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Deformability-based cell selection with
downstream immunofluorescence analysis

Josephine Shaw Bagnall,+® Sangwon Byun, 1% David T. Miyamoto,®®
Joon Ho Kang,” Shyamala Maheswaran,”® Shannon L. Stott,”"9 Mehmet Toner®
and Scott R. Manalis**"

Mechanical properties of single cells have been shown to relate to cell phenotype and malignancy.
However, until recently, it has been difficult to directly correlate each cell's biophysical characteristics to its
molecular traits. Here, we present a cell sorting technique for use with a suspended microchannel
resonator (SMR), which can measure biophysical characteristics of a single cell based on the sensor's
record of its buoyant mass as well as its precise position while it traverses through a constricted
microfluidic channel. The measurement provides information regarding the amount of time a cell takes to
pass through a constriction (passage time), as related to the cell's deformability and surface friction, as well
as the particular manner in which it passes through. In the method presented here, cells of interest are
determined based on passage time, and are collected off-chip for downstream immunofluorescence
imaging. The biophysical single-cell SMR measurement can then be correlated to the molecular expression
of the collected cell. This proof-of-principle is demonstrated by sorting and collecting tumor cells from cell
line-spiked blood samples as well as a metastatic prostate cancer patient blood sample, identifying them by
their surface protein expression and relating them to distinct SMR signal trajectories.

Insight, innovation, integration
Although the mechanical properties of single cells have been associated with cell phenotype and malignancy, it has been difficult to directly correlate each cell’s

biophysical characteristics to its molecular traits. Here, the integration of a cell sorting method with a suspended microchannel resonator enables precision
measurements of single-cell buoyant mass and deformability to be correlated to each cell’s surface protein expression assessed by fluorescence imaging after

off-chip collection. Using this technique, we sort and collect tumor cells from cell line samples, blood samples spiked with cell lines, and a metastatic prostate
cancer patient blood sample based on their passage times through a constriction, providing insight regarding the relationship between each cell’s relative

EpCAM expression to its distinct biophysical characteristics.
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Mechanical properties of single cells have drawn increasing
attention in their ability to identify changes in cell phenotype,
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the deformability of single cells include micropipette aspiration,®’
atomic force microscopy,®® microrheology,'®*? optical stretch-
ing,"*** hydrodynamic deformation,®*” and microfluidic con-
striction devices.>'®° One such microfluidic device is the
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the resonance frequency of the sensor, records the position of
the center of mass of a cell with up to sub-micron precision as it
passes through the constriction (Fig. 1A and B). The resonance
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Fig. 1 Cell sorting and collection method for biophysical-molecular correlation. (A) A diagram demonstrating a single cell passing through a suspended
microchannel resonator (SMR), squeezing through a constriction. (B) An example of the raw resonance frequency signal obtained from a typical cultured
tumor cell (an H1650 lung cancer cell in this case) as it transits through the SMR sensor. The height of the frequency shift is proportional to the buoyant
mass of the cell, while the width of peak, as it transits from position 3 to position 4, corresponds to the passage time of the cell through the constriction.
The numbers in (B) correspond to the position of the cell as labeled in (A). (C) A schematic diagram of the cell sorting and collection technique, showing
that cells are stained and measured in an SMR. Once the software detects a passage time in the range of interest, it stops the fluid flow in the device,
allowing for subsequent collection of the cell off-chip, into a 96-well plate for downstream fluorescence microscopy.

such information as the relative contributions of deformability
and surface friction.? In addition to the position of the cell, the
resonance frequency changes are indicative of the buoyant
mass of a cell, as a metric of its size.?

In measuring biophysical properties of cells with an unknown
identity, it is vitally important to have molecular validation, not
only to identify the cells being measured, but to gain insight into
deeper molecular underpinnings of the biophysical observations
and the cell to cell variation. Although some precise single-cell
measurement techniques lend themselves more easily than
others to optical imaging simultaneously with the biophysical
measurement,'®>'*® until recently, few of these methods have
demonstrated the ability to isolate particular cells of interest for
downstream molecular study.”® Meanwhile, passive sorting and
bulk filtration methods have been developed, where a general
population of cells is collected based on its deformability.*~>*
Examples include mechanical filters, microfluidic margination,
and inertial microfluidic devices.>*® However, using these
techniques, precise single-cell deformability properties remain
unknown. The variation in molecular characteristics cannot be
correlated to the deformability metric of each cell.

Here, we present a cell sorting method for the SMR to correlate
the single-cell biophysical measurement with the molecular
expression of each cell of interest. In particular, we demonstrate
this technique in characterizing tumor cells in blood, with a
view to better understand the physical properties of circulating
tumor cells (CTCs). Although previous studies indicate that
epithelial cancer cell lines tend to take longer to pass through
constrictions than do blood cells,>*® the rarity of CTCs has
caused studies regarding the physical properties of actual CTCs to
remain sparse.®’*® Nonetheless, a technique such as the CTC-iChip,

Integr. Biol.

which concentrates CTCs by eliminating the majority of erythrocytes
and leukocytes, enables the SMR to measure CTCs in spite of its
limited throughput (~45 pL h™"). Using this combination of
techniques, some cancer patient blood samples were found to
have more cells with long passage times (>10 ms) than did
healthy donor blood samples. However, long passage time
events may be created by debris, aggregates, or atypical blood
cells within the sample. As a proof-of-principle, we address this
limitation in measuring tumor cells in processed blood samples, by
collecting each long passage time event off-chip and correlating the
biophysical SMR measurement to immunofluorescence images.

Materials and methods

Suspended microchannel resonator for buoyant mass and
passage time measurements

As previously described, a suspended microchannel resonator
(SMR) having a 6 pm wide, 15 um deep, and 50 um long constriction
was used to measure the buoyant mass (as a metric for size) and
passage time (as a metric for deformability) of single cells.* The
resonance frequency of the cantilever sensor, determined by the
buoyant mass and position of the cell, is recorded as each cell
passes through the sensor (Fig. 1A and B). This enables the
assessment of the shape of each cell’s frequency signal, including
the cell’s velocity as it deforms into the entrance (entry velocity) and
when it transits through the constriction (transit velocity).> The
channel walls were coated with PEG (1 mg mL™*; PLL(20)-g[3.5]-
PEG(2); Surface Technology) for all experiments in this study.

All data analysis was performed in MATLAB as described
previously,® using the dscatter function (MathWorks File Exchange'®)

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 Healthy donor versus metastatic prostate cancer patient blood sample. (A) Passage time vs. buoyant mass measurements of a healthy donor
blood sample, after having been depleted of most of the erythrocytes and leukocytes. An equivalent volume of ~280 pL of blood was measured.
(B) Passage time vs. buoyant mass measurements of a metastatic prostate cancer patient blood sample, having been depleted of most of the erythrocytes
and leukocytes. An equivalent volume of ~360 pL of blood was measured. The difference in the number of cells measured was due to different
efficiencies of the preprocessing steps in depleting the erythrocytes and leukocytes from the samples (Materials and methods). Colors correspond to the
density of data points, with red being the highest and blue being the lowest density.

Table 1 Healthy donor blood samples measured in an SMR

Number of SMR peaks

Equivalent with passage time >0.01 s

blood volume Total number

Subjects  (uL) of SMR peaks All >50pg >100 pg
Healthy 1 360 2791 0 0 0
Healthy 2 200 4688 0 0 0
Healthy 3 280 5509 0 0 0
Healthy 4 400 3261 2 0 0
Healthy 5 400 15977 1 0 0

for Fig. 2. The position of the cells in the cantilever sensor used
in Fig. 4, were calculated as described previously, where a value
of —1 corresponds to the tip and 0 corresponds to the base of
the cantilever.>*° Also, normalized time is the time recorded by
the sensor divided by the total length of time the cell takes to
pass through it, such that time 0 is when the cell is at the tip of the
cantilever and time 1 is when the cell exits the cantilever sensor.

Cell culture

H1650 and HCC827 cells were obtained and cultured under
standard conditions as previously described.>*®** PC3 and
LNCaP cells were obtained from the American Type Culture
Collection. PC3 cells were cultured in DMEM/F-12 medium
containing 10% FBS. LNCaP cells were cultured in RPMI
(1640) with 10% fetal bovine serum (FBS).

Blood cell preparation for initial test

Human blood was purchased from Research Blood Components,
LLC (Brighton, MA). Mononuclear cells were enriched using
Histopaque-1077 (Sigma-Aldrich) and resuspended in 1% (w/v)
Kolliphor P188 (Sigma-Aldrich) in phosphate buffered saline
(PBS). For the H1650-spiked sample (Fig. 3), H1650 cells were
added to the enriched mononuclear leukocytes, resulting in a
final concentration of 600000 cells per mL. The sample was
then stained with anti-Cadherin-11 and anti-EpCAM antibodies
both conjugated to Alexa Fluor 488 (R&D Systems FAB17901G,

This journal is © The Royal Society of Chemistry 2016

Cell Signaling Technology 5198S), and anti-CD45 conjugated to
PE-CF594 (BD Biosciences 562279).

Healthy donor blood samples, spiked blood samples, and
cancer patient blood samples processed in CTC-iChip and
stained prior to SMR measurement

Healthy donor blood was obtained from healthy volunteers who
provided informed consent under an Institutional Review Board
(IRB)-approved protocol at the Massachusetts General Hospital
(MGH). Patients having a diagnosis of prostate cancer provided
informed consent to a separate IRB-approved protocol (DF/HCC
05-300) at MGH to allow blood donation for the study. All
methods were carried out in accordance with the approved
protocols. Blood samples were processed through the CTC-iChip
in negative selection mode at MGH, as previously described.*>**
Briefly, the CTC-iChip removes most of the erythrocytes and
leukocytes from the blood, leaving an enriched tumor cell sample.
For LNCaP- and PC3-spiked samples, the cultured cells were
spiked into whole blood at a concentration of 500 cells per mL
prior to processing in the CTC-iChip. After tumor cell enrichment,
spiked samples and patient samples (other than Patient 1) were
then stained with anti-EpCAM (Cell Signaling Technology 7139)
and anti-CD45 (Invitrogen MHCD4520) antibodies. Stained, live
samples were then measured in the SMR, while maintained at
room temperature in 1% (w/v) Kolliphor P188 in PBS. The
Kolliphor nonionic copolymer-based buffer is used in the
CTC-iChip protocol to reduce nonspecific cell attachment to
tubing and channel walls.** For each sample, a total of 1-1.8
mL of blood equivalent was measured in the SMR.

Cell sorting method for SMR

Software was written in LABVIEW to determine the passage
time of each cell in real-time, during transit through the SMR.
For passage times greater than a user-defined threshold of
10 ms, the computer-controlled pressure regulators automatically
stop the flow in the device (Fig. 1C). For Fig. 3B only, images of

Integr. Biol.
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Fig. 3 Validation of single tumor cell detection and collection in 96-well plate. (A) Passage time vs. buoyant mass measurements of H1650 cells spiked
into enriched mononuclear blood cells. The cells included in the boxed region (>50 pg buoyant mass and >0.01 s passage time) were imaged on-chip
(B) as well as collected off-chip for additional verification (C). Gray dots outside of the boxed region represent blood cells that were also measured in the
SMR during the experiment. (B) Images taken on-chip, in the exit channel of the SMR, immediately after custom software detected a long passage time
signal. It was confirmed that all detected SMR signals falling into the boxed region of interest (A) corresponded to an H1650 tumor cell by
immunofluorescence imaging (EpCAM/CDH11* and CD457). (C) Each detected H1650 cell was successfully collected off-chip in a 96-well plate. Based
on additional immunofluorescence imaging of each well, a tumor cell was identified in each well (EpCAM/CDH11* and CD45"), along with a few

leukocytes (CD45* and EpCAM/CDH117).

the cells were taken on-chip, in the exit channel of the SMR,
immediately after the flow was halted. After successful cell
capture was validated, it was deemed no longer necessary to
image cells in the SMR exit channel. Thus, for all subsequent
experiments (Fig. 4, 5A-C and 6), cells were collected off-chip
prior to imaging. To collect the cells after measurement, the
output tubing is flushed with 1% Kolliphor in PBS into a 96-well
plate, collecting the cells in a 50 pL volume. The cells having fast
passage times that did not trigger a collection response were all
combined into a 24-well plate for imaging together at the end of
the experiment. After collection from the SMR, paraformaldehyde
(PFA, made fresh from 16% PFA, Electron Microscopy Sciences
15710) was added to a final concentration of 4%, along with
DAPI (Life Technologies D1306, 1.43 uM final concentration)
for nuclear staining.

On-chip fluorescence detection with the SMR

For experiments shown in Fig. 5D-F, a separate SMR system
that measures single-cell buoyant mass was used for on-chip
fluorescence detection. Similar to a system described previously,
a photomultiplier tube (PMT, H5784-02) was attached to a
microscope (Nikon) with a 50x objective (Nikon LU B PLAN
ELWD NA 0.55 WD 10.1) to optically access the fluidic channels
of the SMR.** Notably, a significant improvement was made in
the fluorescence detection by altering the SMR device design.
The new design has a flat (rather than etched) glass layer above
a microfluidic channel that is narrower and shallower than in
the previous design, providing better, in-focus optical access to
individual cells. The added sensitivity allows for higher throughput

Integr. Biol.

fluorescence detection of cells as they are moving through
the device. Anti-EpCAM and anti-CD45 antibodies directly
conjugated to Alexa Fluor 488 (Cell Signaling Technology
5198, BioLegend 304019) were used for immunofluorescence

Table 2 Collected measurement events from cell line-spiked blood
samples. For cells to be considered positive for CD45 or EpCAM, they
had to have a clear ring of fluorescence, indicating surface expression of
the protein. If no clear ring of fluorescence was present at the boundary of
the cell, general fluorescence was considered to be background, non-
specific fluorescence. WBC = white blood cell

Well label
Spiked  of collected
cells peak # Cells  Well content description
LNCaP L1 2 1 DAPI CD45 EpCAM' (LNCaP)
1 DAPI'CD45 EpCAM
(Unidentified WBC)
L2 1 DAPI'CD45 EpCAM" (LNCaP)
L3 1 DAPI'CD45 EpCAM' (LNCaP)
L4 1 DAPI'CD45 EpCAM' (LNCaP)
L5 0 Debris
L6 0 Debris (Not in region of interest)
L7 1 DAPI'CD45 EpCAM ™ (Activated
neutrophil, not in region of interest)
PC3 P1 1 DAPI'CD45 EpCAM' (PC3)
P2 2 2 DAPI'CD45 EpCAM" (PC3)
P3 1 DAPI'CD45 EpCAM' (PC3)
P4 0 Debris
P5 1 DAPI'CD45 EpCAM" (PC3)
P6 1 DAPI'CD45 EpCAM' (PC3)
P7 1 DAPI'CD45 EpCAM ™~
(Unidentified cell)
P8 0 Debris
P9 2 2 DAPI'CD45 EpCAM' (PC3)

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 Spiked blood samples and SMR peak shape correlation with immunofluorescence staining. (A) A blood sample spiked with LNCaP cells was
measured in the SMR. The labeled measurement events were collected off-chip (L1-L7). (B) A blood sample spiked with PC3 cells was measured in the
SMR. The labeled measurement events were collected off-chip (P1-P9). In both panels, the dotted area corresponds to the region of interest (>50 pg
and >0.01s). (C) Raw SMR frequency signal versus time acquired for each measurement event, demonstrating different peak shapes for different types of
cells or particles being measured. Labels correspond to those in (D) as well as in (A). Note that the axes are different for each peak for better visualization
of the details of each peak shape. (D) Immunofluorescence images of cells corresponding different peak shapes from (C), with L2 and L3 being LNCaP
cells, L7 being an activated neutrophil, and WBC being a typical white blood cell. Note that the intensity of EpCAM for L3 was reduced to avoid saturation,
as it had a much higher intensity than all other imaged cells. (E) The position of the cell or particle in the SMR as it passes through the constriction
(—1 corresponds to the tip, and O corresponds to the base of the cantilever) is plotted versus normalized time (0 corresponds to when the cell reaches the
tip of the cantilever and 1 corresponds to the time the cell exits from the cantilever) for each of the SMR signals that were collected for visual analysis.
(F) The median positions of each measured signal within each bin of normalized time are plotted as a heat map. A dendrogram derived from hierarchical
clustering analysis is shown to the right of the heat map, demonstrating that the shape of the SMR signals can be categorized into different groups,
potentially related to the type of particle measured, as identified by fluorescence imaging.
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Fig. 5 SMR biophysical measurement correlation with quantified immunofluorescence levels. (A—C) H1650 cells stained for EpCAM were measured by
the SMR and individually collected off-chip for assessment by fluorescence microscopy. (A) Passage time versus buoyant mass for H1650 cells stained for

EpCAM (N = 46 cells, simple linear regression R? = 0.63). (B) From the same
mass (simple linear regression R? = 0.14). (C) From the same data set as in

data set as in (A) but showing EpCAM fluorescence intensity versus buoyant
(A) but showing EpCAM fluorescence intensity versus passage time (simple

linear regression R? = 0.02). (D—F) The fluorescence intensities of H1650 and HCC827 cells stained for surface protein expression were assessed on-chip

on an SMR via a PMT. (D) Fluorescence intensity versus buoyant mass of H1

650 cells stained for EpCAM (N = 400, R? = 0.13). (E) Fluorescence intensity

versus buoyant mass of H1650 cells stained for CD45, as a control for nonspecific antibody binding (N = 337, R? = 0.31). Note that cells having
fluorescence intensities below the limit of detection were not included. (F) Fluorescence intensity versus buoyant mass of HCC827 cells stained for

EpCAM (N = 401, R? = 0.35).

staining detected by the PMT on-chip. In accordance with
manufacturer specifications, anti-EpCAM was used at a 1:50
dilution, while anti-CD45 was used at a 1:20 dilution.

Fluorescence imaging after cell collection

For immunofluorescence imaging in the exit channel of the
SMR (Fig. 3B), images were acquired on an Edmund Optics
monochrome CMOS camera (EO-1312M). After cell collection,
fluorescence imaging was carried out on a Nikon Ti inverted
microscope at either 20x or 40x magnification (Swanson
Biotechnology Center Microscopy Core Facility). The EpCAM
expression intensity levels of H1650 cells (Fig. 5A-C, stained
with anti-EpCAM directly conjugated to Alexa Fluor 594, Cell
Signaling Technology 7319) were quantified from 10x images
to obtain a higher depth of field for maximal fluorescence emission
collection. Images were acquired using a Photometrics CoolSnap
HQ camera or Andor Clara CCD, and were processed using Image]J.

Results and discussion

Healthy donor as well as metastatic cancer patient blood samples
were measured in an SMR after processing in the CTC-iChip, in
order to identify whether there was a difference between their

Integr. Biol.

passage time and buoyant mass characteristics, and if so, to
specify a gating region for cell collection (Fig. 2).** In general,
the healthy donor blood cells had passage times faster than
10 ms, except in some cases where a few smaller cells (<50 pg)
had longer passage times (>10 ms) possibly due to debris or
stickiness from platelet aggregation (Table 1). Cancer patient
blood samples were prepared in the same manner and compared
to healthy donor samples (Fig. 2B). Since it was notable that
some patient samples had cells with longer passage times, it
was of interest to see whether the cells that were larger than
50 pg and had passage times longer than 10 ms were in fact
CTCs. Hence, we developed and implemented the cell sorting
technique to collect cells having longer passage times and
classify each cell based on its surface protein expression.

First, to validate the cell sorting technique, H1650 cells
(human lung cancer cell line) were spiked into enriched mono-
nuclear blood cells and stained for EpCAM/CDH11 to denote
tumor cells, and CD45 to counterstain for leukocytes. The
sample was then measured in the SMR (Fig. 3A). The flow in
the device was automatically halted by computer-controlled
pressure regulators when a long passage time was detected by
custom software. To ensure that each long passage time event
was indeed triggered by a tumor cell, once the flow was paused
in the device, the cell was imaged in the exit channel of the SMR

This journal is © The Royal Society of Chemistry 2016


http://dx.doi.org/10.1039/C5IB00284B

Published on 11 March 2016. Downloaded on 21/03/2016 15:19:55.

Integrative Biology

View Article Online

Technical Innovation

Composite

DAPI

CD45

0 0.01 0.02 0.03 0.04
Time (s)

EpCAM

A B
19 prostate Cancer
Patient 2 Pa2s! | | = 1220
. N=60,449 Pa3, | T 1576
< 0.14 Pade : : >
g E § 1950
5 . i @ 1930
=) i Pal i iy
v 0.014 ® et 19101
e
& PO A
o &
‘.‘.
1E-34 . o o
10 100
Buoyant Mass (pg)
C
Median

Position
-0.55
-0.6
-0.65
-0.7

L5 (debris)

Pa2 (debris)

Pa3 (debris)

L6 (debris)

Pa4 (debris)

L7 (activated neutrophil)
(debris)

(PC3)

(PC3)

(LNCaP)

L4 (LNCaP)

P9 (PC3)

P7 (unidentified cell)
Pa1 (CTC)

(PC3)
(debris)
(PC3)
(LNCaP)
L1 (LNCaP)
P6 (PC3)

P4
P5
P2
L3

P1
P8
P3
L2

Normalized Time

Fig. 6 Metastatic prostate cancer patient blood sample. (A) Passage time versus buoyant mass measurements of a metastatic prostate cancer patient
blood sample, after preprocessing in the CTC-iChip. An equivalent total of 1.8 mL of blood was measured in the SMR. The region of interest (buoyant
mass greater than 50 pg and passage time greater than 10 ms) is shown as a dotted gray box. (B) One cell that fell in the region of interest that
corresponded to a tumor cell-like frequency signal in the SMR as well was collected off-chip and imaged. Fluorescence images indicate that the SMR
measurement correlated to a CTC (EpCAM positive, CD45 negative). Images of a white blood cell (WBC) from the remainder of the sample are shown for
comparison. False color overlays were applied to composite fluorescence images. (C) Hierarchical clustering analysis was performed for the SMR peak
trajectories of cells collected from the patient sample, as demarcated in (A), combined with cells collected in Fig. 4. The patient CTC (Pal) clusters

together with other cells from prostate tumor cell lines.

prior to off-chip collection (Fig. 3B, see Materials and methods).
Due to the thickness and curvature of the glass on the SMR’s
exit channel, only low quality images were obtained, but the
staining was apparent and verified that each of the long passage
times were caused by individual tumor cells. Then, to obtain
higher quality images and to provide functionality for future
downstream applications, each cell that had been imaged in the
device was subsequently sorted off-chip into a separate well of a
96-well plate, with each well having a final volume of 50 pL. As
revealed by fluorescence microscopy of the well plate, one tumor
cell was found in each well, indicating that each tumor cell seen
in the SMR channel was successfully captured off-chip (Fig. 3C).
In addition to the individual tumor cells, there were some leuko-
cytes in a few of the wells, due to the fact that if some leukocytes
pass through the constriction just prior to the tumor cell and have
not exited the tubing of the device, they may be flushed into the
96-well plate together with the detected tumor cell. Thus, the purity
of the collection depends upon the concentration of cells in the

This journal is © The Royal Society of Chemistry 2016

sample, which can be adjusted if higher purity is necessary. More
specifically, the sample can be diluted in order to ensure collection
of single cells. In many applications, an enrichment of the tumor
cells may be sufficient, such as to establish a correlation between
the molecular staining of the tumor cell to its biophysical passage
time and buoyant mass signature. These results demonstrate
that we can successfully collect cells based on specific physical
properties and observe their particular molecular expression.
Next, we further tested the sorting method by characterizing
human prostate cancer cells (LNCaP and PC3) spiked into
whole blood. The spiked samples were processed through the
CTC-iChip to enrich for tumor cells (Materials and methods),
stained for cell surface markers EpCAM and CD45, and measured
in the SMR (Fig. 4). Cells that had passage times longer than
10 ms were sorted into a 96-well plate. Although we particularly
focused on cells larger than 50 pg, a few of the smaller cells
causing long passage times were also collected for image
analysis. Note that these gating parameters were determined
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by the healthy donor blood samples measured, as mentioned
previously. As listed in Table 2, for the spiked LNCaP cells, four
of the five wells collected in the region of interest corresponded
to a LNCaP cell. For the spiked PC3 cells, seven out of the nine
wells collected corresponded to at least one PC3 cell. Two of the
wells contained two PC3 cells, possibly because one of the two
had a faster passage time due to being smaller in size or to
being more deformable. In both cell lines, there were some
tumor cells having passage times faster than 10 ms, and were
not collected since they could not be clearly distinguished from
blood cells.

Moreover, this technique enables the details of each SMR
signal to be related to the protein expression in each cell. Thus,
not only the passage time and buoyant mass, but the resonant
frequency response denoting the position of the cell’s center-of-
mass are recorded, as dictated by the biophysical properties of
the cell as it passes through the sensor (Fig. 4C, Materials and
methods). It is interesting to note the relationship between the
SMR peak shapes to the imaged cells (Fig. 4D). For both wells
L2 and L3, corresponding to LNCaP cells, the signal obtained
from the SMR corresponds to the canonical shape for a tumor
cell (Fig. 1B).? In contrast, wells L5 and L6 corresponding to
debris, had SMR peak shapes that look markedly different,
where the particle spends most of the time adjusting itself to go
through the entrance of the constriction. It is possible that debris
is introduced into the sample during the various pre-processing
steps. Last, well L7 contained an activated neutrophil, and its
corresponding SMR peak shape had distinct features of the cell
passing through the constriction, unlike other cells having the
same buoyant mass. Perhaps this may be indicative of the
polymorphonuclear shape of the nucleus altering its position
as it transits through the constriction as well as altering its
buoyant mass.

Indeed, hierarchical clustering analysis of the positions of
the measured cells or particles as they pass through the constriction
over time (normalized, Materials and methods) demonstrates
that particles of similar nature, as identified by fluorescence
imaging, can cluster together by the shapes of their SMR signals
(Fig. 4E and F). The signals corresponding to LNCaP cells cluster
together, whereas the signals corresponding to debris cluster
separately, and the activated neutrophil falls in between. Although
a more thorough and systematic study would need to be done to
identify the causes of each particular detail of the SMR peak shape,
the newly developed method relating each peak to a corresponding
cell may help elucidate such details. Cataloging such SMR signals
may eventually allow for identification of particles being measured
in the device without the need for downstream imaging.

Furthermore, this technique also allows us to compare the
relative expression of surface proteins of each cell to their
passage times and buoyant masses. Previous work has shown
that often, tumor cells having a more mesenchymal or meta-
static phenotype tend to be more deformable than those having
a more epithelial phenotype.'>*>™*° The presented method now
enables a more in-depth study of this relationship on a single-
cell level. As a proof-of-principle, H1650 cells that were stained
for EpCAM were measured in the SMR, and sorted into separate
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wells of a 96-well plate for imaging. Fluorescence images were
quantified as an indication of relative levels of EpCAM expression.
Thus, the additional measurement of single-cell relative surface
protein expression level can be added to each single-cell bio-
physical SMR measurement, including buoyant mass and passage
time (Fig. 5A-C). Multiple linear regression analysis was performed
on the logarithmic (base 10) values of the output variable (fluores-
cence intensity) and input variables (buoyant mass and passage
time). A logarithmic scale was chosen due to the dependence of
the variables on powers of the radius of the cells. The strength of
the correlation as given by the coefficient of determination (R?)
is 0.21, which implies that buoyant mass and passage time
account for 21% of the variability observed in the labeled
EpCAM fluorescence intensity. Removing passage time from
the analysis reduced the accounted variability to 14%, indicating
that changes in buoyant mass account for more of the changes in
fluorescence intensity than do changes in passage time. In addition,
there is no statistically significant linear dependence of fluorescence
intensity on passage time (p = 0.08), indicating a lack of correlation
between EpCAM expression and cell deformability. This preliminary
study may suggest that although previous work has shown that
mesenchymal cell types are often more deformable than epithelial
cell types, the cell-to-cell variation of deformability within each
population may not be related to the extent of the epithelial or
mesenchymal phenotype in H1650 cells.

To rule out the possibility that a cell’s passage through the
constriction or its collection procedure altered the EpCAM
staining, we employed another method that enabled us to
measure live-cell fluorescence intensity on-chip, just before entry
into the SMR for measurement of buoyant mass (Fig. 5D-F,
Materials and methods). We found that buoyant mass accounted
for 13% of the variability in EpCAM fluorescence intensity
(Fig. 5D), which was comparable to what we observed for the
off-chip EpCAM measurement. To ensure that the fluorescence
intensity measurement of the EpCAM stain was not due to
nonspecific binding or instrument noise, H1650 cells were
stained for CD45 using antibodies having the same isotype
(mouse IgG1) and conjugated to the same fluorophore as in
the anti-EpCAM antibodies (Fig. 5E). Since the majority (98%) of
H1650 cells stained for EpCAM had a higher fluorescence
intensity than the maximum intensity of those stained for CD45,
the regression analysis for EpCAM fluorescence intensity was not
meaningfully affected by nonspecific staining or instrument noise.
Next, a different lung cancer cell line, HCC827 was stained for
EpCAM and demonstrated increased fluorescence intensity,
indicating stronger EpCAM expression, as well as a stronger
correlation between fluorescence intensity and buoyant mass
(Fig. 5F, R* = 0.35). Moreover, the increased variation seen in the
EpCAM expression of H1650 cells compared to that of HCC827
cells is consistent with the fact that H1650 cells have been shown
to consist of a heterogeneous population of cells, wherein an
erlotinib-resistant subpopulation, related to a CD44"&"CD24'"
profile, maintains a more mesenchymal phenotype.*® In addition,
the H1650 cell line has been shown to have a higher percentage of
CD44M8"CD24"" cells than the HCC827 cell line, indicating
reduced heterogeneity in the HCC827 line.”°
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Finally, to test the biophysical-molecular correlation method
on primary patient samples, a limited number of metastatic
prostate cancer patient blood samples (n = 7) were measured
following the same protocol. Five samples were determined to
have no CTCs. Of the two samples that were confirmed to
contain CTCs, only one sample (Patient 2) had a cell in the
gating region of interest (Fig. 6). This cell was collected and was
found in fact to be a CTC based on its EpCAM'CD45 DAPI"
signature, indicating that there can be CTCs in circulation that
are stiff, having long passage times. A few other long passage
time events (noted in Fig. 6A), which had smaller buoyant
masses than the region of interest, were collected and found
to be debris. As introduced in Fig. 4, a combined hierarchical
clustering analysis was performed on the SMR peak shapes of
the LNCaP, PC3, and prostate cancer patient sample together,
demonstrating that the collected CTC clusters together with
cells from tumor cell lines based on peak shape alone (Fig. 6C).
The rest of the measured patient sample was collected and
pooled together in a 24-well plate at the end of the measure-
ment and no CTC was found. Interestingly, we have found that
in other cases, some CTCs in circulation may have passage
times faster than 10 ms.?* However, this method has enabled
us to validate that some long passage times greater than 50 pg
may indeed correspond to CTCs.

Conclusion

We have demonstrated the proof-of-principle that we can detect
and collect individual cells of interest after measurement in
the SMR, using tumor cell-spiked blood samples as well as a
metastatic prostate cancer patient sample. After collection, we
performed immunofluorescence imaging on the cells and
correlated them to the biophysical measurement made by the
SMR. Not only did we measure the passage time and buoyant
mass of each cell, but the SMR signal shape held additional
information in identifying the type of cell or contaminating
particle in the sample. In addition to identifying the types of
cells being measured, we were able to assess the extent of
correlation between biophysical properties characterized by
SMR measurements and molecular signatures, such as relative
EpCAM expression, measured by fluorescence microscopy.
Finally, we demonstrated the ability to identify and collect a
CTC based on its stiff mechanical properties relative to its
surrounding blood cells. Although there is no clinical relevance
to this study since it is based on one patient sample, high
throughput systems that exploit arrays of SMR may enable
clinical studies that utilize mechanical biomarkers based
on cell size and passage time. The examples presented here
demonstrate the ability to relate SMR measurements to molecular
information from individual cells. Because cells can now be
sorted off-chip based on their physical characteristics, in the
future this technique can be extended for other downstream
assays, including analysis of DNA or RNA of cells of interest.
Moreover, as the SMR platform has already demonstrated the
ability to measure multiple physical parameters, the technique
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may be developed further to collect cells based on their buoyant
mass, growth rate, or density.***>>* Applications include
assessment of biophysical properties in relation to the tumor-
initiating potential of single cancer cells, activation of immune
cells and their downstream function, and drug responses of
cells associated with various diseases. The demonstrated cell
sorting technique, correlating biophysical to molecular properties,
will enable future studies to elucidate how physical changes relate
to specific fundamental molecular changes within single cells.
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