Technical Note

analygii%?nlistry

pubs.acs.org/ac

Integrating Optical Fiber Bridges in Microfluidic Devices to Create
Multiple Excitation/Detection Points for Single Cell Analysis

Damith E. W. Patabaédige,*’§ Jalal Saédeghi,_}_’i’§ Madumali Kalubowilagej Stefan H. Bossmann,’
Anne H. Culbertson, Hamid Latifi,” and Christopher T. Culbertson™ "

TDepartment of Chemistry, Kansas State University, 1212 Mid-Campus Drive, Manhattan, Kansas 66506, United States
*Laser and Plasma Research Institute, Shahid Beheshti University, Evin, Tehran, 1983963113, Iran

© Supporting Information

ABSTRACT: A microfluidic device is reported that employs
an out-of-plane optical fiber bridge to generate two excitation
and two detection spots in a microfluidic channel using only
one excitation source and one detector. This fiber optic bridge
was integrated into a single cell analysis device to detect an
intact cell just prior to lysis and the injected lysate 2, S, 10, or
15 mm downstream of the injection point. Using this setup the
absolute migration times for analytes from cells stochastically
entering the lysis intersection could be determined for the first
time in an automated fashion. This allowed the evaluation of
several separation parameters, including analyte band velocity,
migration time drift, diffusion coefficient, injection plug length,
separation efficiency (N), and plate height (H), which

previously could only be estimated. To demonstrate the utility of this system, a peptide substrate for protein kinase B (PKB)
was designed, synthesized, and loaded into T-lymphocytes in order to measure PKB activity in individual cells. The optical fiber
bridge is easy to implement, inexpensive, and flexible in terms of changing the distances between the two detection points.

B ecause of the small footprint of microfluidic devices, the
ability to integrate multiple optical detectors can be
challenging." In order to overcome this challenge the use of
integrated optics have been reported” including on-chip
waveguides fabricated by polymerization,”* anisotropic silicon
etching,s’6 or ion—exchange.7 These on-chip waveguides are,
however, generally expensive, complex, and time-consuming to
fabricate and often highly attenuate visible light in comparison
to conventional optical fibers. In addition, such integrated
optical waveguides are capable of transmitting light only
between predetermined points.® An attractive alternative to the
in situ fabrication of on-chip waveguides, therefore, is a system
that employs optical fibers. Optical fibers have superior data
transmission capability, have low light attenuation, are flexible,
and are cost-effective.’

Previously, the integration of optical fibers has often been
performed in the same plane as the microfluidic channel
manifold and has been limited to static points along a
microfluidic channel as the relative placements of the
waveguides/fibers have not been tunable. Therefore, an off-
chip integration approach using optical fibers potentially
provides a better alternative since such fibers can be integrated
at any point of interest without refabricating the microfluidic
channel manifold. Such a fiber could be used as a bridge
between two detection spots allowing the excitation and
detection of fluorophores at any two given points in a
microfluidic channel without significantly complicating the
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chip-fabrication process and the fluorescent detection system.
For such a system, one end of the fiber would be placed above a
detection point in a microfluidic channel specified by a focused
laser from an external epi-illumination system (Figure 1). In
addition to using the laser to excite analytes as they pass
through the focused beam, this excitation light could be
effectively coupled into the optical fiber and transmitted to a
second excitation point. The ability of the fiber to transmit
multiple wavelengths would allow the bridge then to collect the
emission signal from the second detection point and transmit it
back to first detection point where it would be collected by the
epi-illumination system. Such a fiber bridge, therefore, would
allow two excitation and detection points using only one
excitation source and one detector thus considerably
simplifying multiple point detection systems. In addition, the
cost effectiveness of optical fibers (10 cm long optical fiber
costs ~$0.30), the ease of integration compared to recently
reported techniques,'’™"* and the compatibility with a wide
range of wavelengths (250—1200 nm) would make such a
system potentially interesting for a variety of microfluidic
applications.

This fiber bridge could easily be used to improve single cell
analysis on microfluidic platforms. Single cell manipulation in
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Figure 1. Overview of two-layer microfluidic device integrated with an optical fiber bridge: (a) a 20X objective was placed at LDP in order to
transmit the excitation beam to the ZDP and collect the florescence from both the ZDP and LDP. The detection time difference between the two
points is equivalent to the absolute migration time of the analyte of interest. (b) Cross section of ~1 mm hole and a 20X micrograph of the fiber
inserted through the plastic nozzle. The top layer of the device is ~5 mm thick and the bottom-layer is S0 gm thick. The plastic nozzle restricts the
free movement of the fiber. Vertical gap between the microfluidic channel and the fiber is 30 m. 360° rotation of the nozzle and vertical movement
of the fiber allows precise alignment in 3D space. (c and d) Photograph of the microfluidic device and expanded view of the cell lysing intersection.
Points A and B are ZDP and LDP (any arbitrary point of interest downstream of the separation channel), respectively.

microfluidics typically consists of cell transport, cell lysis, and
lysate injection followed by the electrophoretic separation of
intracellular contents.*~"* For detection in such systems, the
excitation laser is generally focused through a microscopic
objective and the fluorescent emission is collected through the
same objective and sent to a detector. One major limitation of
many current single cell separation systems that rely on the
stochastic introduction of cells into the lysing intersection is
that the actual lysing event is not detected as only one detector
is employed in such systems and that detector detects the cell
lysate. The reasons for this are generally 2-fold; first, there is
little room to easily place two external excitation/detection
systems at the lysis and lysate detection points as these two
points are frequently only separated by a few millimeters.
Second, there is significant extra expense in having an
additional excitation source and detector. Being able to detect
the lysis event, however, is important as it allows one to
characterize how well a system is behaving, to monitor whether
something begins to go wrong over the course of an analysis,
and to identify analytes in a multicomponent separation based
upon their absolute migration times. By being able to detect
both the lysis event and the separated components of the cell
lysate, several important separation parameters can be
determined in an absolute way that cannot currently be
accomplished using a single source and detector. These
separation parameters include absolute migration time,
migration time drift, peak variance, analyte dispersion, and
the number theoretical plates generated (i.e., separation
efficiency). The ability to understand such processes also
allows the one to potentially improve separations. However,
determining absolute migration times with microfluidic devices
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has rarely been reported.'® One previous work demonstrated a
fluorescence-based static imaging technique using a high
resolution CCD camera.'® The accuracy of these types of
techniques depends on image quality. In addition, such
approaches are restricted by the field of view of the camera
to a limited distance downstream in the separation channel. If
such limitations can be overcome using a fiber bridging
technique, then more precise and accurate separation parameter
measurements could be produced in real-time.

In addition to being able to monitor the how well a
separation system is working, the ability to determine absolute
migration times is very useful in the identification of analytes in
a multicomponent separation especially if one or more of the
components are expected to be missing in any given separation.
For example, if one is measuring the activity of a kinase in a cell
using a peptide specific substrate which was been loaded in that
cell, the level of the activity of that kinase will determine
whether either the phosphorylated or nonphosphorylated
version of the peptide or both will be detected in the
separation. Without the injection (or 0) time marker provided
by the fiber optic bridge it would be impossible to tell the
difference between a cell in which all or none of the substrate
was phosphorylated.

In this paper, we introduce a microchip that uses an out-of-
plane optical fiber bridge to connect optically 2 points along a
fluidic channel. Single cells were driven toward the cell lysing
intersection using multilayer soft lithographic valves, cells were
lysed at the intersection in the presence of an external electric
field applied across the separation channel, and the cell lysate
was injected into the separation channel. The out-of-plane
optical fiber bridge allowed the detection of both intact cells
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just prior to lysis and the downstream lysate with a single laser
excitation source and fluorescent detector. As a proof of
principle, the separation characteristics of 6-carboxyfluorescein
diacetate (6-CFDA) released from single cells were evaluated.
Furthermore, a fluorescently tagged peptide substrate that can
be used to monitor the activity of protein kinase B (PKB) was
introduced into single cells."” These cells were lysed and the
activity of the kinase qualitatively determined from the ratio of
the phosphorylated and nonphosphorylated peptide peaks.

B EXPERIMENTAL SECTION

Reagents and Materials. The reagents and materials are
similar to that used previously.'® A detailed list and sources can
be found in the Supporting Information.

Fluorescent Peptide Synthesis. The rhodamine B (Rj)
labeled myristoyl-based peptide substrate [R;-GRPRAAT-
FAEGC-s-s-C-K(Myr)-K-K-K-K (SPKB-Myr), where the
amino acids are shown with standard notations and -s-s-
represents disulfide linkage] was synthesized by means of solid-
supported peptide synthesis.'” Details of the synthesis are
provided in the Supporting Information.

Cell Labeling. T-Lymphocytes (Jurkat cells) were obtained
from ATCC (TIB-152 American Type Culture Collection,
Rockville, MD) and cultured according to ATCC recommen-
dations. The cells were labled with CFDA as previously
described.' (see the Supporting Information for details). For
the PKB single cell assay, the SPKB-Myr substrate was loaded
into the cells in a manner similar to a previouly reported
protocol.”’ (see the Supporting Information for more details).

Microchip Fabrication and Operation. A two-layer
microfluidic device was fabricated using multilayer soft
lithographic techniques and operated in a manner similar to
previous reports.

Detection. The 488 nm line from a multiline argon-ion
laser (MellesGriot Laser Group, Carlsbad, CA) was used as the
excitation source and directed into the rear port of a
commercial inverted Nikon TS-100 microscope (Nikon
Instruments, Inc., Melville, NY). The beam passed through a
XF101-2 filter cube (Omega Optical) and was focused into the
separation channel using a 20X objective (Plan Fluor, Nikon).
A few centimeters of multimode silica optical fiber (Thorlabs
FG105UCA, 105/125-um multimode, N.A. = 0.22), which had
been stripped of its protective polymeric coating, was bridged
between the detection point and the injection intersection. As
shown in Figure lab, a plastic nozzle (i.e., pipet tip) segment
(1 cm long) was used to hold the ends of the optical fiber in
place on the microchip. Over the 1 cm length of the pipet, the
cone diameter tapered from 1 mm down to 300 gm. Both ends
of the fiber were cleaned, cleaved, and inserted into the pipet
tips which were inserted into the holes on the microchip
perpendicular to the channel. This method has the advantage
that while fiber is fixed in the nozzle, the X, Y, and Z position of
the fiber’s cross section relative to the channels could be
precisely adjusted and observed by moving the nozzle. Since
the end of the fiber is in contact with the top of the bottom
PDMS layer, the vertical gap (~32 um) between the end of the
fiber and the channel is equal to the thickness of the PDMS
bottom layer (~S0 ym) minus the molded channel depth (~18
um). The focused excitation beam from the 20X microscope
objective could be easily coupled into the bridged fiber at the
lysate detection point (LDP, Figure la). The fiber then
transmitted the excitation light to the lysis intersection (zero
detection point; ZDP) where intact fluorescently labeled cells
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could be excited. The same fiber used for excitation was then
used to collect the fluorescent emission from the intact, excited
cells. After the cells were lysed, the lysate was injected and
electrophoretically transported down the separation channel
toward the anode. The focused beam from the microscope
objective was used to excite the cell lysate and collect the
fluorescent emission at the LDP. The fluorescence from both
the intact cell and lysate was collected by the 20X microscope
objective, passed through the XF101-2 filter cube, a 488.0 nm
holographic notch filter (Kaiser Optical), and a 800 um
diameter pinhole before being detected by an R-928 photo-
multiplier tube (PMT, Hamamatsu Instruments, Bridgewater,
NJ) attached to the trinolucular port of the microscope. The
current from the PMT was amplified using a preamplifier at 50
UA/V with 100 Hz low-pass filter (Stanford Research Systems,
Sunnyvale, CA) and sampled at 500 Hz using a PC1-6036E 1/
O card (National Instruments, Austin, TX). With this
configuration both the intact cell and lysate were excited with
one laser source and detected using one PMT.

B RESULTS AND DISCUSSION

Transmission and Coupling Efficiency of the Bridged
Fiber Configuration. The transmission and light coupling
efficiencies of a 50 and a 105 ym diameter inner core optical
fiber bridge were calculated theoretically and determined
experimentally. As explained in the Supporting Information,
the overall sensitivity of the 105 ym core fiber was significantly
higher than for the 50 ym core fiber. The theoretical coupling
efficiency for the 105 pm diameter multimodal fiber was
calculated to be ~94% (please see the Supporting Information
for details) while the actual coupling efficiency for the fiber was
determined to be 45 + 5% (please see the Supporting
Information for details). Although the coupling efficiency was
not 100%, it was constant for any given device. This, therefore,
allowed not only the determination of absolute migration times
but also created the potential to monitor the efficiency of cell
lysate injection or the progress of chemical reactions via the
relative intensity changes between the two detection spots.

Single Cell Analysis. For the results reported below, a 12
cm long 105/125 pum fiber was integrated between the zero
detection point (i.e., the cell lysis intersection) and a point
either 2 mm, S mm, 10 mm, or 15 mm downstream of the
separation channel. Cells were transported to the lysis
intersection at an average linear flow rate of 550 + 23 um/s.
At this flow rate, ~100% of the lysate was injected into the
separation channel while the cell debris was effectively removed
from the lysis intersection by hydrodynamic flow toward the
waste reservoirs.'® As each cell passed the ZDP, a narrow peak
was produced which represented the separation start time (t =
0). A second broadened peak was then detected a few seconds
later which corresponded to the injection plug (Figure 2). The
two peaks from each cell could easily be differentiated and
correlated by eye based upon peak height, width, and relative
separation distances between the peaks (Figure 3). However,
we have developed and previously described an automated
system for selecting correlated peaks based upon peak heights,
areas, and relative separation distances that can be used in the
future for the automated analysis of a large number of cells.”' In
rare cases where the electropherograms/peaks from 2 cells
overlapped, the data were not analyzed. From these two peaks,
the absolute migration time at a variety of separation distances
was determined (Figure 3b, Table 1, and Figure S2). For a
given separation distance, mean, median, and mode values were
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Figure 2. 20X magnified images of intact cell prior to lysis and the cell
lysate. At t = 0, cell is at ZDP and produces a tall narrow peak. After
130 ms, a broader peak (46 = ~160 um) is produced by the lysate
moving along the separation channel under the influence of a 750 V/
cm electric field.
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Figure 3. (a) Electropherogram of single cells using the optical fiber
bridge. The detection point is S mm downstream of the lysis
intersection. Each cell produces two peaks. The first narrow peak
corresponds to the ZDP. The second broader peak that appears ~2 s
after the first peak is obtained at the LDP. (b) Single cell
electropherograms obtained with the optical fiber bridge as a function
of separation distance.

the same within experimental error indicating a symmetric
distribution of values and little migration time drift. This trend
can be seen for all four separation distances (Table S1). The
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Table 1. Variation of Absolute Migration Time, RSD % of
Absolute Migration Time, Drift in Absolute Migration Time,
and Injection Plug Velocities at 2 mm, $ mm, 10 mm, and 15
mm Detection Distances

RSD % of  drift of
avg absolute  absolute absolute injection plug  no.
distance migration migration  migration velocity of
(mm) time (s) time time (%) (mm/s) cells
2 0.99 + 0.08 8.4 4.8 2.04 + 0.18 83
S 240 + 0.10 4.1 6.0 2.08 + 0.085 111
10 S.14 + 0.06 12 13 1.94 + 0.022 74
15 7.25 = 0.08 1.1 0.3 2.07 + 0.023 75

absolute precision values for all of the migration distances were
small and similar indicating good robustness for the technique.
The small analyte migration time variation at each distance was
probably due to the lateral location of the cell in the lysis
intersection when lysed and small fluctuations in the hydro-
dynamic flow. These absolute values also agree with the
previous work performed in our lab using relative migration
times instead of absolute migration times.'® The % RSD
decreased significantly as separation distance increased as seen
in Table 1 and Figures S2 and S4. Similar trends were observed
for migration time drift (Table 1). The separation velocities at
all separation distances were essentially constant as would be
expected (Figure S3) The average velocity of the injection plug
was 2.03 + 0.06 mm/s over all distances. For all runs, the
prelysis/separation peak area ratios were nearly constant
indicating that the injection efficiency was constant over the
course of any particular run. The ratio was not 1:1 due to
excitation and emission-coupling inefficiencies with the fiber
and migration velocity differences between the intact cell and
the lysate as discussed above.

Under ideal circumstances, lysate peaks will be broadened as
a function of separation distance solely due to longitudinal
(molecular or Fickian) diffusion. Longitudinal diffusion can be
determined using the Einstein—Smoluchowski equation (¢ =
2Dt) where ¢ is the spatial peak variance, D is the diffusion
coeflicient, and ¢ is the migration time. The diffusion coeflicient
(D) is 1/2 the slope of the plot of spatial peak variance vs
migration time. The y-intercept is the variance due to the
injection plug length and detection window length.””** The
slope of a plot of the spatial peak variance (6) versus migration
time (t) (Figure SS) for the data reported above yielded an
experimentally derived diffusion coefficient for CFDA of 4.93 X
107° cm® s™" at 25 °C which is 11X greater than the static value
for fluorescein previously reported (4.25 X 107 cm® s™" at 23
°C).** The excess dispersion, i.e., band broadening in excess of
molecular diffusion, is likely due to Joule heating, the cell-
separation buffer conductivity mismatch, and/or hydrodynamic
flow generated by the on-chip, in-channel pumps. The injection
plug length (1) was determined from the y-intercept (l,,?/12) of
the graph minus the detection window length (I4,2/12).”> The
detection window length was determined by the (pinhole
aperture)/(objective magnification) which was equal to 40 um.
The calculated average /,,; value (at t = 0) over all four runs was
65 pm and consistent with that seen experimentally. (In Figure
2, the lysate bandwidth at 4c after 130 ms is ~160 ym.) Finally,
the ability to calculate the absolute migration time and to
measure peak width also allows the calculation of the separation
efficiency (number of theoretical plates generated, N). A plot of
N vs the separation distance (Figure S6) yielded a straight line
as expected (R* = 0.96, see the Supporting Information) with
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Figure 4. Electropherogram of PKB and p-PKB substrates (SPKB and P-SPKB, respectively) released from single T-lymphocytes. Intact cells were
detected by fiber at ZDP. PKB and p-PKB substrates were detected 2 mm downstream of the lysis intersection in the separation channel.

an average plate height (H) of 4.3 um for the single cell
separations.

Detection of PKB Phosphorylated and Nonphos-
phorylated Substrates from Single Cells. PKB (also
known as Akt; serine/threonine kinase) plays key roles in
many vital cellular functions (i.e., glucose metabolism,”* insulin
production,” and apoptosis*®). Biomedical and pharmaceutical
industries have broad interests in better understanding kinase
pathways as misregulation of these pathways leads to a variety
of diseases.”””" Previous work from the Allbritton group has
shown that kinase activity in single cells can be monitored
through the addition of a peptide substrate that contains the
amino acid sequence specific for that kinase.'”””* Chemical
moieties that can be attached to the peptide have also been
identified in order to passively transport the peptide across a
cell membrane.””*" In the experiment reported below, a
myristoyl group was attached to a fluorescently labeled
decapeptide specific for PKB. In addition, a cysteine and
disulfide linkage between the substrate peptide and the peptide
containing the myristoyl group was included. The myristoyl
group is known to be a carrier molecule for peptide cargos in
cell loading as shown by the Albritton group. It inserts the
cargo to which it is attached, through the cell membrane via
“flip-flop diffusion”.”” Once the cargo has diffused into the cell,
peptide substrate is released from the carrier molecule due the
reducing environment in cytoplasm. If PKB is active it will
phosphorylate the threonine in the peptide. The activity of PKB
can then be monitored by examining the ratio of the
phosphorylated and nonphosphorylated peptides electrophor-
etically separated in the cell lysate as reported previously.”” For
inactive or highly active kinases, only the nonphosphorylated or
phosphorylated peptides, respectively, may be present. Under
such conditions, the ability to measure absolute migration times
of the analyte(s) is critical to identify what specie(s) are in the
cell. The implementation of an optical fiber bridge in the
microfluidic device allows the measurement of the absolute
migration time and thus such identification to be made. Figure
4 demonstrates the separation of phosphorylated and non-
phosphorylated PKB from Jurkat cell lysate. A total of 25 cells
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were separated over the course of 310 s for an analysis rate of
~5 cells/min. The absolute migration times of phosphorylated
and nonphosphorylated substrates were 1.80 + 0.06 s and 2.03
+ 0.0S s, respectively. This initial result will, however, need to
be confirmed with additional experiments. In the future, results
from the addition of multiple kinases and the effects of the
addition of agonists/antagonists/inhibitors/stimulators of
kinases will be reported using this microfluidic setup at the
single cell level.

B CONCLUSIONS

The two-layer microfluidic device reported above allowed the
detection of hundreds of single cells in short time period (<15
min). Two detection points were established at any two points
of interest using an out-of-plane multimode optical fiber bridge
that transmitted both excitation and emission light two ways.
The detection distances were easily changed without modifying
the microfluidic manifold. The two points of interests were
excited simultaneously with a single excitation (488 nm) source
and detected with a single photomultiplier tube. With this
design the absolute migration times for cell lysates were
measured. This allowed the determination of migration time
drift, lysate injection efficiency, band broadening, and
separation efficiency, parameters that could not be determined
easily previously. In addition to providing the ability to better
monitor and evaluate separation characteristics, this setup could
be applied to a variety of other analytical applications including
monitoring the velocity of particles, cells, or droplets in
microfluidic systems. As an example of such an application, the
separation of phosphorylated and nonphosphorylated kinase
substrate peptides from single cell lysates was reported.
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