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Abstract

The invasion of malignant cells into tissue is a critical step in the progression of cancer.
While it is increasingly appreciated that cells within a tumor differ in their invasive
potential, it remains nearly unknown how these differences relate to cell-to-cell variations
in protein expression. Here, we introduce a microfluidic platform that integrates
measurements of invasive motility and protein expression for single cells, which we use
to scrutinize human glioblastoma tumor-initiating cells (TICs). Our live-cell imaging
microdevice is comprised of polyacrylamide microchannels that exhibits tissue-like
stiffnress and present chemokine gradients along each channel. Due to intrinsic
differences in motility, cell subpopulations separate along the channel axis. The
separated cells are then lysed in-situ and each single-cell lysate is subjected to western
blotting in the surrounding polyacrylamide matrix. We observe correlations between
motility and Nestin and EphA2 expression. We identify protein-protein correlations within
single TICs, which would be obscured with population-based assays. The integration of
motility traits with single-cell protein analysis — on the same cell — offers a new means to
identify druggable targets of invasive capacity.

Published on 18 December 2017. Downloaded by University of California - Berkeley on 18/12/2017 18:46:12.



Published on 18 December 2017. Downloaded by University of California - Berkeley on 18/12/2017 18:46:12.

Lab on a Chip

View Article Online
DOI: 10.1039/C7LC01008G

Solid tumors consist of cell subpopulations that differ widely in gene and protein
expression, tumor-forming ability, chemoresistance, and invasive capacity. " Over the
past decade, this notion has been formalized into the cancer stem cell (a.k.a. tumor-
initiating cell) paradigm, which argues that tumor initiation, progression, and metastasis
are driven by a rare cell cohort whose properties are masked by population
measurements.®>* Consequently, such population-based measurements can obscure the
understanding of cancer development, progression, and response to treatment. An
important hallmark of cancer progression is the invasion of tumor cells into the
surrounding tissue and, in some cases, metastasis to distant sites.>® However, little is
definitively known about how the invasive phenotype (or potential) relates to protein
expression within a single cell.>’

The precision afforded by microfluidics tools allows the scrutiny of tumor invasion
potential with more nuanced and higher-dimensionality descriptors than population-
based assays.*® " However, the vast majority of these approaches have focused
entirely on the functional characterization of single-cell motility, with few efforts to
connect single-cell migration with specific marker expression.*'® In one such study, cell
speed was measured within one microfluidic channel device while expression of motility-
relevant mRNAs for the same cell was subsequently measured using molecular beacons
in a separate device.* However, mRNA levels are neither fully predictive of protein
expression nor capable of reporting protein signaling events that occur after
translation.™

For in situ protein quantification, the de facto standard is immunocytochemistry
(ICC). While useful, quantification of protein levels using ICC suffers from fixation
artifacts (limiting specificity), background antibody cross-reactivity (impacting
multiplexing and increasing background signal), and the challenge of accurately
measuring total fluorescence intensity from a cell volume.™'* On the other hand,
standard slab western blot allows much improved protein quantification but requires
pooled populations of cells and is therefore unsuitable for single-cell analysis. To
achieve the best of both approaches, the Herr Laboratory has recently developed the
single cell western blot (scWB) assay, which can quantify protein levels in ~10° separate
cells within 4 hours, with a lower limit of detection of ~27,000 copies of a protein.15 We
have successfully used this assay to investigate heterogeneity in cell signaling,
differentiation and chemotherapeutic resistance in specific cell lines.''® In addition to
acting as both a molecular sieve and blotting membrane, the polyacrylamide (PA) gel
used to create the scWB has the potential to be micropatterned with features that
integrate important, complementary cellular measurements, including single-cell
resolution motility assays.

Here, we describe an integrated microfluidic device that combines the scWB
assay with live-cell imaging of invasive cell motility (Fig. 1), which we term SCAMPR
(Single Cell Analysis of Motility and Proteotype). In this platform, cells are induced to
chemotactically migrate along microchannels and imaged to capture instantaneous and
time-averaged cellular migratory properties (i.e., speed, persistence and aspect ratio) for
later quantification. Each cell is then lysed in situ, with the lysate electrophoresed
through the wall of the channel and size-separated due to molecular sieving through the
PA gel, photoimmobilized to the PA gel (via light-activated benzophenone
methacrylamide co-monomer)18, and then immunoprobed to quantify candidate proteins.
Using the SCAMPR platform, we first separate cell populations with known differences in
motility. We then investigate the correlation of protein levels with migratory behavior in
primary glioblastoma tumor-initiating cell (GBM TIC) culture. SCAMPR represents an
important step towards the identification of tumor-specific proteomic predictors of
invasive motility, relevant to questions spanning basic discovery to precision medicine.
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Figure 1. SCAMPR assay correlates cell migratory phenotype and protein expression.
Microfluidic integration supports a Single-Cell Analysis of Motility and Proteotype
(SCAMPR) assay. A heterogeneous population of primary cells is first dissociated into a
single-cell suspension. The cells are then seeded into the SCAMPR device and tracked
as each cell chemotactically migrates through the channels under a chemokine gradient,
which reports motility and motility-related parameters, persistence and average aspect
ratio. Immediately following the live-cell tracking, cells are immobilized in an agarose
layer and the scWB is run in order to measure protein expression on each tracked cells.
Motility and proteotype information from single cells is then correlated to associate
proteomic markers with invasive motility properties.

Materials and Methods

Antibodies

Antibodies employed for the migratory scWB study include rabbit anti-EphA
(1:10, 69978, Cell Signaling, with anti-rabbit secondary antibody conjugated with Alexa-
Fluor 647), mouse anti-STAT3%"* (1:10, 9139S, Cell Signaling, with anti-mouse
secondary antibody conjugated with Alexa-Fluor 488), mouse anti-Nestin®?* (1:10,
MAB5326, EMD-Millipore, with anti-mouse secondary antibody conjugated with Alexa-
Fluor 488), rabbit anti-B-tubulin'’?* (1:10, ab6046, Abcam, with anti-rabbit secondary
antibody conjugated with Alexa-Fluor 647).

19,20
2 y

Cell Culture
U373 Empty Vector and U373 DN Rac1 cell lines were maintained at 37°C in a
5% CO, humidified chamber and cultured in high glucose DMEM (Life Technologies)
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supplemented with 10% calf serum (JR Scientific), 100 U mL™" penicillin, 100 ug mL™
streptomycin, 1x MEM non-essential amino acids, and 1mM sodium pyruvate (Life
Technologies). To induce gene expression, 25 ng mL™" doxycycline was added to the cell
culture medium 48 hours prior to any experiments. As a technical note, we used
U373MG cells from the American Type Culture Collection (ATCC). U373MG cells have
recently been recognized to be a subclone of the human glioblastoma line U251MG, with
the two lines having subsequently diverged to exhibit differential drug sensitivities.?® Cell
lines were authenticated using short tandem repeat analysis and tested negative for
mycoplasma.

Primary GBM TIC line, LO, was collected in a previous study after informed
consent from male patients who underwent surgical treatment and Institutional Review
Board approval.?’ The TIC neurospheres were propagated in neurosphere assay growth
conditions with serum-free medium (Neurocult NS-A Proliferation kit, Stem Cell
Technologies) supplemented with epidermal growth factor (20 ng mL™, R&D Systems),
basic fibroblast growth factor (R&D Systems) and 2 mg mL™" heparin (Sigma-Aldrich)
The gliomaspheres were serially passaged every 5—7 days, when the spheres reached a
diameter of ~150 um. Gliomaspheres were dissociated with
trypsin/ethylenediaminetetraacetic acid (0.05%) (Gibco) for 2 min and then replated in
fresh media with the addition of epidermal growth factor, basic fibroblast growth factor,
and heparin.

Polyacrylamide Gel Layer Silicon Wafer Fabrication

The PA gel layer silicon master was fabricated in a two-step process using
standard lithography techniques (Fig. S1). The silicon wafer was first pre-cleaned with
piranha solution (3:1 sulfuric acid to hydrogen peroxide), washed with water, and briefly
baked to remove any residual water. A 15 um layer of SU-8 2010 (Microchem, Boston,
MA) was spin-coated onto the wafer and photopatterned with the “migratory
microchannel photomask”. After the post exposure bake, a 50 um layer of SU-8 2025
(Microchem, Boston, MA) was spin-coated onto the existing SU-8 layer and
photopatterned with the “gradient-generating channel photomask”. After another post-
exposure bake, the wafer was developed and hard baked. The final wafer was coated
with dimethyldichloromethylsilane (Sigma-Aldrich) to prevent the PA gel from adhering to
the wafer. Detailed information on the silicon master fabrication is listed in the
Supplementary Methods.

Polyacrylamide Gel Layer Fabrication

Using for the protein separations, the PA base gel layer was fabricated as
detailed previously.”'® The PA gel precursor (8%T, 3.3%C acrylamide/bisacrylamide
(Sigma-Aldrich), 3mM BPMAC (Pharm-Agra Laboratories)) was chemically polymerized
using 0.08% APS and 0.2% TEMED (Sigma-Aldrich)."® scWB slides were functionalized
with sulfo-SANPAH (Thermo Scientific) and then with either 40 ug mL™" fibronectin
(Millipore) in PBS (U373) or 100 ug mL™ laminin (Invitrogen) in serum-free media (GBM
TICs).

Polyacrylamide Gel Stiffness Measurements

AFM indentation measurements were performed as described earlier*® using
pyramid-tipped probes (OTR4, Bruker AFM Probes) and fitting force curves with a
modified Hertz model.

PDMS Layer Fabrication
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Sylgard 184 base and curing agent was mixed in a 10:1 ratio and degassed. The
resulting solution was degassed and poured into a rectangular mold to a height of 1.5
mm. The PDMS was then cured at 80°C for 2 hours. After the PDMS was cured,
rectangular slabs (3 cm (L) x 7.5 cm (W)) were cut out of the mold. 3 mm diameter holes
that match the inlet and outlet wells on the PA gel were then punch out of the PDMS
rectangular slab.

SCAMPR Device Fabrication and Seeding

The micropatterned PA gel was first incubated in appropriate medium for at least
1 hour prior to device fabrication. Following incubation, the gel was removed and the
excess liquid was aspirated away. The PDMS lid was gently placed on top of the PA
gel, with the holes in the PDMS aligned to the inlet and outlet microwell patterns on the
PA gel. The hybrid PDMS/PA device was then placed under vacuum (200 mmHg) in a
vacuum desiccator (Bel-Art) for 6 minutes to reversibly seal the layers together. After the
vacuum step, cell culture media was place in both inlet ports and allowed to equilibrate
in the device.

To seed the device, any excess medium was first aspirated from all four inlet and
outlet microwells. Then a 30 pl aliquot of cell suspension (1 million cells mL™ ) was
added to the top inlet port. Due to the pressure differences, cells flow into and lodge at
the start of the migratory microchannels. The cells were then allowed to adhere prior to
chemokine gradient formation and imaging (1 hour for GBM TICs or 2 hours for U373s).

SCAMPR Cell Motility Separation Assay

For the proof of principle cell motility separation assay, U373 Control cells were
loaded with 5 yM CMFDA Cell Tracker dye (Thermo Fisher Scientific) and U373 DN
Rac1 cells were pre-loaded with 5 yM CMPTX Cell Tracker dye (Thermo Fisher
Scientific) per the manufacturer’s instructions. The two cell lines were mixed in a 1:1
ratio and a 30 pL aliquot of the mixed cell suspension (1 million cells mL™") was seeded
into the device. After 2 hours, the device was imaged with a FITC and TRITC filter
cubes, in order to determine the starting locations of the cells within the channels. Then
30 pL of U373 media and U373 media containing 20 yg mL™" SDF-1 were placed in
opposing inlet ports. The aliquots were refreshed every 2 hours for a 10 hour period.
After 10 hours, the device was again imaged to determine the final location of the cells.

Published on 18 December 2017. Downloaded by University of California - Berkeley on 18/12/2017 18:46:12.

Stage 1 of the SCAMPR Assay

Live-cell imaging was performed using a Nikon Ti-E2000-E2 microscope
equipped with a motorized, programmable stage (Applied Scientific Instrumentation), an
incubator chamber to maintain constant temperature, humidity, and CO, levels (/n vivo
Scientific), a digital camera (Photometrics Coolsnap HG Il), and NIS Elements (Nikon
Instruments Inc.) software. Images were taken at 5 ms exposure, 2x2 pixel binning using
a 10x-objective (Nikon CFI Plan Fluor DLL 10x).

Stage 2 and 3 of the SCAMPR Assay

The second and third stage of the SCAMPR assay comprises of nine steps: (1)
The PDMS lid was gently removed; (2) Liquid agarose, 5% w/v in PBS, (Life
Technologies) at 40°C was poured directly onto the PA gel layer and allowed to set for
10 minutes at room temperature. Liquid agarose was stirred continuously prior to
pouring onto the PA gel; (3) The in situ cell lysis was performed by directly pouring the
lysis buffer (12 mM Tris/96 mM glycine pH 8.3 buffer (Bio-Rad) contained 0.5% w/v SDS
(Sigma-Aldrich), 0.1% v/v Triton X-100 (Thermo Fisher), and 0.25% w/v sodium
deoxycholate (Sigma-Aldrich)) over the agarose-covered slide and cell lysis was allowed
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to proceed for 15 s; (4) Lysate was analyzed via PA gel electrophoresis (E=40 V per cm,
[=81-95 mA) for 15 s; (5) Protein bands were then immobilized by UV activation of the
benzophenone. UV light was generated using a UV mercury arc lamp (Lightningcure
LC5, Hamamatsu) and directed through a Lumatec series 380 liquid light guide with
inline UV filter (300-380 nm bandpass XD1001, Omega Optical) suspended
approximately 10 cm above the slide. PA gels were exposed for 45 s with UV power at
the slide surface of ~40 mW per cm? (6) The agarose layer was melted away by
submerging the agarose covered slide in PBS and heating the PBS to 70°C. (7) The
SCAMPR slides were probed with primary and fluorescent secondary antibodies. Slides
were first incubated with a primary antibody diluted in TBST (Santa Cruz Biotechnology,
sc-281695) supplemented with 2% Bovine Serum Albumin (BSA) (A730, Sigma-Aldrich)
for 3 hrs. Slides were then washed for 30 min in TBST, and then incubated with the
appropriate fluorescently labeled secondary diluted in TBST supplemented with 2% BSA
for 1 hr. Slides were washed again for 30 min in TBST and dried under a nitrogen
stream; (8) The slides were then scanned by a fluorescence microarray scanner
(Genepix 4300A, Molecular Devices). Nestin expression was measured with 450 PMT
gain 100% power. STAT3 expression was measured with 450 PMT gain and 100%
power. EphA2 expression was measured with 650 PMT gain and 100% power. B-tubulin
expression was measured with 650 PMT gain and 100% power. All scans had a spatial
resolution of 5 ym. Detection of Alexa Fluor 488 and Alexa Fluor 647 labeled secondary
antibodies was performed using 488 nm and 635 nm lasers, respectively. Emission
filters for the 488 nm spectral channel were from Omega Optical (XF3405) and for the
635-nm channel, a built-in far-red emission filter was used. (9) A region of interest “lane”
is then used to segment the protein signals. The protein signal intensity profiles were
background-subtracted and fit to Gaussian curves with a minimum signal-to-noise (SNR)
of 3 and R? threshold of 0.7. Protein expression was calculated by summing the area
under the curve (AUC) of the fit Gaussian curve. An overview of the steps is presented
in Figure 1.

Measurement of Cell Motility Parameters

Following a previously established protocol?®, we measured GBM TIC motility
using 10X phase contrast time-lapse images acquired every 15 minutes over a 2-hour
period. ImagedJ software (NIH) was used to track the centroid of each cell from one
frame to another to yield instantaneous migration speeds, which were then averaged
over the entire time course of the experiment to yield the migration speed of a cell.
Persistence was calculated by measuring distance between the initial and final position
and dividing by the total path length. Aspect ratio was calculated by dividing the major
axis length of the cell by the minor axis length of the cell for each frame in the time-lapse
and averaging the values for all the frames. The aspect ratio of a cell was not calculated
if the entire outline of the cell was not observed. Cells that were observed to be sticking
to each other were also excluded from analysis.

Single Cell Lysis Diffusion Imaging

GBM TICs were first labeled with 5 yM CMFDA dye (Thermo Fisher Scientific)
per the manufacturer’s instructions. Cells were then seeded into a microwell at the
terminus of the enclosed SCAMPR devices and allowed to adhere for at least 1 hour.
Next, the PDMS lid was removed and the device was either left in PBS (Open condition)
or layered with a 100 pm thick 5% w/v agarose lid (Agarose Lid condition) (Life
Technologies). The device was then placed in a custom lysis chamber with an optically
transparent bottom to allow for imaging. Lysis buffer was poured over the device and
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images were taken every 0.5 seconds for 60 seconds. Time-lapse imaging was taken
using MetaMorph software (Molecular Devices) with a 200 ms exposure time, at 1 x 1
pixel binning through a 10x magnification objective (Olympus UPlan FLN, NA 045) on an
Olympus IX71 inverted fluorescence microscope equipped with an camera
(Photometrics Coolsnap HQ2), motorized stage (Applied Scientific Instrumentation),
FITC/GFP filter cube (Omega XF100-3, ExEm: 445-495/505-575nm), and shuttered
mercury lamp light source (X-cite, Lumen Dynamics).

Immunocytochemistry

After removing the PDMS lid, the SCAMPR slide was washed with PBS and fixed
with 4% paraformaldehyde (Alfa Aesar) in PBS. Slides were then washed 3 times with
PBS and then permeabilized for 15 min with 0.5% v/v Triton X-100 in PBS. Slides were
again washed 3 times with PBS and then blocked for 1 hr at room temperature with 5%
v/v goat serum (Thermo Fisher Scientific) in PBS. The blocking buffer was then
aspirated and then the slides were incubated with 1:200 mouse anti-human Nestin
(Millipore) overnight at 4°C in staining buffer (1% v/v goat serum in PBS). After 3 washes
of staining buffer, the slides were incubated in 1:500 goat anti-mouse 1gG, Alexa Fluor
546 (Thermo Fisher Scientific) and Hoechst 33342 (Thermo Fisher Scientific) in staining
buffer for 1 hr at room temperature. After the secondary incubation, the slides were
washed with PBS and stored in PBS at 4°C prior to imaging.

ICC images were captured using an inverted Nikon Ti-E microscope equipped
with a motorized stage (Prior Scientific, Inc.), a digital camera (Roper Scientific) and NIS
Elements (Nikon Instruments, Inc) software. Images were taken with a 500 ms exposure
time, 1 x 1 pixel binning through a 10x magnification objective (Nikon CFI Plan Fluor DLL
10x). A TRITC filter cube (Nikon G-2E/C, Ex/Em: 528-553/590-650 nm) and DAPI filter
cube (Nikon UV-2E/C, ExX/Em: 340-380/435-485 nm) were used to detect the Nestin-
Alexa Fluor 546 signal and Hoechst stain, respectively. ImagedJ software (NIH) was used
to measure total fluorescence of a cell by creating a region of interest around the cell,
measuring the total integrated intensity, and then subtracting the background total
integrated intensity.

Flow Cytometry

TICs were stained with PE anti-EphA2 antibody (356803, Biolegend) according
to manufacturer’s instructions. TICs were then sorted with a BD Influx cell sorter into the
top 5% and bottom 5% EphA2 expression level subpopulations. Immediately after
sorting, the sorted subpopulations were seeded into the SCAMPR device for live cell
tracking.

Statistical Analysis

All statistical tests except for the Canonical Correlation Analysis and Pearson’s
correlation were performed in Prism (Prism 7). All Spearman correlations were
calculated with two-tailed p-values. Mann-Whitney test and Welch'’s t-test was calculated
with two-tailed p-values. Brown-Forsythe’s test was used to determine non-equivalence
of variance in marker expression in each motility category. The D’Agostino-Pearson
omnibus normality test was used to determine normality of populations

A custom R script was used to perform the Canonical Correlation Analysis and
calculate the Pearson's correlation between each of the variables and canonical
components. We then use a permutation test to determine the p-value for the largest
canonical correlation. For fixed phenotypes of every cells, the corresponding protein
expression files are permuted to generate an empirical null distribution for the largest
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canonical correlation between phenotypes and proteins. Under the null hypothesis, no
strong canonical correlation should be found between phenotypes and proteins.

For all statistical tests, only p values less than 0.05 were considered significant.
Details of comparisons and replicates are provided in the appropriate figure legends.

Results

Design and operation of the SCAMPR device

We designed, fabricated, and validated a microdevice that measures both (i)
cellular migration parameters and (ii) protein expression for individual cells within a
population of cells. To make these dual measurements on the same cell, the SCAMPR
platform comprises a planar polyacrylamide microfluidic device housing microtrenches
that are enclosed to form microchannels using a polydimethylsiloxane (PDMS) lid. The
assay completes in three stages. In the first assay stage, the device presents
mechanical and chemical cues to migrating tumor cells in microfluidic channels. Intrinsic
cell-to-cell differences in motility spatially resolve cells within the channels. In the
second assay stage, we replace the PDMS lid with an agarose layer to both immobilize
the separated cells and to minimize lysate loss (by convection) during in-channel
chemical lysis. Finally, in the third assay stage, the device supports a single-cell
western blot (scWB) in the surrounding PA gel, yielding proteotypic information for each
cell. By combining these three assay stages, migratory parameters such as speed,
persistence, and cell aspect ratio are correlated with protein expression to link the
invasive motility phenotype to proteotype for an individual cell.

To fabricate the SCAMPR device, microtrenches were first cast in a PA gel and
then enclosed using a PDMS lid to form microchannels (Supplementary Fig. 1a). The PA
gel presents a stiffness within the range of vascular basement membrane (30 kPa as
measured by AFM)? and also functions as the protein sieving matrix during subsequent
electrophoretic analysis of each single-cell lysate. Along the axis of each microchannel,
we create a chemokine concentration gradient using a source-sink design.” The PDMS
lid facilitates long-term live-cell imaging, which is aided by the fact that PDMS is optically
clear, non-cytotoxic, and supports gas exchange with the ambient environment.*® To
integrate the motility assay with the scWB assay, we transiently sealed the PDMS lid to
the PA gel using a vacuum pulse, allowing for lid delamination prior to subsequent scWB
steps (Supplementary Fig. 1b).

SCAMPR Stage 1: Validation of Chemokine gradient for cell separation

We first sought to characterize the chemokine gradient in the SCAMPR device.
Chemotactic motility is an important feature of tumor invasion in vivo, and the
chemotactic machinery is being actively explored as a source of new drug targets in
cancer.* To create stable chemokine gradients in the SCAMPR device, we
implemented a source-sink design.® We characterized the linearity and reproducibility of
the chemokine gradients using FITC-dextran as a surrogate for stromal cell-derived
factor 1 (SDF-1), which is known to drive GBM invasion in vivo.****> We introduced 30 pl
of PBS containing 10 yg mL™ 10 kDa FITC-Dextran in the inlet port in one gradient-
generating channel and 30 ul of PBS in the inlet port of the opposing channel. By
replacing each solution every two hours and imaging the device every hour, we
observed a relatively stable linear average concentration gradient over a 10 hr period
(R*=0.996; coefficient of variation (CV) = 14.6%, n=33 curves from 3 devices) (Fig. 2a).
We also observed relatively consistent performance in gradient generation and
maintenance across multiple devices (average intra-device CV=10.8% with a standard
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deviation of 8.6%, n=3; intra-device CV calculated from the gradients during the 10 hr
period) (Supplementary Fig. 2).
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Figure 2. SDF-1 chemokine gradient resolves two cell lines with known differences in
motility. a) Time-averaged FITC-Dextran fluorescence signal in the SCAMPR device.
Linear regression of average gradient shows a slope of -0.00166 RFU per ym and a R?
value of 0.996. The average gradient curve is calculated from 33 gradients from 3
separate devices. Error bars represent standard deviation calculated from 33 gradients
from 3 separate devices. RFU: relative fluorescence unit. b) Migration-induced
separation of a mixed population of labeled Control and DN Rac1 cell lines. Empty
Vector: 43 cells from 3 independent experiments; DN Rac1: 23 cells from 3 independent
experiments.

Next, we tested the ability of an SDF-1 gradient to separate two labeled cell
populations with known population-level differences in motility. We utilized U373MG
human glioma cells stably transduced with a dominant negative mutant of Rac1 (DN
Rac1) and a matched line transduced with a non-coding empty vector (Empty Vector).
Rac1 plays a role in lamellipodial protrusion and contributes strongly to invasion and
metastasis,* and depletion of Rac1 or overexpression of a dominant negative Rac1
mutant has been reported to reduce glioma cell invasiveness and survival.*® We first
verified that the Empty Vector and DN Rac1 cell lines exhibit the expected population-
level differences in motility with Empty Vector cells migrating significantly faster than the
DN Rac1 cells on a fibronectin coated glass surface (Supplementary Fig. 3, Welch’s t-
test, p<0.0001, n=33 and 23 for Empty Vector and DN Rac1, respectively).

We then loaded DN Rac1 and Empty Vector cells with CMPTX and CMFDA
CellTracker dye respectively, mixed the two cell populations in an equal ratio, and
introduced them into our device. After 10 hours, the fastest Empty Vector cell migrated
380 um into the microchannel compared to 200 um for the fastest DN Rac1 cell (Fig.
2b). Furthermore, we observed twelve Empty Vector cells that are highly migratory in the
microchannels compared to the entire DN Rac1 population (n=23 cells). Thus, we are
able to utilize the SCAMPR assay to resolve subpopulations of cells according to
chemotactic motility.

SCAMPR Stage 2: Characterization of cell immobilization and lysis

We then sought to incorporate scWB measurements into our chemotactic
migration platform. The major hurdle in performing the three-stage SCAMPR assay in an
open-microchannel format is protein dilution during cell lysis due to rapid convective loss
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of lysate. We reasoned that we could limit this loss by physically encasing the cells
within a buffer-permeable solid matrix prior to electrophoresis. For this purpose, we
chose agarose, which transitions from a molten liquid to a solid gel upon cooling and
decreases the diffusivity of proteins when compared to free solution.*” To introduce the
agarose layer, we first removed the PDMS lid and covered the device with molten
agarose. After the agarose solidified, lysis buffer (12 mM Tris/96 mM glycine pH 8.3
buffer containing 0.5% w/v sodium dodecyl sulfate (SDS), 0.1% v/v Triton X-100, and
0.25% w/v sodium deoxycholate) was applied to the agarose, thus chemically lysing the
now-immobilized cells.

To understand the impact of the agarose encapsulating layer on lysate retention,

we loaded cells with a fluorescent cytoplasmic protein labeling dye, chemically lysed the

cells within the microchannels, and tracked lysate fluorescence over time (Fig. 3a). We
characterized lysate dilution using total integrated signal intensity and signal width (w =
40; with o extracted from a Gaussian fit). We observed a 72% increase in total
integrated signal intensity in the agarose layer condition compared to the open channel
condition (n=3 cells for both conditions) at the 15 s time-point, which represents our
optimized lysis time for GBM TICs (Fig. 3b). Furthermore, at the 15 s time-point, we
observed an 84% reduction in signal peak width in the agarose condition relative to the
open condition, which improves the likelihood of achieving single-cell resolution during
electrophoresis and blotting by preventing cellular lysate from neighboring cells from
mixing (Fig. 3c, 3d). Thus, agarose-encapsulated microchannels mitigate single-cell
lysate dilution more effectively than open microchannels, thereby facilitating the
subsequent scWB.
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Figure 3. Agarose cell-encapsulation reduces dilution of single-cell lysates. a)
Representative images of fluorescently labeled GBM TICs during in-microchannel lysis
with (Agarose) and without (Open) an agarose encapsulating layer. TICs were labeled

with CMFDA Cell Tracker dye. Lines indicate the edges of the microchannel. Scale bar =
20 um. b) Time course of the total integrated fluorescence signal from labeled GBM TICs
lysed in the Open and with Agarose conditions. At the start of electrophoresis (indicated

by the red line), the agarose lid improved lysate retention by 72% relative to the open
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condition. Error bars represent standard deviation calculated from 3 independent
experiments. c) Representative fluorescence trace (black) of a cell at the beginning of
lysis (0 s) and the corresponding Gaussian fit line (blue) with the o value shown. The
dashed line in the insert denotes the axis of the fluorescent trace. d) Time course of the
normalized peak width quantified from the fitted Gaussian curve of the fluorescence
intensity. At the start of the electrophoresis at 15 s, the agarose condition shows an 84%
decrease in peak width compared to the open condition. Error bars represent standard
deviation calculated from 3 independent experiments.

SCAMPR Stage 3: Integration of scWB

Having tracked cell motility and controlled cell lysis in the SCAMPR device, we
then applied the SCAMPR device to scrutinize a population of classical subtype GBM
TICs derived from a patient tumor (Supplementary Video 1). TICs are a stem-like
subpopulation of GBM cells that drives tumor growth and recurrence, therapeutic
resistance, and, of most relevance to the studies reported here, invasion and seeding of
secondary tumors in vivo.?®

We first analyzed two motility-relevant parameters of GBM TICs in the SCAMPR
device: persistence, and average cell aspect ratio. We defined persistence as the net
displacement of the cell divided by the total path length travelled during a set interval.
Previous studies on 2D substrates have shown a positive correlation of these two
parameters with cell speed.***® We first observed a mean TIC speed of 81 pym per hr
(minimum speed of 7.4 um per hr, maximum speed of 170 um per hr, n=68 cells, n=9
devices) in the SCAMPR microchannels, which is faster than previously reported values
of this TIC line on 2D PA substrates (Fig. 4a).?® Throughout the time-lapse, we did not
observe any cells transitioning to a persisting, rounded morphology, which is an early
indication of cell death. We then applied Spearman’s rank-order correlation to
investigate if persistence and average cell aspect ratio correlated with TIC speed in the
SCAMPR device. Although we observed the expected positive correlation of persistence
and speed (Spearman’s rank r=0.676, p<0.0001, n=64 cells) (Fig. 4b), we did not
observe a similar trend with aspect ratio and speed (Spearman’s rank r=-0.133, p=0.430,
n=37 cells) (Fig. 4c), which may result in part from our use of 2D projections to quantify
3D objects. Additionally, we observed the same trends when we ranked the parameters
(persistence, aspect ratio) and correlated the ranks of these parameters with the rank of
the cell speed for each individual TIC (Spearman’s rank rpesistence=0.664, p<0.0001,
N=64; r'aspect Ratic=-0.134, p=0.430, n=37 cells) (Supplementary Fig. 4).
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Figure 4. Persistence, but not aspect ratio, is correlated with TIC speed in the SCAMPR
device. a) Dot plot showing the individual TIC speeds across 9 devices fora GBM TIC
line. Each point represents a single cell, with a global maximum TIC speed of ~170 ym
per hr and a global minimum of 7.4 um per hr. Lines represent the mean TIC speed per
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device. Scatter plots reveal that the TIC persistence (b), but not average aspect ratio (c)
is significantly correlated with TIC speed (Spearman’s rank rpesistence=0.676, p<0.0001,
n=68 cells; raspect Ratic=-0.134, p=0.430, n=37 cells).

We then screened The Cancer Genome Atlas (TCGA) dataset for specific
markers relevant to TIC function and upregulated in GBMs relative to normal brain. We
analyzed the RNA expression levels of Nestin, EphA2, STAT3, and B-tubulin in the
classical subtype of GBM tumors. Nestin, EphA2, and STAT3 have been previously
shown to be essential for the survival and tumorigenicity of GBM cells. “** In addition to
being a TIC marker, EphA2 has been shown to promote invasiveness and correlate with
tumor stage and progression.*! Similarly, STAT3 has been shown to regulate TIC growth
and self-renewal, and downregulation of STAT3 leads to decreased motility and
invasion.***” B-tubulin is an important component of the microtubule network, which is a
common target in chemotherapy (e.g. paclitaxel).*®*°

Our TCGA analysis revealed that all four of these markers are significantly
upregulated in GBM tissue relative to normal brain (Mann-Whitney Test, p<0.001 for all 4
markers, Nestin: n=11, 54 for normal brain and GBM, respectively; STAT3: n=11, 54 for
normal brain and GBM, respectively; EphA2: n=11, 54 for normal brain and GBM,
respectively; B-tubulin: n=10, 53 for normal brain and GBM, respectively)
(Supplementary Fig. 5). Further analysis of the TCGA data set for marker correlations
revealed significant correlations only between EphA2 and Nestin and between STAT3
and B-tubulin RNA expression (Spearman’s rank rephaz-nesin=0.395, p=0.004, n=52
tumors; rsratanestin=-0.062, p=0.661, n=52 tumors; rg.tpuin-Nesin=0.220, p=0.113, n=53
tumors; rEphAz.STAT3=-0.019, p=0894, n=53 tumors; rB_tubu“n.STAT3=0.303, p=0027, n=53
tumors; rg.wpuiin-epha2=0.006, p=0.961, n=53 tumors) (Supplementary Fig. 6). Furthermore,
we observed the same significant correlations when we ranked and correlated the RNA
expression levels for each marker (Spearman’s rank repnaz-nestin=0.398, p=0.004, n=52
tumors; rsraraNesin=-0.142, p=0.317, n=52 tumors; rg wouiin-Nestin=0.219, p=0.116, n=53
tumors; repnaz-stats=-0.019, p=0.894, n=53 tumors; rg.tpuin-stat3=0.303, p=0.028, n=53
tumors; rg.wpuiin-ephaz=-0.005, p=0.974, n=53 tumors) (Supplementary Fig. 7).

The TCGA correlations are based on population-level analysis of patient biopsies
and do not account for cell-to-cell differences in marker expression, which has been
shown to contribute strongly to disease progression and therapeutic response.*** We
therefore applied our SCAMPR assay to ask whether these marker correlations, on the
protein level, persist within individual GBM TICs.

To measure single-cell protein expression, we utilized the third stage of the
SCAMPR assay, the scWB. After lysis of the agarose-immobilized cells, an electric field
is applied and the single-cell lysate electromigrates into the surrounding PA gel, where
the proteins are sized by electrophoretic mobility. A brief pulse of UV light is applied to
the SCAMPR device and the proteins in the PA gel slab are covalently immobilized to
benzophenone methacrylamide incorporated in the PA gel. The bound proteins are then
probed with primary target-specific antibodies and fluorescent secondary antibodies to
allow for visualization and quantification. Since we visualize the location of single cells
within the device, we normalize protein expression on a per cell basis (Fig. 5a).
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Figure 5. SCAMPR assay reveals novel protein expression correlations in GBM TICs. a)
Representative fluorescence micrographs and intensity plots from the SCAMPR assay
of GBM TICs. Arrows indicate peak location. Scale bars represent 100 um. b) Biaxial
scatter plots report protein expression for all markers for each GBM TICs from low,
medium and high maotility TIC subpopulations. Motility subpopulations were created
based on three equally sized intervals of speed ranging from O um per hr to 170 pym
per hr (maximum observed TIC speed). TICs were binned into motility subpopulations
based on magnitude of speed (Low Motility: 0-56.6 um per hr, Medium Motility: 56.6-
113.3 um per hr, High Motility: 113.3-170 um per hr). Blue squares, black triangles and
red circles represent low, medium and high motility subpopulations, respectively.

In contrast to the TCGA correlation results, the SCAMPR assay reported a
significant correlation between B-tubulin with Nestin (Spearman’s rank r=0.503, p=0.002,
n=34 cells). STAT3 seemed to have a strong correlation with both B-tubulin and Nestin,
with the p-values being close to statistically significant (rsrars-g-ubuin=0.361, p=0.0545,
n=29 cells; rstatsnestin=0.293, p=0.056, n=43 cells). That is, the three proteins Nestin,
STATS3, and B-tubulin have relatively high pairwise correlations between each other.
EphA2, however, was reported to have weak or no correlations with those three proteins
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(Spearman’s rank reghaz-nestin=0.352, p=0.118, n=21 cells; regnaz-stat3=0.269, p=0.265,
n=19 cells; repnaz--tubuin=0.453, p=0.069, n=17 cells) (Fig. 5b). Similarly, ranking and
correlating the SCAMPR protein expression values revealed the same trends
(Spearman’s rank reghaz-nestin=-0.352, p=0.118, n=21 cells; rstatsnestin=0.295, p=0.055,
n=43 Ce”S; rﬁ.tubu|in.Nestin=O.503, p=0002, n=34 Ce”S; rEphAz-STAT3=0.263, p=0276, n=19
cells; rgwpuin-stat3=0.362, N=0.054, n=29 cells; rg.wpuin-epha2=0.453, n=0.069, n=17 cells)
(Supplementary Fig. 8).

Furthermore, the multiparametric assay allows correlation of motility with protein
expression for each individual cell studied. To contextualize protein expression variation
with respect to motility, we classified TICs into one of three motility categories (Low
Motility: 0-56.6 um per hr, Medium Motility: 56.6-113.3 um per hr, High Motility: 113.3-
170 um per hr) with motility categories defined based on three equally sized intervals of
speed ranging from 0 to 170 ym per hr (maximum TIC speed). We compared the
variance in Nestin, STAT3, EphA2, and B-tubulin expression for each motility category
(Fig. 5b). We observed a difference in the variation of B-tubulin expression among
different motility subpopulations but not the other three markers across the motility
categories (Brown-Forsythe’s test, p=0.037, n=11, 15, 8 cells for Low, Medium, and High
Motility subpopulations, respectively).

Linking Motility to Protein Expression

The results above suggest that while multiple proteins are overexpressed in
invasive tumors at the population level, only a subset of these proteins is associated with
the propensity of individual TICs to invade. Because such proteins could conceivably
serve as novel druggable targets to slow invasion, we sought to identify single protein
that correlate with high invasive motility in GBM TICs. Previous studies suggest that
Nestin regulates tumor growth and invasion at the population level.*’ Therefore, we
hypothesized that endogenously expressed Nestin and motility would be correlated in
individual GBM TICs.

We performed the three-stage SCAMPR assay on the TICs and observed a
positive correlation between Nestin expression and cell speed, which is consistent with
literature observations (Spearman’s rank r=0.381, p=0.001, n=68 cells) (Fig. 6a).>***> We
also observed a similar positive correlation when comparing the rank of Nestin
expression and the rank of cell speed (Spearman’s rank r=0.383, p=0.001, n=68 cells)
(Supplementary Fig. 9a). Interestingly, parallel ICC assays in which we fixed,
permeabilized, and immunostained TICs after removing the PDMS lid but before adding
agarose did not reveal a significant correlation between Nestin expression and cell
speed (Spearman’s rank r=0.053, p=0.696, n=56 cells) (Supplementary Fig. 10). We
hypothesize that difference in SCAMPR and ICC results could be due to the previously
mentioned shortcomings (fixation artifacts, antibody cross-reactivity, and quantifying total
fluorescence in 3D) with ICC, which may prevent the detection of subtle trends in protein
expression.
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Figure 6. SCAMPR assay reveals Nestin and EphA2 correlate with TIC speed. Scatter
plots of individual TICs show that (a) Nestin and (b) EphA2 are positively correlated with
TIC speed (Spearman’s rank ryesin=0.381, p=0.001, n=68 cells; rg,na2=0.451, p=0.040,
n=21 cells). However, (c) STAT3 and (d) B-tubulin are not correlated with TIC speed
(Spearman’s rank rstat3=0.030, p=0.848, n=43 cells; rg.uin=-0.002, p=0.990, n=34
cells).
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As previously mentioned, multiplexed protein detection is supported by the
SCAMPR device, which compares expression of multiple proteins within the same cell.
Protein multiplexing is useful when assessing correlation between marker expression
and cell motility characteristics. Given the roles of EphA2, STAT3, and B-tubulin in TIC
invasion, we next sought to understand the relationship between these markers and TIC
motility. We observed a positive correlation of EphA2 and cell speed (Spearman’s rank
r=0.451, p=0.040, n=21 cells), thus corroborating other studies that have shown EphA2
expression levels alone, not activation levels, can drive TIC behaviors including growth
and self-renewal (Fig. 6b).*' We further validated the EphA2 correlation by sorting the
TICs into low and high EphA2 expression level subpopulations, seeding both
subpopulations into separate SCAMPR devices, and quantifying the single-cell motilities
of each subpopulation in the SCAMPR device. As expected, we observed a significantly
higher average motility in the high EphA2 expression subpopulation compared to the low
EphA2 expression subpopulation (Mann-Whitney test, p<0.0001, n=18, 24 for the low
and high EphA2 subpopulations, respectively) (Supplementary Fig. 11)
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On the other hand, SCAMPR did not detect a correlation between STAT3 or -
tubulin and cell speed (Spearman’s rank rsrat3=0.030, p=0.848, n=43 cells; rg.wbuin=-
0.002, p=0.990, n=34 cells) (Fig. 6¢c, 6d). The lack of a correlation for STAT3 reflects the
results of other studies that have shown that the phosphorylation, not the expression, of
STAT3 is necessary to activate downstream pathways and dictate cellular phenotypes.*
We also observed the same trends when we correlated the ranks of these three proteins
with the rank of cell speed (Spearman’s rank repna2=0.451, p=0.040, n=21 cells;
rstat3=0.031, p=0.0842, n=43 cells; rg wpuin=-0.001, p=0.997, n=34 cells) (Supplementary
Fig. 9b, 9c, 9d)

Joint Analysis of SCAMPR Metrics

Having scrutinized protein-protein and protein-motility correlations, we performed
joint analysis of TIC phenotypes and proteotypes. We first generated single-cell
proteotypic profiles using the multiplexed SCAMPR assay (Nestin, STAT3, EphA2, B-
Tubulin). Then, by mapping the motility information onto the proteotypic profiles, we
identified proteotype profiles that describe low or high motility TICs (Fig. 7a). We then
performed canonical correlation analysis (CCA) on the phenotypic variables (speed,
persistence, and aspect ratio) and a log2 transformation of protein expression values.
CCA provides a useful way to relate two sets of variables (e.g., phenotypes and
proteins) and see what is common amongst the two sets; it finds linear combinations of
the variables of each set which have maximum correlation with each other. We utilized
the log2 transformation of the protein expression values to bring the magnitude of
the protein expression values closer to the phenotypic values. CCA and post-hoc
Pearson’s correlation showed that Nestin positively correlates with speed and
persistence, with speed being more relevant than persistence to the first canonical
component of the phenotype variables (1* Canonical Correlation r=0.48, p<0.05)
(Supplementary Fig. 12). By further utilizing the multiplexing capability of the SCAMPR
device and probing for more targets, we would increase the accuracy of the invasive
proteotypic profiles.

a b

1.0
Nestin @ c
08 2 S 5
STAT3 E g T
06 5 o
Q Qo
< X
EphA2 04 2 W -
g < |
B-Tubulin 02 2 o ‘ 5 . l
w3 \ |
| |

[

Low | High
Nestin Expression
Figure 7. SCAMPR assay allows for joint multivariable analysis of phenotype and
proteotype. a) Relative expression levels of Nestin, EphA2, STAT3, and B-tubulin in
single GBM TICs with respect to cell speed. Only the subset of TICs with quantifiable
expression levels for all four proteins is displayed in this plot. Protein expression in each
TIC is normalized to the strongest signal for each protein. Within each row, tile color
corresponds to relative expression level with black being the lowest and white being the
highest. Each column represents the proteotype for one TIC and the TICs are organized
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in increasing cell speed order. b) Representative cell trajectories of single TICs
expressing either low or high Nestin or EphA2. High and Low expression levels
represent the top 50% and bottom 50% expression level for each respective protein.

Additionally, since we have the TIC position data (used to calculate motility), we
then investigated the relationship between protein expression and TIC total path length
(Fig. 7b). We plotted representative paths for TICs with low or high expression of Nestin
or EphA2, which both correlated with motility. We first observed that the TICs in the high
Nestin/high EphA2 quadrant show longer path lengths than the TICs in the low
Nestin/low EphA2 quadrant, which is consistent with the previously observed protein-
motility correlations. We also observed that TICs in the other quadrants (Low
Nestin/High EphA2, High Nestin/Low EphA2) displayed varied trajectory lengths. This
result highlights the heterogeneity in motility behavior for TICs, even in specific
subpopulations defined by expression levels for two different proteins.

Discussion

The invasion of individual tumor cells into tissue is a defining feature of cancer.
However, it is unclear how the expression of specific proteins drives or predicts the
invasive phenotype of single tumor cells. While single-cell RNA sequencing is beginning
to lend important insight into cell-to-cell variations in gene expression within tumors®®,
the bulk of our current knowledge is based on population analyses such as RNA
sequencing and western blotting. Perhaps even more importantly, contemporary single-
cell approaches do not readily allow for cell-by-cell correlation of proteotype with
phenotype. Here, we have developed an integrated microfluidic device (SCAMPR) to
correlate phenotypic information with multiple protein expression levels from the same
single cell. Using the SCAMPR device, we first discovered a correlation of Nestin and -
tubulin within our GBM TIC line, which could not have been deduced from inter-tumor
data sets. We further discovered that while Nestin and EphA2 expression positively
correlate with migration speed, STAT3 and B-tubulin expression show no correlation with
cellular migration speed. These results highlight the unique ability of the SCAMPR
device in identifying correlations within a single patient-derived cell line, which offers an
eventual route for precision medicine based on patient-specific identification of proteins
that slow invasion in tissue-like microenvironments. Furthermore, our results represent
some of the first single-cell protein expression studies in TICs that correlate protein
expression with phenotypic traits.

Our approach has the potential to address a number of important gaps left by the
TCGA and other large-scale data sets. For example, these data sets do not, in general,
permit analysis of protein cross-correlations within a single tumor cell. Utilizing our
platform, we discovered that, within a GBM TIC population, B-tubulin expression
correlates with Nestin expression, a prognostic marker of tumor malignancy.*® This
observation suggests that a similar analysis will lead to the identification of other
important but yet undiscovered targets. Additionally, by investigating a wide range of
targets, we can identify multiple, correlated proteins and, in turn, key signaling networks
that can be targeted as a unit. The observation of this correlation highlights the
importance of single-cell technologies, such as our platform, in complementing existing
large-scale data sets, such as the TCGA.

Similarly, correlation of cell phenotype and proteotype at a single-cell level
validates and complements results from population-based assays. Specifically, in GBM
TICs, we identified that Nestin and EphA2 expression positively correlate with cell
speed, which agrees with previously published results.***” At the same time, by utilizing
the multiplexing capability of the platform, we also observed that Nestin and EphA2
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expression levels do not correlate with each other. Taken together, these two results
suggest that, even within a single population, there are multiple proteotypic profiles that
describe highly motile GBM TICs. Therefore, when considering potential therapies, one
would need to target both Nestin and EphA2, not only one of the targets, to limit the
highly motile subpopulation.

Since our platform identified Nestin and EphA2 as positive predictors of TIC
motility, analysis of a panel of GBM lines from different subtypes is an intriguing future
direction. These studies could determine whether Nestin and EphA2 serve as universal
GBM TIC motility predictors or if these two proteins are a subtype or tumor specific
phenomenon. Additionally, the investigation of additional proteins and phospho-proteins
would be valuable towards sharpening the motility-proteotype profiles. While 4 protein
targets were measured per cell in this study (i.e., coarse-grained signatures, Fig. 7a),
exploring a broader range of targets should reduce this granularity. Doing so should also
facilitate identification of additional novel intra-tumor protein correlations.

The SCAMPR platform investigates motility and protein expression in a fraction
of the cell population loaded into the device. Cells that successfully lodge at the head of
microchannel are assayed. All other cells are discarded. As bulk fluid flow is used to
introduce the cells, we posit that localization to the microchannel head is a random
process. Consequently, cell-to-cell variation in invasive motility is assessed for a sub-set
of dissociated tumor cells. Methods for actively localizing cells to the head of the
microchannel system are of interest for further platform development. For example,
optical tweezer technology has been previously used to manipulate single cells from one
microfluidic platform to another one® and this technology could be used to place single
cells at the head of each microchannel.

In addition to the active localization of cells, stable chemokine gradient
generation is another important area of platform advancement. As mentioned previously,
there exists variations in the chemokine gradient with our current experimental setup
(average intra-device CV=10.8% with a standard deviation of 8.6%, n=3; intra-device CV
calculated from the gradients during the 10 hr period) and we are investigating other
methods to decrease this variation, including continuous infusion of source and sink
materials. However, it is important to note that although the changes in gradient intensity
may alter the “resolution” with which we can separate cells according to motility, there is
no reason to believe these variations in gradient will affect the order in which cells exit
the channel —i.e., cells deemed “fast” and “slow” relative to one another in a 1x
chemokine gradient will still be so in a 2x chemokine gradient. This is supported by Fig
2b, in which we resolved differences in migration between two cell lines with known
differences in population level motility. Despite device-to-device variations in the
chemokine gradient, the Empty Vector cells (high motility) still migrated further into the
channel compared to the DN Rac1 cells (low motility).

While we have focused on GBM invasive motility, the SCAMPR device could be
used to study the invasion process in other cancer types.'” The SCAMPR device could
also be modified to incorporate physical features of the tumor microenvironment, such
as three-dimensional matrices. In addition to lending new fundamental insight into the
cellular basis of motility, invasion, and metastasis, such devices could also serve as the
basis for discovery and screening platforms, analogous to tissue-on-chip systems.®

Conclusions

We report on a microfluidic platform that integrates measurements of invasive
motility and protein expression with single-cell resolution. By developing a corresponding
workflow that includes a method to transiently seal two layers of PDMS and
polyacrylamide together, we successfully identified and validated proteins that correlate



Page 19 of 22

Published on 18 December 2017. Downloaded by University of California - Berkeley on 18/12/2017 18:46:12.

Lab on a Chip

View Article Online
DOI: 10.1039/C7LC01008G

with invasive motility in a single patient-derived GBM cell line, which is significant step
forward in elucidating markers that dictate cell-to-cell differences in GBM invasive
potential. We envision that this technology will prove valuable for the identification of
patient specific proteins that regulate invasion, thereby establishing a platform for future
diagnostic technologies.
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