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Abstract

Oncogenic kinase activity and the resulting aberrant growth and survival signaling is a common

driving force of cancer. Accordingly, many successful molecularly targeted anti-cancer

therapeutics are directed at inhibiting kinase activity. To assess kinase activity in minute patient

samples, we have developed an immunocapture-based in vitro kinase assay on an integrated

polydimethylsiloxane (PDMS) microfluidics platform that can reproducibly measure kinase

activity from as few as 3,000 cells. For this platform, we adopted the standard radiometric 32P-

ATP labeled phosphate transfer assay. Implementation on a microfluidic device required us to

develop methods for repeated trapping and mixing of solid-phase affinity micro beads. We also

developed a solid state beta-particle camera imbedded directly below the microfluidic device for

real-time quantitative detection of the signal from this and other microfluidic radio bioassays. We

demonstrate that the resulting integrated device can measure ABL kinase activity from BCR-ABL

positive leukemia patient samples. The low sample input requirement of the device creates new

potential for direct kinase activity experimentation and diagnostics on patient blood, bone marrow,

and needle biopsy samples.
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INTRODUCTION

As principal signal transduction components, kinases regulate as many as 50% of

intracellular proteins. Aberrant kinase function is involved in the etiology of many diseases

and most forms of cancer (1-3). The 518 known human kinases represent one of the largest

classes of drug targets pursued by pharmaceutical companies (1, 3), spurred in part by

successful targeted inhibition of kinases by antibodies (4) and small molecule kinase

inhibitors (5). Kinase-related signaling measurements directly from patient samples often

involve detecting the consequences of activity, for example the resulting downstream

phosphorylation patterns (6-8). Direct measurement of kinase activity from patient samples

can greatly complement these phosphoprofiling techniques (9). There are currently

numerous kinase assay technologies with various requirements and ranges of application

(10), including a fluorescence-based microfluidic format for screening of kinase inhibition

using purified kinase (11). Radiometric kinase assays represent the earliest technology and

are generally considered a high standard for determining basic enzyme properties, in part

because radiolabeling of reaction substrates does not alter their intrinsic biochemical and

physical properties (10).

Microfluidics offer a prime operation platform for implementation of chemical reactions

(12-15) and biological assays (16-18) in a miniaturized fashion due to their inherent

advantages of sample and reagent economy, operation fidelity, high throughput, automated

operation and precise control over the microenvironment. The advent of

poly(dimethylsiloxane) (PDMS)-based microfluidic devices has enabled the systems-level

assembly of individual microfluidic functional modules. These integrated devices provide

digitally controlled operation of complicated chemical (19, 20) and biological processes (21,

22) in stand-alone platforms. PDMS devices are fabricated by soft-lithography-based

technology (23) in which two layers of fluid and control channels (24) can be designed to

create integrated valves and other functional components (15, 19, 21, 22).

Readout directly from microfluidic devices has been accomplished using microelectronic

devices coupled to chemical and physical changes in the fluidic space (25), using an

integrated nuclear magnetic resonance (NMR) sensor (26), and via detection of fluorescent

light using avalanche photodiode (APD) detectors (27, 28) or CCD optical camera imaging

coupled to microscopy (29) or a scanner (30). However, a wide range of traditional

biological and enzymatic assays take advantage of the high detection sensitivity of

radioisotopes and use radioactivity as a means to label without altering the chemical

properties of the substrates and enzymes. To readout radioactivity distributions directly from

a microfluidic chip we developed a solid-state beta particle camera using a position sensitive

avalanche photodiode (PSAPD) charged-particle detector. The beta camera allows real-time
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quantitative monitoring of the radio assay performance with high sensitivity and low

background.

To aid the study of diseases driven by aberrant signaling and the development of kinase

inhibition therapies, our goal was to create a miniaturized kinase assay that allows for

activity measurements from small patient samples. We therefore developed a microfluidic

assay platform that is directly coupled to a beta camera for sensitive and quantitative readout

of kinase activity via measurement of 32P incorporation. We developed our microfluidic in

vitro kinase radio assay (μ-ivkra) using BCR-ABL oncogenic kinase-positive leukemia

samples, since this molecularly defined disease has offered many insights into kinase-driven

tumorigenesis (31), is one of the first successful molecular targets of small molecule kinase

inhibitors, yet still remains a clinical challenge for a subset of cases (32). Our stand-alone

benchtop device can measure kinase activity from as few as 3,000 cells and opens new

possibilities for experimentation directly on minute patient samples from blood draws, bone

marrow aspirates and needle biopsies.

MATERIALS AND METHODS

Microfluidic platform fabrication and control

The integrated microfluidic chip was fabricated using an established two-layer soft

lithography process and was controlled using pneumatic manifolds digitally instructed

through a computer interface (33). Technical details are provided in the Supplementary

Data.

Beta camera

The ‘beta camera’ quantitative radioactivity imaging sensor is comprised of a position

sensitive avalanche photodiode (PSAPD) silicon semiconductor device with an active area

of 14 × 14 mm2 (Model P1305-P; RMD Radiation Monitoring Devices, Watertown, MA),

custom electronic readout circuitry, and a computer based data acquisition card driven by

LabVIEW image acquisition software (National Instruments). Charged particles that interact

within the depletion region of the PSAPD convert a portion of their kinetic energy into

electron-hole pairs. The PSAPD is operated at high voltage reverse bias (+1750 V) which

accelerates the electron-hole pairs and amplifies the signal by 1,000 fold through an

avalanche effect. The PSAPD readout uses a five channel output with four position channels

and one sum channel. The relative amplitudes of the four position channels are used to

determine the location of signal along 2 dimensions. The imaging system also includes a

CCD optical camera and reference points that allow for spatial co-registration of the beta

camera radioactivity images with a photographic image of the microfluidic chip. Further

details of the beta camera are in the Supplemental Data and will be published elsewhere

(N.T.V., A.F.C.).

Cell culture

Pro-B, lymphoid, Ba/F3 cells transformed with BCR-ABL (p210 isoform) have been

described previously and were provided by Charles Sawyers (UCLA) (34). These cells

display similar levels of BCR-ABL expression and signaling as patient leukemia primary
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samples that are positive for the Philadelphia chromosome (Ph+), the chromosomal

translocation that results in expression of the BCR-ABL fusion protein. The K562 (Ph+) and

U937 (Ph−) human leukemic cell lines were provided by John Colicelli (UCLA). BCR-ABL

expression (or lack of expression) was verified by the presence (or absence) of a 210 kDa

anti-c-ABL reactive protein (p210 BCR-ABL isoform; antibody clones K-12, Santa Cruz

Biotechnology and OP20, EMD Chemicals, Gibbstown, NJ) and elevated (or baseline) pan-

specific anti-phosphotyrosine levels (clone 4G10, Millipore, Temecula, CA). Cells were

maintained in RPMI 1640 (Cellgro, Mediatech Inc, Manassas, VA) with 10% fetal bovine

serum (Omega Scientific, Tarzana, CA). Cells were lysed in mRIPA buffer (10 mM Beta-

glycerophosphate, 50 mM Tris pH 7.4, 1% NP-40, 0.25% Na deoxycolate, 1 mM EDTA,

150 mM NaCl, 1 mM Vanadate, with freshly added 1 mM PMSF, 20 μg/ml leupeptin, 20

μg/ml aprotinin).

Human leukemia patient samples and mouse xenograft system

Primary cells from the peripheral blood or bone marrow of pre-B-cell acute lymphoblastic

leukemia (pre-B-ALL) patients were injected into sublethally irradiated (250 cGy) immune-

deficient NOD/SCID mice and serially passaged no more than 3 times (35, 36). The human

leukemia cells create a leukemia-like disease burden in the mice and become the dominant

subpopulation in the bone marrow, peripheral blood, and spleen. Disease burden was

monitored by measuring the percent of human leukemic cells in the peripheral blood or

spleen using hCD45 flow cytometry. Spleen samples were collected by immediate lysis of

scalpel-dissected spleen cells in mRIPA buffer using the frosted ends of glass slides to

promote cell dissociation, on ice. The human cells in the Ph+ samples were uniformly Ph+

based on cytogenetics. The Ph-sample was a pre-B-ALL with normal karyotype.

Off-chip and on-chip in vitro kinase radio assays

In vitro kinase assays were performed using established protocols for bead-based

immunoaffinity capture of a specific kinase followed by kinase reactions in the presence of a

kinase-specific peptide substrate and 32P labeled ATP (10, 34). The microfluidic on-chip

assay was developed using reagents that were compatible and efficient in the context of

microfluidic channels and valves. For the microfluidic assay, 0.1% n-dodecyl-beta-D-

maltoside (DDM) was added to all buffers to prevent bead clumping (indicated by /DDM in

the buffer name). 0.1% DDM had no detectable effect on BCR-ABL kinase activity (data

not shown). For BCR-ABL kinase immunocapture, the off-chip assay used agarose protein

A/G beads (40-160 μm; Pierce, Rockford, IL) and the on-chip assay used smaller and more

sturdy Protein G polystyrene beads (6.7 μm; Spherotech Inc., Lake Forest, CA). The large

average size and fragility of the agarose beads precluded their use on-chip, and the small

size of the polystyrene beads made them impractical for the pipeting-based off-chip assay.

Both bead types were coated with anti-c-ABL antibody (OP20, EMD Chemicals). Off-chip

assays were performed using 400 μl (20 μg/μl, or 4×107 cell equivalents) of cell lysate, and

on-chip assays used the amounts indicated in the figure legends. Abltide-biotin conjugate

peptide was used as substrate (Millipore), and following the reaction the radio-labeled and

unlabeled peptide was captured in off-chip assays using SAM2 Biotin Capture Membrane

squares (Promega, Madison, WI) or in the on-chip case using streptavidin-coated
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polystyrene beads (6.7 μm; Spherotech Inc.). Further details for the off-chip and on-chip

assays are in the Supplemental Data and Supplementary Figure 1.

RESULTS

Overall configuration of the microfluidic kinase assay device

To develop a microfluidic in vitro kinase radio assay (μ-ivkra) to directly measure kinase

activity in minute patient samples, we designed and fabricated a polydimethylsiloxane

(PDMS)-based integrated microfluidic chip (24) that performs an immunocapture-based

kinase assay (Fig. 1). To enable radioactivity-based readout of the assay, we integrated a

position sensitive avalanche photodiode detector (PSAPD) (37) designed to function as a

camera for imaging charged beta particles. The beta camera is imbedded directly below the

microfluidic chip, allows real-time monitoring of the radioactivity distribution during the

assay, and quantifies the final amount of radioactivity incorporated into the substrate (Fig.

1a). Control and readout of the microfluidic device and beta camera are performed via

custom electronics and a personal computer. The resulting device performs an automated

multi-step kinase reaction assay with coupled readout in a single unit, complete from sample

loading to final quantitative data.

Microfluidic device design and operation

The standard in vitro kinase radio assay involves immunocapture of the kinase of interest

from cell lysate to a solid-phase support, typically using antibody-coated beads. After

washing away other kinases and proteins, 32P-ATP and a peptide substrate with specificity

to the kinase of interest are incubated with the captured kinase to allow kinase-catalyzed

transfer of radio-labeled phosphate from the ATP to the substrate. The peptide substrate

(both 32P-labeled and unlabeled) is captured using an affinity resin (e.g. biotin-conjugated

peptides captured with a streptavidin solid support membrane) and unincorporated

radioisotope (as 32P-ATP) is washed away. To assess kinase activity, the amount of radio-

labeled phosphate incorporated into the substrate is quantitatively measured, typically using

liquid scintillation.

Our chip design contains two isolated and symmetric fluidic modules for individual kinase

reactions run in parallel. The fluidic layer channels of both modules are simultaneously

controlled by the pressure actuations of their shared bottom control layer – specifically, each

bottom layer control channel regulates a valve in one fluidic module, crosses the midline of

the device, and also regulates the corresponding valve in the second module (Fig. 1b,

Supplementary Fig. 2). Each module has both i) an upper circulation chamber and bead-

trapping column for the immunocapture and kinase reaction steps and ii) a lower bead-

trapping column for the final substrate capture step (Fig. 1c-d). The upper circulation

chamber is designed for manipulating the immunocapture beads through multiple trap and

release steps (Fig. 2a, steps i-iii).

To miniaturize the kinase radio assay to a microfluidic format, we first developed methods

for the reproducible manipulation of solid-support micro beads. In our assay, protein G-

conjugated beads are loaded into the chip, coated with anti-ABL antibody, used to capture
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BCR-ABL kinase from cellular lysates, and then the captured kinase is incubated with 32P-

ATP and peptide substrate for the kinase reaction. These steps require three sieve valve-

mediated cycles of bead trapping, release and resuspension for the required solution

exchanges and a final re-trapping of the immunocapture beads (Supplementary Video 1). In

the two-layer integrated PDMS microfluidic platform, we found that polystyrene beads were

rigid enough for use in conjunction with the microfluidic valves, and that 6.7 μm diameter

beads could be readily trapped behind sieve-style valves (19) and subsequently released and

resuspended homogenously. When closed, the sieve values block most of the channel cross-

section and thus block bead passage, yet liquid can flow through the remaining opening

(further described in Supplementary Methods). For the bead trapping and re-mixing steps,

we optimized our methods to prevent bead clumping and subsequent clogging of the

channels. To avert clumping our final device uses two sets of imbedded peristaltic pump

valves per chamber to drive mixing, a pumping protocol with a 2.5 Hz pumping frequency,

reversal of the pumping direction every 80 sec (Supplementary Video 1), and a mild

surfactant (0.1% n-dodecyl-beta-D-maltoside (DDM)) in the solutions.

At the end of the assay, the kinase reaction mixture is passed through a lower substrate-

capture column. This column is pre-loaded with 6.7 μm streptavidin-coated polystyrene

beads to capture the 32P-labeled (and unlabeled) biotin-conjugated peptide substrate while

washing away unincorporated radioisotope (32P-ATP) (Fig. 2a, step iv). This single use

column is kept homogeneous using a flow reversal protocol that promotes efficient capture

of the peptide substrate. The flow protocol involves passing the peptide substrate-containing

liquid through the bead column in both directions alternatively three times, followed by

washing. For this step the pumping is driven by the non-column peristaltic pump in the

upper circulation chamber using a pumping frequency of 5 Hz, and the adjoining chip

channels are used as reservoirs during the flow reversals. Upon peptide substrate capture in

the lower column, the microfluidic steps of the assay are complete and the 32P incorporated

into the peptides is quantitatively measured using the beta camera.

Assay readout via the beta camera

The beta camera serves as the radioactivity readout device for the microfluidic kinase assay.

The detector in the beta camera is a 14 × 14 mm2 position sensitive avalanche photodiode

(PSAPD) with a very low inherent background count rate (1.5 counts/hour/mm2). Benefits

of the PSAPD detector include its monolithic and thus rugged design, and position decoding

via a five channel analog readout. The PSAPD was originally designed for detection of

scintillation light produced in nuclear imaging applications (37). We modified the PSAPD

with a Mylar passivation layer to block visible light. When the PSAPD is placed in close

contact with a radioactive source, it has a high avalanche-mediated sensitivity for detecting

emitted charged particles. Using known levels of 32P, we established a calibration curve and

determined the absolute sensitivity of the integrated microfluidic beta camera to be 29% (see

Supplementary Fig. 3). The beta camera itself has high intrinsic sensitivity to 32P particles

that traverse through the PSAPD detection region. The geometric configuration of the

integrated microfluidic beta camera device reduces the overall sensitivity due to i) half of

the beta particles being emitted away from the planar detector and ii) attenuation of beta
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particles by the control layer of PDMS material (100 μm) and the glass slide (150 μm)

between the microfluidic channel and the beta camera.

The beta camera is position sensitive and thus a single detector is used for multiple

simultaneous readouts from adjacent columns (Fig. 2b-d). In addition to the final readout,

the beta camera can be used for qualitative and quantitative operational checkpoints. For

example, during the assay we monitor in real time the radioactivity distribution and intensity

to test for uniform chip operation during fluid and bead manipulation. These checkpoints

verify equal loading, uniform mixing, proper valve operation and chip channel integrity

(Fig. 2b-c and Supplementary Table 1). These checkpoints were useful during the

development phase of the microfluidic device and protocol (see the kinase

autophosphorylation example below).

On-chip in vitro BCR-ABL kinase radio assay

Using the μ-ivkra integrated microfluidic and beta camera platform described above and in

Figures 1-2, we have successfully developed an on-chip in vitro BCR-ABL kinase radio

assay. The assay adheres to all of the steps of traditional immunocapture-based in vitro

kinase radio assays (Fig. 1d). The most notable differences are in terms of scale, including

reduced lysate and reagent input, smaller solid-phase bead components, and shorter

incubation times (Fig. 2a).

For validation of the microfluidic assay, we performed both a traditional off-chip BCR-ABL

kinase radio assay and our on-chip kinase assay using the same cell lysates (Fig. 3). These

assays were done using Ba/F3 cells, a pro-B murine cell line, transfected with either a BCR-

ABL expression plasmid or an empty vector control (Fig. 3a). The off-chip kinase assay was

performed using millions of cells while the on-chip assay required only 4,500 cells. We

observed similar order of magnitude ‘BCR-ABL versus control’ fold-change values between

the off-chip (10.2-fold, ±1.2 standard deviation, n=3) and on-chip (14.6±0.7-fold, n=3)

assays (Fig. 3b-c), confirming that the on-chip assay was performing correctly. These

absolute quantitation assays were performed using the same lysate split into aliquots, and the

low standard deviation in fold change and raw radioactivity signal (Fig. 3c) reflects the

reproducibility of the assay performed on different days using different chips. The difference

in exact fold change between on- and off-chip results is likely primarily due to differences in

the unsubtracted background signal between the two assays and its effect on the accurate

measurement of the low ABL activity in the BCR-ABL-free control cells, see further

discussion below related to the linearity range of the platform.

We next tested the linearity of the on-chip in vitro BCR-ABL kinase radio assay. In these

experiments we loaded different amounts of lysate from BCR-ABL expressing Ba/F3 cells

into each of the microfluidic chip reaction units (with parental Ba/F3 cell lysate used to

dilute the amount of BCR-ABL kinase while keeping the total cell number constant). These

relative quantitation experiments demonstrated linearity over a 5-fold range of input (Fig.

3d, Supplementary Fig. 4). The lower limit was due mainly to non-specific background

signal from radioisotope bound to the streptavidin beads (the beta camera itself has very low

inherent background). Future device designs will use smaller volumes of capture reagents to
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reduce the background, and will incorporate additional reaction units to allow direct

determination and subtraction of background to extend this linear range.

We are also able to detect autophosphorylation of BCR-ABL bound to the antibody-coated

beads in the upper kinase reaction module at the end of the kinase reaction (Supplementary

Fig. 5). During the development of the assay this readout was used to verify that the reaction

had proceeded as anticipated with stronger signal coming from the sample with higher BCR-

ABL levels.

The two 30 min binding steps of our on-chip assay are shorter than those used in

conventional immunocapture-based kinase radio assays, which are often reported as from

1-4 hours to overnight (10, 38). In total the on-chip assay can be completed in 4 hours. Only

1 hour elapses from lysate addition to the end of the kinase reaction, thus reducing the

potential for decay of kinase activity. This and other advantages of the microfluidic

platform, such as efficient, immediate and consistent mixing, improve the net on-chip kinase

activity efficiency by approximately an order of magnitude compared to off-chip assays

performed with the same lysates (Supplementary Table 2).

Application of the microfluidic kinase assay on different leukemic systems

We next tested our microfluidic assay on additional BCR-ABL-expressing leukemia

systems. We were able to detect substantial BCR-ABL kinase activity differences between

patient-derived leukemic cell lines with endogenous BCR-ABL expression (K562)

compared to leukemic cell lines without BCR-ABL expression (U937) (Fig. 4a).

Since leukemic patient samples are often ‘contaminated’ with normal cells that do not have

elevated kinase activity, we tested whether we can measure BCR-ABL kinase activity from

a subpopulation of BCR-ABL-expressing cells. We made a 1:4 mixture of BCR-ABL- to

non-BCR-ABL-expressing cells using the Ba/F3 system. The signal from this 20% BCR-

ABL-expressing subpopulation was clearly detectable and distinct compared to the

background signal from a control non-BCR-ABL-expressing population (Fig. 4b).

One potential application of the on-chip radioactive in vitro kinase assay is to measure the

inhibition of kinases by molecularly targeted therapeutics directly on patient and animal

model samples. To demonstrate this use, we treated BCR-ABL-expressing Ba/F3 cells with

125 nM dasatinib, a well-known BCR-ABL inhibitor (39), and then measured BCR-ABL

kinase activity from 4,500 cells. Upon treatment, the BCR-ABL activity was inhibited

substantially, with the detected assay signal reduced to background levels (Fig. 4c).

Application of the microfluidic kinase assay on patient samples

Finally, we tested our platform for detecting BCR-ABL kinase activity from clinical

samples. We used pre-B-cell acute lymphoblastic leukemia (pre-B-ALL) primary patient

cells that were both positive and negative for the Philadelphia chromosome (Ph) and thus

also for BCR-ABL protein. We injected these patient cells into NOD/SCID mice in which

they proliferate to create a leukemia-like disease burden. Ultimately the human leukemic

cells make up the vast majority of the peripheral blood, bone marrow and spleen cells (35,

36). Fresh spleens from these leukemia-burdened xenograft mice were processed and loaded
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onto the microfluidic platform to measure BCR-ABL kinase activity. Signal comparable to

our cell line results was obtained from the Ph+ patient samples, while the negative control

Ph− samples had only background levels of signal (Fig. 4d).

DISCUSSION

By coupling a microfluidic platform to a solid-state beta camera, we have developed an

integrated platform for immunocapture-based in vitro kinase radio assays on minute cancer

samples. The device executes an automated, multi-step solid-phase binding and enzymatic

reaction and provides imaging-based final quantitative readout of the assay. In the realm of

microfluidics, we have developed new techniques for efficient handling of solid-phase

micro-beads that allow for the multiple bind, wash, and solvent exchange cycles required by

many affinity-based bioassays. In particular we found that bead trapping, release, and

homogenization using sieve valves and peristaltic pumps is an efficient and reproducible

approach. Nonetheless, the full development of a clinical device may require further

engineering of bead manipulation techniques, or the introduction of redundancy measures, to

ensure the robust performance required in a clinical setting.

The integration of the solid-state beta camera directly underneath the microfluidic platform

allows imaging the radioisotope distribution both as a final readout and for real-time

monitoring of the operational steps of the assay (Fig. 2b-d, Supplementary Table 1). This

ability to troubleshoot in real time proved useful in our assay-development and protocol

testing phase (Supplementary Fig. 6). The PSAPD-based imaging camera has high

sensitivity and very low inherent background (1.5 counts/hour/mm2), making feasible the

acquisition of very weak signals over time periods longer than the 20 minutes used here.

Many bioassays are radioisotope-based and therefore this sensitive imaging device

facilitates the miniaturization of these assays to a microfluidic platform.

There are significant benefits from reducing the radiometric kinase assay from the macro-

scale to the micro-scale. First, we reduce the amount of cell input 2-3 orders of magnitude

compared to conventional and 96-well format assays (38, 40). Similar reduction in the

amount of other reagents and radioactivity are another benefit, especially in the context of

radiation safety. By porting the assay onto a microfluidic platform, we improved

reproducibility of the assay by introducing digital operation and a well-controlled

microenvironment. The microfluidic environment also generally increases net binding and

reaction efficiencies (19, 41, 42), as is the case for our assay (Supplementary Table 2). The

overall improvements in efficiency and sensitivity expand possibilities for kinase activity

measurements in experimentation on and diagnostics of minute patient samples. Future chip

designs will increase the number of reaction units per chip to increase the number of

samples or kinases that can be assayed simultaneously, and will couple the device to

upstream microfluidic modules for efficient sample delivery or automated cell treatment and

lysis (43-45), towards full experimental lab-on-a-chip aspirations (46, 47).

In addition to the assay reported here, there are two other recent advances in high sensitivity

kinase assays that complement one another. One approach involves a phosphorylation-

sensitive fluorescent chemosensor readout coupled to an electro concentration microfluidic
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device (17). The second approach uses quantitative mass spectrometry as a readout for

phosphorylation, allowing for several tens of kinases to be monitored simultaneously using

distinct and kinase-specific peptide substrates (48, 49) As currently developed, both of these

assays rely on the peptide sequence for determining kinase specificity and do not benefit

from the additional specificity afforded by kinase immunocapture. Both of the microfluidic

format assays have the potential to be developed into inexpensive benchtop stand alone units

– for the microfluidic radio assay this is in part made possible by the compact beta camera

device. Disadvantages of the different assays include the need to develop functional

chemosensors specific to each kinase for the fluorescent assay, the need of a sophisticated

equipment and associated data analysis for the mass spectrometry assay, and the use of

radioactivity (although substantially minimized by the microfluidic scale) for our assay.

Radio-, fluorescent chemosensor-, and mass spectrometry-based kinase assays will likely

continue to be used towards specific applications.

Taken together, the reduced sample input, decreased assay time, and digitally controlled

reproducibility of our microfluidic kinase radio assay facilitates direct experimentation on

clinical samples that are either precious or perishable. Here we demonstrate this potential

using a patient sample and mouse xenograft system. Future experiments will develop

reproducible sample collection and measurement conditions for primary patient samples.

Other applications include profiling of patient and animal model samples for their kinase

inhibitor drug sensitivity, or measurement of kinase activity from stem cells, cancer stem

cells, rare immune cells and other subpopulations, for example following flow cytometry- or

microfluidic-based sorting.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Schematic of the microfluidic immunocapture-based in vitro kinase radio assay (μ-
ivkra)
(a) Leukemia smear from a BCR-ABL-driven chronic myelogenous leukemia (CML) patient

(left). In the kinase activity assay the radio-labeled phosphate from 32P-ATP is transferred to

a peptide substrate and the kinase activity is quantified based on isotope incorporation

(center). Configuration of the μ-ivkra device (right). A microfluidics platform is directly

coupled to a highly sensitive charged particle camera (beta camera, PSAPD), enabling on-

chip measurements of radioisotope-based kinase assays. (b) Micrograph of a μ-ivkra chip

loaded with colored dyes. The microfluidic chip includes two symmetric, isolated reaction

units under synchronous digital control. The two layer microfluidic chip has a top fluidic

and a bottom control layer. The liquid coloring indicates the delegated functional

responsibilities of various components: blue for fluidic channels; and in the bottom control

layer, red for regular isolation valves, green for sieve valves to trap beads, and yellow for

peristaltic pump valves driving fluidic circulation. The scale bar represents 2 mm.

Additional photographs of the chip platform are in the supplement (Supplementary Fig. 2).

(c) Drawing of the core part of a single unit. (d) Schematic of the core steps in the

microfluidic in vitro kinase radio assay: (step i) antibody capture using protein G-conjugated

polystyrene (PS) beads (6.7 μm diameter), (step ii) kinase capture using antibody-coated

beads, (step iii) kinase reaction, and (step iv) biotin-labeled peptide substrate capture using

6.7 μm diameter streptavidin-coated polystyrene beads. Steps i-iii are performed in the upper

column and circulation chamber where beads can be trapped in the column, released into the

circulation chamber (370 nL volume each), mixed to homogeneity, and re-trapped multiple

times. The sieve value-mediated bead trapping approach facilitates solution exchange and

bead washing (Supplementary Video 1). Capture of substrate (step iv) and washing of
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unincorporated radioisotope (32P-ATP) occurs in the lower column prior to quantitative

radiometric detection imaging using the beta camera.
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Figure 2. Schematic diagrams of key steps of the operation of the on-chip kinase radio assay
(a) Roman numerals correspond to the steps in Figure 1d. (steps i-ii) Loading anti-kinase

antibody solution or cell lysate into the circulation chamber (370 nL volume). Releasing

protein-G beads (6.7 μm diameter, polystyrene) into the circulation chamber for antibody

coating (30 min at room temperature (RT)) (step i) or kinase capture (30 min, RT) (step ii);

the solution and beads are circulated around the upper chamber driven by two serial sets of

peristaltic pump valves. The hatch lines on the yellow pump valves indicate an active

pumping mechanism. The pumping direction is reversed every 80 sec to prevent bead

clumping. Re-trapping beads in the capture column of the upper circulation chamber

between steps (5 min) to allow for bead washing and solution exchange in the circulation

chamber. (step iii) Kinase reaction with solution and bead circulation in the upper chamber

(15 min, RT). The operational steps here are the same as in steps i-ii, except that while

waiting for the kinase reaction to finish, the streptavidin polystyrene (PS) beads are
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independently loaded into the lower column (80 nL volume) from below. (step iv) Capturing

and washing the labeled (and unlabeled) peptide substrate in the lower streptavidin bead

substrate-capture column using a flow reversal protocol, prior to washing away any

unincorporated radioisotope (32P-ATP) and using the beta camera (PSAPD) for imaging and

quantitation. Different channel colors represent different loaded solutions. (b-d) Mid-

experiment monitoring of device and assay performance and final signal quantitation using

the beta camera. Overlaid images of the CCD camera optical image, the false color beta

camera radioactivity image, and the chip AutoCAD drawing during various assay steps: (b-

c) loaded radioactive (32P-ATP) kinase reaction buffer prior to (b) and after (c) circulation

demonstrating equal loading, and (d) the final captured radiolabeled peptide substrate in the

lower column showing the anticipated 2-fold difference in kinase activity between 6,000 and

3,000 Ba/F3 + BCR-ABL cells. The color bars represent the beta camera image scales in

counts per second per mm2. Total detected activity (pCi) for each ROI (region of interest,

yellow outline) is indicated. See Supplemental Methods for how the ROI was chosen.
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Figure 3. Development of an on-chip in vitro BCR-ABL kinase radio assay
(a) Anti-ABL immunoblot of the Ba/F3 cell line with and without expression of

constitutively active BCR-ABL kinase (loading control, anti-Actin immunoblotting). (b) The

on-chip BCR-ABL kinase reaction was performed with 12,000 Ba/F3 + BCR-ABL cells

(left column) and parental Ba/F3 cells (right column). Final results are represented by an

overlay of optical and beta camera false-color images (20 min acquisition) of the lower

substrate capture columns. The color bar scale (counts per second per mm2) and total

detected activity (pCi) for each ROI (region of interest, yellow circle) are indicated. (c)

Comparison between traditional test tube-based (off-chip) and on-chip in vitro BCR-ABL

kinase radio assays. Off-chip assays were performed with 107 cells and on-chip assays with

4,500 cells. Results reflect absolute quantitation, and the error bars represent the standard

deviation for three assays performed on different days using aliquots of the same lysate with

different chips. (d) Demonstration of linearity using BCR-ABL expressing Ba/F3 cells. In

each experiment, samples were diluted with parental non-BCR-ABL-expressing cells as

necessary to keep the total cell number constant at 15,000. The graph incorporates data from

a total of 16 sample aliquots (8 pair-wise chip experiments performed on different chips

using mixed aliquots of the same lysates). The results from each experiment were
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normalized such that the mean detection signal was set equal to the mean number of cells in

the experiment divided by 3000. Non-specific background signal was not subtracted. Thus,

the results represent relative quantitation designed to identify the linear region of the

platform. The R-squared value from a linear regression fit is 0.997. Error bars represent the

standard deviation.
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Figure 4. On-chip in vitro BCR-ABL kinase radio assays in leukemic systems
(a) Detection of BCR-ABL activity from BCR-ABL expressing human cell lines. The on-

chip in vitro BCR-ABL kinase radio assay was performed on lysates from the human

leukemic cell line K562 (with leukemia patient derived BCR-ABL expression) and U937

(with no BCR-ABL expression). (b) Qualitative detection of BCR-ABL activity from a

subpopulation of BCR-ABL expressing cells as a model for heterogeneous patient samples.

BCR-ABL activity was detected from a 1 in 5 subpopulation of BCR-ABL expressing cells

(4,500 Ba/F3 + BCR-ABL : 18,000 Ba/F3 cells versus 22,500 Ba/F3 cells). (c) Detection of

sensitivity to BCR-ABL-targeted drug inhibition. Ba/F3 + BCR-ABL (p210) cells were

treated with 125nM dasatinib or DMSO solvent alone (control) for 2 h and then BCR-ABL

kinase activity was measured in the microfluidic platform (4,500 cell input). (d) Detection of

BCR-ABL activity from Ph+ leukemic patient samples in a mouse xenograft system. Mouse

spleens with more than 95% hCD45 Ph+ cells or more than 90% hCD45 Ph− cells were

harvested, lysed and analyzed by anti-c-ABL immunoprecipitation and immunoblotting and

anti-TUBB immunoblotting (left) and by the on-chip in vitro BCR-ABL kinase radio assay

(4,500 cell input) (right). All results are represented by overlays of optical images of the

lower substrate capture columns and beta camera false color images (20 min acquisition).

The color bar scale (counts per second per mm2) and total detected activity (pCi) for each
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ROI (region of interest, yellow circle) are indicated. The size of the ROI is uniform across

all experiments.
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