parameter that also affects cell lysis is cell size,>” with
small cells less susceptible to lysing than large ones under
the same electroporation conditions. Both the electric field
exposure time (via cell velocity measurements) and cell size
effects (via intact cell fluorescence) can be measured using
the OP-MMF device. Fig. 4(b) shows typical electrophero-
grams of 8 separated cells obtained from an experiment
where hundreds of cells were examined. Three distinct peaks
from each cell were easily detected (Fig. 4(a)). Two first sharp
peaks (magnified in the inset Fig. 4(a)) are from the intact
cell at the VMP as discussed in the previous section for deter-
mination of size and velocity. From the information shown
in the electropherogram (Fig. 4c) the cell velocity (V¢ = Wy(t;
- t,)™"), the absolute migration time of the lysate (At = t; -
t,) and the lysate velocity (Vi = Lipp(ts — t,)') can be deter-
mined. Qualitatively, the effect of cell velocity on the effi-
ciency of lysate injection can clearly be seen in Fig. 4c. The
electropherograms from the 8 individual cells in this figure
are arranged based on the intact cell velocity from 1.1 mm
s to 8 mm s~". These cells were all approximately the same
size as judged by their signal at the VDP to eliminate any pos-
sible cell size effects. Images of cell lysate injection efficiency
as a function of both velocity and size can be found in ESIf
Fig. S1.

In order to quantitatively measure the efficiency of injec-
tion (K) of the lysate from any cell, the ratio of the amount of
the injected lysate (peak area, A;) at the LDP to the maximum
fluorescent signal from the intact cell (I) from the VDP was
determined as shown in eqn (11)

K= oA/l (11)

where, « is a coefficient that normalizes the maximum value
of A /T to 1 as the excitation intensities at the detection
points are not the same. Ideally, the ratio of 4y, to I should be
1 if cell lysing and lysate injection are complete as seen with

Table 1 The obtained values of the mean velocity, maximum velocity, SD, and number of particles for each given population

Mean particle diameter um Mean velocity mm s

Maximum velocity mm s

Standard deviation mm s * Particle count #

10.2 4.5 6.0
7.0 6.6 15.8
5.1 7.2 21.5

This journal is © The Royal Society of Chemistry 2017

0.5 794
2.4 805
3.1 945
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cells that enter the lysis intersection at lower velocities. These
cells were completely disintegrated and all the intracellular
contents were injected into the separation channel as indi-
cated by a constant maximum K value (Fig. 4e - cells entering
the lysis intersection at <4 mm s™* at E = 770 V em ™). With
increasing cell velocity, however, the amount of the injected
lysate (A;) decreased as shown in Fig. 4c. Cell lysis efficiency
(K) as a function of intact cell velocity at electric field
strengths of 650, 700, and 770 V cm™" is shown in Fig. 4(e).
As can be seen in the figure it was not possible to slow the
cell velocity down enough for complete lysis/injection to take
place at 650 V em ™' as K < 0.85 for all velocities examined.
As the electric field strength was increased, however, com-
plete lysis and lysate injection (K ~ 0.98 + 0.02) could be
achieved at higher and higher intact cell velocities. At 700 V
em™', the critical velocity for complete cell lysing and lysate
injection was 3.4 + 0.2 mm s ' (Fig. 4(d) and (e)) and at 770 V

cm™ the critical velocity increased to 5.3 + 0.2 mm s~

Conclusion

In this work, a simple, fast and cost effective technique to de-
termine the velocity of particles/cells in a high throughput
manner was reported. A microfluidic platform with an inte-
grated 10 cm long out-of-plane multimode optical fiber (OP-
MMF) was used to create three excitation/detection spots be-
tween any two arbitrary points using only a single excitation
source and detector. The ability to transmit light through the
multimode optical fiber via tunneling modes was utilized to
create two excitation/detection lines in the channel at the
end of the fiber. These 2 lines were used to monitor particle
velocity and determine average particle size. To demonstrate
the capability of this system, the velocity and size distribu-
tions of 5, 7, and 10 pm fluorescently labeled polystyrene
beads were determined. Finally, a third detection point at the
end of the fiber, where the excitation light was coupled into
the fiber, was used to detect the lysate from the cells whose
velocity was determined at the other end of the fiber. With
this design, the absolute migration times for cell lysates were
measured. This allowed the characterization of migration
time and lysate injection efficiency parameters that could not
be previously determined. In the future, this device could be
coupled with a variety of integrated and tunable microlenses
to more easily generate tunneling modes for better emission,
optical trapping, and other optofluidic applications.>* ¢

Acronyms
VMP Velocity measuring point
LDP Lysate detection point

OP-MMF Out-of-plane multimode optical fiber
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