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1. Introduction

Metastasis begins with invasion of pri-
mary tumor cells into the surrounding 
tissues. Cells that successfully intravasate 
into the vasculature become CTCs that 
can exist either as single cells or as clus-
ters.[1–3] Cancer cells belonging to the 
same cluster can be highly heterogeneous, 
however they typically express epithelial 
cell–cell adhesion proteins.[4]

CTC clusters are usually small  
(2–50 cells) and rare in circulation but 
they possess up to 50-fold increased met-
astatic potential compared to individual 
CTCs.[3,5] Several groups have used dif-
ferent technologies to detect CTC clusters 
in patients with early and metastatic epi-
thelial cancers.[6–9] The continuous pres-
ence of elevated counts of CTC clusters 
in the blood of patients with metastatic 
breast and prostate cancer is shown to 
correlate with poor prognosis and shorter 
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poorly characterized biophysically. The PillarX device described here is a bimod-
ular microfluidic device (Pillar-device and an X-magnetic device) to profile 
single CTCs and clusters from whole blood based on their size, deformability, 
and epithelial marker expression. Larger, less deformable clusters and large 
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in the X-device and separated based on epithelial marker expression using 
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files CTC clusters based on their unique geometrical, physical, and biochemical 
properties, and could form the basis of a novel prognostic clinical tool.
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progression-free survival, relative to patients with fewer circu-
lating clusters.[3,10] In the hostile environment of the blood ves-
sels, clustering of cancer cells may protect against fluid shear 
stress, oxidative stress, or immune attack.[11–13] Clustering facili-
tates multiclonal interactions between cells displaying different 
epithelial-to-mesenchymal transition (EMT) states, ultimately 
increasing their potential for colonization at biologically and 
mechanically diverse distant sites.[12,14,15]

Mechanical adaptability of tumor cells to various environ-
mental conditions has been linked to metastatic potential.[2,16–25] 
In particular, cancer cells isolated from breast, lung, or pancre-
atic cancer patients were shown to be 80% softer compared to 
non-malignant cells.[26] Consistently, tumor cells surviving shear 
stress in the circulation show reduced F-actin assembly and stiff-
ness relative to untreated cells.[11] This might enable CTC cells to 
more efficiently dissipate force and withstand mechanical stress. 
Clustering of cancer cells has been further implicated in mechan-
ical protection against hostile hemodynamic forces.[2] Thus, there 
is an emerging interest in developing diagnostic devices that are 
capable of capturing, sorting and recovering individual CTCs and 
clusters based on their mechanical properties.

Several methods have been developed for CTC capture 
from blood, including antigen-dependent and -independent 
techniques or a combination of both.[27–29] Antigen-dependent 
approaches include antibody-functionalized microfluidic struc-
tures,[30–32] the application of nucleic acid aptamers to target 
rare cells[33] and hydrodynamic sorting devices.[34] Antigen-inde-
pendent approaches comprise porous filtration devices,[35–38] 
the size-restriction Parsortix device,[3,39] inertial microflu-
idics[40,41] and deterministic lateral displacement techniques.[42]

Alternatively, CTC deformation devices use conical-shaped 
microfilters, micro-pillars, and vortex-mediated deformability 
cytometry which traps individual cancer cells based on their dif-
ference in stiffness or separates them relative to white blood 
cells (WBCs).[43–49] However, there is not yet a system that can 
simultaneously sort malignant cell clusters according to mul-
tiple physical parameters, such as deformability, size, and cel-
lular properties.

Here, we employed a microfluidic strategy, using a Pillar-device 
and X-device connected in series (PillarX) which efficiently cap-
tures and sorts CTC clusters from whole blood. Microfluidic 
pillar structures have been previously used to separate CTC clus-
ters from blood samples.[42] The X-device is a technology that we 
designed and validated for sorting CTCs from whole blood using 
magnetic nanoparticles (MNPs).[50–52] While these two devices 
alone are not novel, when we connect them in series, they provide 
a unique ability to sort clusters based on size, epithelial expres-
sion, and deformability. This multi-factor sorting is not possible 
if the chips are run separately, and provides our system with sig-
nificant advantages over existing CTC devices. With this device, 
we present a simplified tool for the determination of cluster size, 
composition (including WBC contribution) and relative cohesive 
properties, which are otherwise difficult to determine.

1.1. Design of the PillarX Device

The system is composed of two devices connected in series, 
the Pillar-device and the X-device (Figure 1a). Cells in whole 

blood are initially labelled with epithelial cell adhesion mol-
ecule (EpCAM) antibodies conjugated to MNPs. EpCAM is 
nearly exclusively expressed on epithelial cells and is used as 
a marker of circulating carcinoma cells that retain an epithe-
lial identity.[53,54] Pre-labelled cells are then loaded, at a constant 
flow rate of 750  µL h–1, into the Pillar-device, which separates 
single cells and clusters based on size and deformability. The 
Pillar-device is composed of six zones (P1–P6) of 100  µm-tall 
polydimethylsiloxane (PDMS) micro-pillars separated by pro-
gressively smaller gaps that sort clusters and single cells ranging 
from 20 to 200  µm in diameter (Table S1 and Figure S1a,b, 
Supporting Information). Large and rigid clusters are trapped 
in earlier zones, while small clusters and large single cells 
are trapped in the last zone (Figure  1b,c). The pillar gaps are 
also designed to maximize the capture of CTC clusters, which 
have diameters >  20 µm,[5] and minimize the capture of non-
specific WBCs, which have diameters of 7–14  µm (Figure S2,  
Supporting Information).[55] The symmetrical pillar shape also 
allows for efficient release of cells.[45]

More deformable clusters, along with the majority of single 
cells, flow into the X-device where they are separated based 
on epithelial expression using EpCAM-conjugated MNPs 
(Figure  1a). An external array of magnets placed under the 
X-device enables the high-efficiency capture of MNP-labelled 
cells in the low-flow regions around the grooves of the X-struc-
tures. Cells and clusters with high EpCAM will have a greater 
number of EpCAM-MNPs and experience a higher magnetic 
force and are captured in early zones, whereas cells and clusters 
with fewer EpCAM-MNPs experience a lower magnetic force 
and are captured in later zones. The X-device contains X-shaped 
PDMS micro-structures that increase in height in a stepwise 
manner from 50 to 400  µm across 8 zones (X1–X8; Table S2 
and Figure S1c,d, Supporting Information). This increase in 
cross-section area leads to a reduction in linear velocity in each 
zone, which increases the probability of capturing low-EpCAM 
expressing cells in later zones[51,52,56] (Figure 1b,c; Microfluidic 
Set up: Figure S3, Supporting Information).

Cells can be released from the PillarX device and further ana-
lyzed. Release from the Pillar-device is achieved by the applica-
tion of a high flow rate (5000 µL h–1) in reverse flow, while for 
the X-device, a forward flow (5000 µL h–1) in the absence of the 
magnetic field is used. Together, the PillarX device enables the 
sorting of single cells and clusters based on size, deformability, 
and epithelial marker expression levels.

1.2. Modeling of Velocity, Shear Stress, and Pressure 
in the PillarX Device

We used Comsol software to model fluid flow in the PillarX 
device considering both capture and release conditions. These 
models estimated capture velocity profiles around the Pillars 
and X-structures ranging from 79 to 664  µm s–1 (Figure 2a,b). 
These flow conditions were associated with minimal shear stress 
(<0.20 Pa) acting on the cells during capture, which is well-below 
the maximum physiological range of 1–3 Pa[57] (Figure 2c,d). As 
previously reported, shear stress >  2  Pa results in disaggrega-
tion of clusters;[57] thus our system favors gentle capture condi-
tions for clusters considering low shear stress and low applied 
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pressures. Details of shear stress simulations, velocity and pres-
sure within the microfluidic devices are outlined in the Sup-
porting Information (Figure S4, Supporting Information, and 
Experimental Section “Device design and fluid modeling”).

For the release flow modeling, we obtained velocity, shear 
stress, and pressure profiles, which although higher than the 
capture conditions (maximum shear stress of 1.3 Pa and applied 
pressure of 498 Pa), were still indicative of gentle release con-
ditions (Figure  2c,d). Indeed, existing constriction and shear 
flow-based deformability devices, which are mainly used for 
single cell analysis, have applied pressures of ≈1 kPa, and have 
been shown to deform cells along the channel walls or within a 
fluid environment.[58–60]

1.3. Characterization of Cell Models Used for 
PillarX Device Validation

Breast cancer cells generate clusters in vitro and in vivo and have 
been extensively used for the validation of CTC devices.[3,39] We 
used the human breast cancer cell lines, MCF10DCIS and MDA-
MB-231, as models of in vivo CTCs, to validate the PillarX device. 

These cell lines display different degrees of aggressiveness, and 
levels of EMT with variable expression of mesenchymal versus 
epithelial genes, especially those involved in cell–cell adhe-
sion.[12,61–63] Genes such as E-cadherin (CDH1), plakoglobin 
(JUP), N-cadherin (CDH2), EpCAM (EPCAM), and claudin-3 
(CLDN3) are key determinants of cell–cell junctions, influencing 
their structure, strength, and response to tensile stress.[64,65] 
Thus, they are also expected to have a major impact on cluster 
cohesion,[66] which in turn, has been implicated in mechanical 
adaptability both in circulation and during invasion.[16–25] We 
tested this theory directly by increasing cell adhesion through the 
expression of E-cadherin in MDA-MB-231 cells or by selecting a 
more mesenchymal isogenic population of MCF10DCIS cells.

1.4. Cluster Cohesion Is Influenced by the Expression 
of E-Cadherin in MDA-MB-231 Cells and by the Mesenchymal 
State of Malignant MCF10DCIS Cells

MDA-MB-231 is a model of highly metastatic mesenchymal 
breast cancer cells which leads to invasive metastatic carci-
noma in vivo: the cells display elevated ZEB1 (Cycle threshold,  

Small 2022, 18, 2106097

Figure 1. Overview of the PillarX device design. a)  Microfluidic device design for capture of CTCs and CTC clusters. Single CTCs and CTC clusters in 
whole blood are initially labelled with EpCAM specific antibodies conjugated to magnetic nanoparticles. Labeled cells are introduced into the micro-
fluidic device at a flow rate of 750 µL h–1. Large and more rigid cohesive clusters are trapped in the Pillar-device consisting of 6 zones (P1-P6), with 
decreasing pillar gap sizes ranging from 200 to 20 µm. More deformable clusters and single cells pass into the X-device, consisting of 8 zones (X1–X8) 
containing X-shaped microstructures ranging from 50 to 400 µm in height, which separate cells based on EpCAM expression using the magnetic 
nanoparticles. b) Zoomed-in window of P4–P6 of the Pillar-device and X1–X2 of the X-device. c) Representative immuno-staining images of MCF10DCIS 
clusters trapped in P5 of the Pillar-device (left) and X1 of the X-device (right). Cells were immuno-stained with AF488-labeled anti-E-cadherin (green) 
and DAPI (blue).
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Ct = 25), SNAI2 (Ct = 26), and VIM levels (Ct = 19) and low 
expression of the epithelial cell–cell adhesion marker CDH1 
(E-cadherin; Ct = 33).[67,68] Among the multiple players involved 
in the regulation of cell–cell adhesion, E-cadherin plays an over-
arching role in mediating cell adhesion strength and junction 
reinforcement when subjected to tensile stress.[69] In cancer 
progression, E-cadherin has been implicated in both tumor 
suppression and promotion.[70–72] To examine how this pro-
tein influences cell-cell adhesion within clusters, we expressed 
GFP-tagged murine E-cadherin in MDA-MB-231 cells (MDA-
ECAD) (Figure S5a, Supporting Information). MDA-ECAD 
cells maintained low levels of epithelial and cell-cell adhe-
sion proteins, such as EPCAM and CLND3 (Ct = 29 and 30, 
respectively), alongside high levels of VIM (Ct = 19) and SNAI2  
(Ct = 26), similar to the parental MDA-MB-231 cells (Figure 3a–d).  

However, E-cadherin expression was sufficient to transform the 
mesenchymal spindle shape typical of MDA-MB-231 cells into 
a more epithelial-like cobblestone morphology on adhered sur-
faces (Figure 3e).

To measure cluster cohesiveness, we grew cells under low 
attachment conditions and analyzed clusters ranging in size 
from 5–40 cells. MDA-MB-231 formed loose, poorly adherent 
clusters, while MDA-ECAD generated more compact clus-
ters (Figure  3f,g). MDA-ECAD clusters also exhibited signifi-
cantly lower aspect ratios, higher circularity and solidity (i.e., 
solidity = area/convex area, this is a proxy of the cluster density 
while taking into account the contour), and increased cluster 
cell density (i.e., number cells/area) compared to MDA-MB-
231 clusters, indicating that E-cadherin expression influences 
cluster shape and cohesiveness (Figure 3h–k). We additionally  

Small 2022, 18, 2106097

Figure 2. Comsol modeling of the Pillar-device and the X-device. a) Velocity field for capture through the Pillar-device. The right image illustrates a 
zoomed-in window of P2. b) Velocity field for capture through the X-device. The right image illustrates a zoomed-in window of X2. c,d) Velocity, shear 
stress, and applied pressures profiles for the Pillar- and X-device. Fluid modeling was considered for both capture (750 µL h–1) and release (5000 µL h–1) 
conditions.
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performed a time-lapse aggregation assay using a variable 
number of single cells (50 and 5000) and confirmed increased 
compactness of MDA-ECAD clusters relative to MDA-MB-231 
clusters (Figure  3l; Figure S5b,c, Supporting Information). 
Addition of EGTA to the aggregation media interfered with 
tight cluster formation, suggesting that Ca+2-mediated cell–cell 
adhesions, such as those dependent on E-cadherin, are impor-
tant for maintaining cohesiveness (Figure S5d, Supporting 
Information).

To relate the cell adhesive and cohesive properties to a rele-
vant proxy of malignant progression, we employed 3D Matrigel 
invasion assays. We found that MDA-MB-231 clusters were 
more invasive and migrated as single cells, while MDA-ECAD 
were less invasive and exhibited a more prominent collective 
invasion (Figure 3m).

Next, we investigated the impact on cell cohesion of the tran-
sition toward a plastic mesenchymal state in MCF10DCIS cells. 
Plasticity in EMT has been shown to drive tumor progression 
and invasion, and directly influences cell-cell adhesion strength 
and, possibly, cohesion.[63] MCF10DCIS cells express oncogenic 
T24-H-RAS and are models of early-stage breast ductal carci-
noma in situ (DCIS) that can progress to invasive carcinoma 
when injected into immuno-compromised mice.[73] They dis-
play an intermediate EMT state, with the concomitant expres-
sion of a number of epithelial markers, such CDH1, JUP, and 
EPCAM (Ct = 24, 24, and 25, respectively), low levels of key EMT 
transcription factors, but elevated expression of mesenchymal 
proteins, such as VIM (Ct = 21) and ITGB1 (Ct = 23).[73–75] We 
exploited the intermediate and reversible state of these cells to 
isolate an isogenic cell population via Twist1 over-expression in 
MCF10DCIS cells, followed by FACS sorting for low EpCAM. 
These cells displayed a mixed but more mesenchymal set of 
traits (MCF10DCIS-Mes).

MCF10DCIS-Mes cells had reduced mRNA expression of epi-
thelial markers, CDH1, EPCAM, and JUP, and increased levels 
of mesenchymal markers, CDH2, CDH11, and ZEB1, compared 
with parental MCF10DCIS cells. However, these cells also 
showed reduced expression of the mesenchymal genes VIM, 
SNAI2, and ITGB1, in keeping with their partial EMT identity 
(Figure 4a). The plasticity of this partial EMT state was revealed 
by flow cytometry analysis, which showed that, despite the ini-
tial selection of a homogeneous cell population, MCF10DCIS-
Mes cells gave rise upon culturing to a mixed epithelial 
and mesenchymal cell population (Figure  4b–d; Figure S6a,  

Supporting Information). The acquisition of mesenchymal 
markers in MCF10DCIS-Mes cells was mirrored by the loss of 
polygonal shapes and the formation of F-actin-rich, prominent 
lamellipodia-like protrusions (Figure 4e).

Measurement of cluster cohesion using cells grown under 
low attachment conditions indicated that MCF10DCIS-Mes clus-
ters were less spherical, had more irregular contours (higher 
aspect ratio, reduced circularity and solidity) (Figure  4f–j),  
but displayed similar cell densities relative to parental 
MCF10DCIS clusters (Figure 4k). These observations suggests 
that the partial EMT state of MCF10DCIS-Mes cells is associ-
ated with reduced cluster cohesiveness; albeit observed by the 
overall cluster shape rather than the cell density. Consistently, 
in an aggregation assay, MCF10DCIS-Mes cells formed rela-
tively compact but less spherical clusters that display an irreg-
ular contour, consistent with their reduced solidity (Figure  4l; 
Figure S6b,c, Supporting Information). Furthermore, addi-
tion of EGTA interfered with MCF10DCIS cluster formation 
showing dependency on Ca+2-mediated cell–cell adhesions, as 
observed also for MDA-ECAD cells (Figure S6d, Supporting 
Information).

In 3D Matrigel invasion assays, MCF10DCIS-Mes clusters 
showed a reduction in collective invading buds in Matrigel, 
compared with parental cells, in line with the reduced cohesive-
ness of these cells (Figure 4m). This change in invading cluster 
contour was quantitatively measured by the increased solidity 
of MCF10DCIS-Mes clusters in Matrigel relative to the parental 
line (Figure 4n).

Together, these data show that increased E-cadherin levels in 
MDA-MB-231 cells results in increased cluster cohesion and col-
lective motility in Matrigel, while the selection of MCF10DCIS 
cells with increased mesenchymal traits results in reduced cell 
cohesion and collective motility behavior. We therefore used 
these diverse cell lines to validate the PillarX device, as models 
of breast cancer CTC clusters with varying levels of cell–cell 
adhesion proteins.

1.5. The PillarX Device Profiles Clusters Based on Their Size, 
Cohesiveness and Epithelial Identity

We designed the PillarX device to efficiently capture both single 
cells and clusters and sort them based on their size, cohesive-
ness, and epithelial identity. To verify these design principles, 
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Figure 3. The expression of E-cadherin in MDA-MB-231 cells increases cluster cohesiveness. a) qRT-PCR analysis of EMT and cell–cell adhesion gene 
expression. ΔCt = Ctgene − Ctgapdh. ΔΔCt = ΔCtMDA-ECAD − ΔCtMDA. CDH1 (E-cadherin), CDH2 (N-cadherin), JUP (plakoglobin), EPCAM (epithelial cell 
adhesion molecule), CDH11 (cadherin-11 surface glycoprotein), CLDN3 (Claudin-3 tight junction protein), CD44 (cell-adhesion protein), TWIST1, ZEB1, 
SNAI1 and SNAI2 (EMT transcription factors), VIM (vimentin), ITGB1 (integrin β1). Data are mean ± s.d. of biological replicates (n = 4). Dots represent 
experimental repeats. b–d) Analysis of E-cadherin, EpCAM, and Vimentin protein expression by flow cytometry. Cells were labeled with anti-E-cadherin, 
anti-EpCAM, or anti-Vimentin conjugated to Alexa Fluor 647. e) Morphological analysis of MDA-MB-231 and MDA-ECAD cells in adherence conditions 
by immuno-staining with phalloidin-TRITC and DAPI. f,g) Representative images of MDA-MB-231 and MDA-ECAD clusters generated in low attachment 
cultures. Clusters were labeled with phalloidin-TRITC/DAPI and anti-E-cadherin conjugated to Alexa Fluor 488/DAPI, respectively. h–j) Aspect ratio, 
circularity, and solidity of MDA-MB-231 and MDA-ECAD clusters measured from clusters grown under low attachment conditions. Measurements were 
obtained using ImageJ analyze particles program. k) Quantification of cluster cell density from DAPI stained clusters generated under low attachment 
conditions. Data are plotted as the number of cells per clusters of different areas: n = 38 for MDA-MB-231 clusters and 32 for MDA-ECAD clusters, from 
3 independent experiments. h–k) Data are mean ± s.d. of 3 independent repeats. p-values were calculated using an unpaired two-tailed Student’s t-test. 
Dots represent individual clusters. l) Aggregation assay. MDA-MB-231 and MDA-ECAD cells were grown in 96-well plates (5000 cells/well) under low 
attachment conditions and aggregation was assessed after 24 h of culture. m) Matrigel invasion assay. Cells grown as in (l) for 24 h were transferred 
to 5 mg mL–1 Matrigel in media and invasion was assessed at 48 h. Magnifications are shown below (l,m).
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we used the above-described cell lines as models of breast 
cancer CTC clusters with varying levels of cell–cell adhesion 
proteins, cell cohesiveness, and epithelial state.

To prepare samples for loading in the PillarX device, we 
focused on analyzing small clusters (2–50 cells) to mimic in 
vivo CTC sizes. Cells were cultured under low attachment to 
generate clusters and subsequently filtered to remove larger 
clumps. Next, clusters and cells were fluorescently labelled 
and spiked into a mixture of blood obtained from NOD scid 
gamma (NSG) mice and anti-EpCAM MNPs, prior to introduc-
tion in the microfluidic device at a low flow rate of 750 µL h–1 
(Figure 5a). Verification of EpCAM-MNPs binding to cells are 
shown in Figure S7, Supporting Information, where we observe 
a greater number of beads binding to MCF10DCIS cells rela-
tive to MDA-MB-231 cells. Importantly, we also confirmed that 
EpCAM-MNPs do not induce artificial aggregation of cells in 
suspension (Figures S8, Supporting Information). This mix-
ture of single cells and clusters in a blood cell background was 
created to mimic in vivo CTCs, while the flow rate was chosen 
to preserve cluster integrity. To quantify the cells/clusters 
captured in the different zones of the device, we developed a 
semi-automated counting method based on the ImageJ parti-
cles algorithm (Figure S9, Supporting Information, and Experi-
mental Section “Semi-automated counting procedure”). This 
method uses an empirically derived coefficient to estimate the 
number of cells in a given cluster of defined area. The capture  
efficiency is then determined by comparing the number of 
captured cells/clusters with respect to the total cells loaded 
into the device. The PillarX device efficiently and specifically 
trapped breast cancer clusters and cells, with mean capture 
efficiencies ranging from 75–84% (Figure 5b). Notably, the non-
specific capture of MDA-MB-231 and MCF10DCIS single cells 
(with diameters < 20 µm) was less than 1% in the Pillar-device 
(Figure  S10a, Supporting Information). Similarly, capture of 
NIH-3T3 fibroblasts expressing low levels of EpCAM in the 
X-device was below 10% (Figure S10b, Supporting Information).

Comparative analysis of the profiles of MDA-MB-231 versus 
MDA-ECAD cells revealed distinct capture distributions that 
depended on cluster size, cohesiveness, and epithelial cell iden-
tity. MDA-MB-231 cells formed smaller clusters on average, 
compared with MDA-ECAD (Figure 5c), and this was reflected 
in the Pillar-device profiles. MDA-MB-231 clusters were cap-
tured in P6, while MDA-ECAD clusters were captured in P3–P6 

(Figure  5d). The distribution profiles in the X-device revealed 
that both MDA-MB-231 and MDA-ECAD cells/clusters were 
captured in the low-EpCAM zones. However, the MDA-ECAD 
profile shifted slightly to the left (with most of the cells found 
between zones X4–X7) with respect to the distribution of MDA-
MB-231, which were primarily trapped between zones X5–X8. 
This shift is consistent with the slightly increased expres-
sion of EpCAM in MDA-ECAD relative to MDA-MB-231 cells 
(Figure 3c), demonstrating the sensitivity of the device to detect 
changes in cluster epithelial identity.

Size analysis of captured clusters indicated that the cluster 
diameters corresponded approximately to the gap dimension 
between pillars where they were trapped (Figure 5e). In some 
cases, however, the captured clusters had diameters smaller 
than the pillar gap dimension likely due to an irregular or elon-
gated shape which caused them to orient across the gap. Clus-
ters with diameters that exceeded the largest gap dimension 
were often trapped in the initial pillar row. Of note, we found 
that clusters in the X-device had mean diameters that were 
relatively equal across zones, and ranged from 24–38 µm. This 
observation indicates that breast cancer clusters can deform or 
topologically re-arrange to travel through the 20-µm gaps in P6. 
We observed a proportion of large (>75  µm diameter) MDA-
MB-231 clusters in the X-device; these clusters likely maintain 
weak adhesion as they re-arrange their shape to travel through 
the pillars; and re-form into an aggregate in the X-device.

Global, comparative analysis of cluster distribution of MDA-
MB-231 and MDA-ECAD indicated that 61% of MDA-ECAD 
clusters were found between pillars. In contrast, the majority 
of less cohesive MDA-MB-231 clusters managed to navigate 
through P6 gaps and were captured in the X-device (Figure 5f). 
The increased probability of MDA-ECAD clusters to be captured 
between pillars with respect to MDA-MB-231 likely depends on 
their increased cluster size and cohesiveness.

Finally, on-chip immuno-staining revealed that MDA-MB-231 
and MDA-ECAD clusters in the X-device had significantly lower 
E-cadherin levels compared with clusters trapped in the Pillar-
device (Figure 5g,h), which correlates with their reduced cohe-
siveness and increased ability to pass through the micro-pillars.

Next, we compared the PillarX profiles of MCF10DCIS versus 
MCF10DCIS-Mes cells/clusters. MCF10DCIS cells formed 
larger clusters on average, compared to MCF10DCIS-Mes clus-
ters, but both were efficiently captured in the PillarX device 

Small 2022, 18, 2106097

Figure 4. Selection of a mesenchymal subpopulation of MCF10DCIS with altered cluster cohesiveness. a) qRT-PCR analysis of EMT and cell–cell 
adhesion gene expression. ΔCT = CTgene − CTgapdh. ΔΔCT = ΔCTMCF10DCIS-Mes − ΔCTMCF10DCIS. Data are mean ± s.d. of biological replicates (n = 4). Dots 
represent experimental repeats. b–d) Analysis of E-cadherin, EpCAM, and Vimentin protein expression by flow cytometry. Cells were labeled with anti-
E-cadherin, anti-EpCAM, or anti-Vimentin conjugated to Alexa Fluor 647. e) Morphological analysis of MCF10DCIS and MCF10DCIS-Mes cells plated 
on culture dish by immuno-staining with phalloidin-TRITC and DAPI. Yellow arrow heads indicate F-actin rich protrusions. f,g) Representative images 
of MCF10DCIS and MCF10DCIS-Mes clusters generated under low attachment cultures. Clusters were co-stained with phalloidin-FITC/DAPI, or with 
Alexa Fluor 488-conjugated anti-E-cadherin antibody/DAPI, respectively. h–j) Aspect ratio, circularity, and solidity of MCF10DCIS and MCF10DCIS-Mes 
clusters grown under low attachment conditions. Measurements were obtained using ImageJ analyze particles program. k) Quantification of cluster 
cell density from DAPI stained clusters generated under low attachment conditions. Data are plotted as the number of cells per clusters of different 
areas: n  = 47 for MCF10DCIS clusters and 33 for MCF10DCIS-Mes clusters, from 3 independent experiments. l) Aggregation assay. MCF10DCIS 
and MCF10DCIS-Mes cells were grown in 96-well plates (5000 cells/well) under low attachment conditions and aggregation was assessed at 24 h. 
m) Matrigel invasion assay. Cells grown as in (l) for 24 h were transferred to 5 mg mL–1 Matrigel in media and invasion was assessed at 48 h. Mag-
nifications are shown below (l,m). n) Solidity of MCF10DCIS and MCF10DCIS-Mes clusters in Matrigel quantified using the ImageJ analyze particles 
program. (h–k,n) Data are mean ± s.d for 3 independent repeats. p-values were calculated using an unpaired two-tailed Student’s t-test. Dots represent 
individual clusters.
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(Figure 6a–c). MCF10DCIS clusters were trapped in P1-P6 and 
in X1-X3, while MCF10DCIS-Mes clusters were found in P3–
P6, and in X1–X8 (Figure  6d). The homogeneous distribution 
profile of MCF10DCIS-Mes cells/clusters in the X-device is con-
sistent with a mixed epithelial phenotype (Figure 4c).

The analysis of cluster size in the device indicated that 
clusters with diameters >  20  µm passed through the P6 gaps 

and were distributed in the X-device (Figure  6e). The com-
parative analysis of cluster distribution of MCF10DCIS and 
MCF10DCIS-Mes, like in the case of MDA-MB-231 and MDA-
ECAD clusters, depended on cluster size, cohesiveness, and epi-
thelial cell identity. The majority (72%) of MCF10DCIS clusters 
were trapped between pillars, while less cohesive MCF10DCIS-
Mes clusters were almost equally distributed between the  

Small 2022, 18, 2106097

Figure 5. Expression of E-cadherin in MDA-MB-231 cells influences cluster cohesiveness and PillarX profiling. MDA-MB-231 and MDA-ECAD cells were 
cultured in low attachment conditions for 48 h, then mixed with 100 µL murine whole blood and anti-EpCAM MNPs, before loading into the PillarX 
device for profiling at 750 µL h–1 (4000 cells/clusters per sample). a) Representative images of cells and clusters generated in low attachment culture 
conditions. Cells were labeled with a green live cell cytoplasmic (cyto) tracking dye. b) Capture efficiency of cells/clusters in the PillarX device relative 
to a control of the spiked cells. c) Average cluster diameters of MDA-MB-231 and MDA-ECAD cells. d) PillarX capture profiles of the indicated cells/
clusters in the different zones. Number of captured cells/clusters was quantified using the semi-automated ImageJ particles algorithm. Results are 
expressed as percent of captured cells/clusters per total cells spiked. e) Average cluster diameters in the PillarX device for the indicated cells. f) Distribu-
tion of clusters in the Pillar-device and the X-device for MDA-MB-231 and MDA-ECAD cells. g,h) E-cadherin (ECAD) relative intensities of MDA-MB-231 
and MDA-ECAD clusters in the Pillar- and X-device. ECAD levels were measured by immuno-staining with an anti-ECAD antibody conjugated to Alexa 
Fluor 488 and normalized to a secondary antibody control. For (b,c,e,g,h) dots represent individual clusters. For (d,f) dots represent experimental 
repeats. Reported diameters were determined using the ImageJ Analyze Particles program. All data are mean ± s.d. of at least 3 biological replicates. 
(b,c,g,h) p-values were calculated with an unpaired two-tailed Student’s t-test. f) Data were analyzed by ordinary one-way ANOVA with Tukey’s correc-
tion and 95% confidence intervals.
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Pillar- and the X-device (56%  vs 44%, respectively, Figure  6f). 
On-chip immuno-staining revealed that MCF10DCIS X-device 
clusters had significantly lower E-cadherin levels compared with 
clusters trapped in the Pillar-device (Figure 6g), consistent with 
their reduced cohesiveness and increased ability to pass through 
the micro-pillars, and consistent with the results obtained by 
profiling MDA-MB-231 and MDA-ECAD clusters (Figure 5g,h).

Thus, the PillarX device efficiently captures and profiles cells 
and clusters, specifically based on their size, cohesiveness, and 
epithelial state. The more cohesive and larger breast cancer 
clusters have a greater likelihood of being trapped in the pillars, 
while the smaller and less-cohesive clusters pass through the 
pillars into the X-device, where they are captured according to 
their epithelial EpCAM expression levels.

Small 2022, 18, 2106097

Figure 6. The PillarX device differentially sorts MCF10DCIS cells/clusters based on their mesenchymal state. MCF10DCIS and MCF10DCIS-Mes cells 
were cultured in low attachment conditions for 48 h, then mixed with 100 µL murine whole blood and anti-EpCAM MNPs, before loading into the PillarX 
device for profiling at 750 µL h–1 (4000 cells/clusters per sample). a) Representative images of cells/clusters generated in low attachment culture 
conditions. Cells were labeled with a green live cell cytoplasmic (cyto) tracking dye. b) Capture efficiency of cells/clusters in the PillarX device relative 
to a control of the spiked cells. c) Average cluster diameters of MCF10DCIS and MCF10DCIS-Mes cells. d) PillarX capture profiles of the indicated 
cells/clusters in the different zones. Number of captured cells/clusters was quantified using the semi-automated ImageJ particles algorithm. Results 
expressed as percent of captured cells/clusters per total cells spiked. e) Average cluster diameters in the PillarX device for indicated cells. A dash 
indicates no clusters are present in that zone. f) Distribution of clusters in the Pillar- and the X-device for MCF10DCIS and MCF10DCIS-Mes cells. 
g) E-cadherin (ECAD) relative intensities of MCF10DCIS clusters in the Pillar- and X-device. ECAD levels were measured by immuno-staining with an 
anti-ECAD antibody conjugated to Alexa Fluor 488 and normalized to a secondary antibody control. For (b,c,e,g) dots represent individual clusters. For 
(d,f) dots represent experimental repeats. Reported diameters were determined using the ImageJ Analyze Particles program. All data are mean ± 3 s.d. 
of at least 3 biological replicates. (b,c,g) p-values were calculated with an unpaired two-tailed Student’s t-test. f) Data were analyzed by ordinary one-
way ANOVA with Tukey’s correction and 95% confidence intervals.
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1.6. The PillarX Device Sorts Clusters Based on Deformability

The ability to undergo shape changes provides cancer cells with 
an advantage in circulation.[11] More deformable clusters can 
withstand shear forces exerted on their membrane and avoid 
rupture.[2,11] The finding that less cohesive breast cancer clus-
ters can change shape and move through narrow pillar gaps 
suggests that there is a correlation between cluster cohesive-
ness and deformability. This finding further suggests that the 
PillarX device can sort clusters according to differences in their 
biophysical properties.

To test these possibilities, we employed widefield time-lapse 
imaging and live cell tracking dyes to record the deformation 
events of clusters as they moved through pillars (Figure 7a,b). 

Deformability was measured as the change in area averaged 
over the elapsed tracking time (Equation  (1)), where t repre-
sents each 36-ms time interval (i) and n represents the total 
number of tracks.

∑( ) = − ×+

+=

=

Percent Deformation % average
Area Area

Area
100ti 1 ti

ti 11i

i n

 (1)

Clusters undergo periodic expansion (positive deforma-
tion) and contraction (negative deformation) events as they 
move through the pillars. Using this metric, we found that 
MDA-MB-231 clusters deformed significantly more than MDA-
ECAD clusters (−8.6% < d < 7.9% for MDA-MB-231 clusters and 
−4.1% < d  <  3.8% for MDA-ECAD clusters; Figure  7c,d). The 

Small 2022, 18, 2106097

Figure 7. E-cadherin levels and mesenchymal states influence cluster deformability. a) Schematic of clusters moving through the pillars of the Pillar-
device. b) Representative video track of a cluster moving through P6 pillars. c) Representative positive and negative deformation events for a single 
MDA-MB-231 and single MDA-ECAD cluster moving through P6 of the Pillar-device. d) Average area expansion and contraction deformation events 
for MDA-MB-231 and MDA-ECAD clusters moving through the pillars. e) Average velocities of MDA-MB-231 and MDA-ECAD clusters moving through 
pillars. f) Representative fluorescent images of MDA-MB-231 and MDA-ECAD clusters grown in low attachment conditions, highlighting differences 
in geometry. Cells were immuno-stained with Phalloidin-TRITC and DAPI. g) Representative positive and negative deformation events for a single 
MCF10DCIS and single MCF10DCIS-Mes cluster moving through P5 and P6 of the Pillar-device. h) Average area expansion and contraction defor-
mation events for MCF10DCIS and MCF10DCIS-Mes clusters moving through the pillars. i) Average velocities of indicated clusters moving through 
pillars. j)  Representative fluorescent images of indicated clusters grown in low attachment conditions, highlighting differences in geometry. Cells 
were immuno-stained with Phalloidin-TRITC and DAPI. All Data are the mean ± s.d. of biological replicates (n = 3). p-values were calculated using an 
unpaired two-tailed Student’s t-test. All dots represent individual clusters.
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clusters from both cell lines moved at similar mean velocities 
through the pillars of 414 µm s–1 for MDA-MB-231 clusters and  
372 µm s–1 for MDA-ECAD clusters. (Figure 7e; Figure S11a,b, 
Videos S1-S3, Supporting Information). Of note, the greater 
proportion of low-cohesive MDA-MB-231 clusters in the 
X-device relative to MDA-ECAD is likely the result of their 
ability to adopt a more elongated shape (Figure 7f).

Next, to investigate the correlation between cluster deforma-
bility and mesenchymal state, we monitored the extent of shape 
changes in MCF10DCIS and MCF10DCIS-Mes clusters as they 
traveled through the pillars. We found that the more mesen-
chymal MCF10DCIS-Mes clusters deformed to a greater extent 
than parental MCF10DCIS (−5.3% < d < 4.4% for MCF10DCIS-
Mes clusters and −4.4% < d  <  3.7% for MCF10DCIS clusters, 
Figure 7g,h). MCF10DCIS-Mes clusters had similar velocities as 
they move through the pillars relative to MCF10DCIS clusters 
(Figure  7i; Figure S11c,d and Videos S4–S7, Supporting Infor-
mation). Finally, similar to MDA-MB-231 clusters, MCF10DCIS-
Mes clusters displayed a more elongated, geometrical shapes 
that might increase their probability of passing through the pil-
lars (Figure 7j). Higher cohesion, as seen in MCF10DCIS cells, 
results in a more rounded shape, and thus, a reduced fraction 
of deformable X-device clusters.

In addition, we examined the influence on cluster size on 
velocity and deformability by dividing the population of clus-
ters into small (2-cell) and larger clusters (3–5 cells). Larger 
clusters had significantly greater areas than small clusters  
(P = 0.0001). We did not observe differences in velocities or 
deformation between the small- and large- populations consid-
ering MDA-MB-231 versus MDA-ECAD or MCF10DCIS versus 
MCF10DCIS-Mes clusters (Figure S12b–d,f–h, Supporting 
Information). Therefore, we observe that cluster size does not 
bias the velocity and deformability data when examining clus-
ters composed by 2–5 cells flowing through P5 and P6.

Together, these results indicate that the increased deform-
ability correlates with reduced cluster cohesion as seen 
with MDA-MB-231 relative to MDA-ECAD clusters, and 
MCF10DCIS-Mes relative to MCF10DCIS clusters. They fur-
ther indicate that lower cluster cohesion is associated with the 
increased probability of clusters being trapped the in X-part 
of the PillarX device, while cohesive clusters exhibit reduced 
deformation and become trapped between pillars. Hence, 
we show that the PillarX device efficiently measures cluster 
deformability and can be applied to sort clusters based on their 
biophysical properties.

To benchmark the PillarX performance, we compared the 
capture efficiencies to the X-device separately. The X-device is 
a demonstrated and published CTC-device,[50,52] proven to cap-
ture CTCs with higher efficiency than CellSearch, the only FDA-
approved CTC system. We found that the PillarX device cap-
tures breast cancer cells/ clusters as efficiently as the X-device 
run separately under the same conditions, and more cancer 
cells/ clusters than the Pillar-device run separately (Figure S13,  
Supporting Information). For example, for MCF10DCIS, Pil-
larX capture efficiency is 90.4% (Figure  6b); which is very 
similar to the capture efficiency of the X-device (90.0%); how-
ever, PillarX outperforms the Pillar- device run alone (capture 
efficiency is 50.0%). Importantly, the serial combination of the 
Pillar- and X-device enables the ability to capture not only cells/

clusters according to epithelial state but also based on size and 
deformability.

1.7. The PillarX System Enables the Efficient Release of Viable 
Cells and Clusters

CTCs released from microfluidic devices have the potential to 
provide advanced information relating to drug-resistant popula-
tions and guide clinical treatments.[76] We therefore developed 
a protocol for efficient release of cells/clusters from the PillarX 
device and subsequent culture conditions.

Captured cells/clusters were labeled with a green live cell 
tracking dye and NucBlue and released separately from the 
Pillar-device and the X-device by treatment with accutase, a mild 
proteolytic enzyme that weakens cell-adhesive interactions,[77] 
followed by the application of a release flow rate (5000 µL h–1). 
Following this protocol, MDA-MB-231 and MCF10DCIS cells 
were released with high efficiencies (93–99%, Figure S14a, Sup-
porting Information). We assessed released cells for viability by 
flowing the cells off-chip and recording the percent of live cells 
(positive for green live cell tracking dye + NucBlue) relative to 
the total cells (NucBlue only). All cell lines showed a viability 
>  70%, reflecting the gentle capture and release conditions 
(Figure S14b,c, Supporting Information). Released cells could 
also be transferred to cell culture media and kept in culture 
conditions to promote cell adhesion and growth. Notably, cul-
tured MCF10DCIS cells released from the Pillar-device as com-
pared to the X-device formed more colonies that display higher 
cell density, likely due to the higher concentration of clusters 
and increased cell–cell proximity, which favors proliferation  
(Figure S14d–g, Supporting Information). In comparison, cul-
tures generated by released MDA-MB-231 cells were lower in 
density, mainly appearing as single dispersed cells, reflecting the 
lower level of cell–cell adhesiveness (Figure S14h, Supporting 
Information). Thus, the PillarX system enables the efficient 
release of viable cells and clusters that can be cultured, expanded, 
and further subjected to more detailed molecular analysis.

1.8. The PillarX Device Captures and Profiles CTCs and CTC 
Clusters from MDA-MB-231 Tumor-Bearing Mice and Breast 
Cancer Patients

Several studies have reported that CTC detection in various 
cancer patients is predictive of poor prognosis.[3,10,13,78,79] Thus, 
we tested whether the PillarX device can capture individual 
CTCs and CTC clusters from the blood of tumor-bearing mice 
and patients with metastatic breast cancer, and we profiled 
them according to their biophysical properties.

Blood collected from immuno-compromised mice bearing 
MDA-MB-231 tumor xenografts and lung metastases (Figure S15,  
Supporting Information), was mixed with anti-EpCAM MNPs 
and analyzed with the PillarX device. CTC profiles revealed 
the presence of small, cohesive clusters that were captured 
in P6 of the Pillar-device and of more deformable smaller 
clusters captured in X4–X8 of the X-device (Figure 8a,b).  
Overall, from 8 mice analyzed, we captured between 10–244 
single cells and 7–171 clusters per 500 µL  of mouse blood, 

Small 2022, 18, 2106097
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Figure 8. PillarX profiles of CTCs from mice bearing MDA-MB-231 tumor xenografts and from metastatic breast cancer patients. a) PillarX profile of 
MDA-MB-231 mouse CTCs. Blood samples (500 µL) collected by cardiac puncture from 8 mice were incubated with EpCAM-MNPs before loading in 
the PillarX device at 750 µL h–1. Mean CTC counts per zone were determined by immuno-staining for vimentin+/DAPI+/CD45– and applying a semi-
automated counting method. Profile shows mean counts per zone. Average (ave) single CTCs and CTC clusters counts are shown in the key. b) Rep-
resentative confocal microscopy images (63×) of MDA-MB-231 CTC clusters identified in the Pillar- and X-device by immuno-staining for vimentin+/
DAPI+/CD45–. c) Average diameter of clusters in the Pillar- and X-device. d–f) The number of CTCs/WBCs per cluster, the percent CTC-only and CTC-
WBC mixed clusters, and the average number of cells per cluster for the Pillar- and X-device, respectively. WBCs were identified as vimentin–/DAPI+/
CD45+. g) False positive detection rate in the PillarX device. Number of vimentin+/DAPI+/CD45– single cells detected in 500 µL of blood from healthy 
WT mice (n = 5). h) PillarX profiles of breast cancer patient CTCs. Blood samples (500 µL) were incubated with EpCAM-MNPs before loading in the 
PillarX device at 750 µL h–1. Mean CTC counts are determined by immuno-staining as in (a) and quantification by applying a semi-automated counting 
method. Average (ave) CTC counts were obtained from 6 patients. i) Representative immuno-staining images of patient CTCs in the Pillar- and X-device 
obtained by confocal microscopy (63×). CTCs were identified as cytokeratin+/DAPI+/CD45–, based on the epithelial phenotype of breast cancer cells.  
j) Average diameter of clusters in the Pillar- and X-device. k,m) The number of CTCs/WBCs per cluster, the percent CTC-only and CTC-WBC clusters, and 
the average number of cells per cluster in the Pillar- and X-device, respectively. n) False positive rate per 500 µL of blood from healthy controls. Non-
tumoral epithelial cells were identified as cytokeratin+/DAPI+/CD45– from two healthy donors. MDA-MB-231 mouse data are mean ± s.d. of biological 
replicates (n = 8). Human patient data are mean ± s.d. of biological replicates (n = 6). Data plotted as box and whiskers display 5–95 percentile, with 
+ indicating the mean. p-values were calculated with an unpaired two-tailed Student’s t-test.
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with a ratio of single CTCs versus clusters of 54% versus 46%, 
respectively (Table S3, Supporting Information). These data are 
consistent with previous reports of CTC counts from similar 
mouse models.[39,80] In the X-device, single cells and clusters 
were trapped in the low-EpCAM zones (X4–X8), consistent with 
the mesenchymal nature of MDA-MB-231 CTCs.[67] The X-clus-
ters had an average diameter of 26 µm (Figure 8c), indicating 
that they can deform to pass through the 20 µm gap size in P6. 
The PillarX profile was remarkably similar to the in vitro profile 
generated by MDA-MB-231 clusters (Figure  5d), highlighting 
the capability of our device in profiling CTCs from animal 
models. MDA-MB-231 CTC clusters isolated from mice were 
frequently composed of heterogeneous mixtures of CTCs and 
WBCs, which accounted for 73% of total clusters (Figure  8e). 
The Pillar-device clusters were larger and had a greater per-
centage of WBCs relative to the X-device clusters (Figure 8c,d), 
indicating that WBCs contributed to cluster size. Additionally, 
CTC clusters from murine blood were generally small, ranging 
from an average of 5 and 4 cells per cluster in the Pillar- and 
X-device, respectively (Figure 8f), similar to previous reports.[81] 
We also scored a false positive detection rate of 4 single 
cells/500 µL blood, which might represent non-cancerous mes-
enchymal cells present in the blood of healthy mice (Figure 8g).

To provide relevant translation perspective toward analysis of 
human CTCs, we profiled the peripheral blood of six patients 
with metastatic breast cancer. Of note, five out of these six 
patients were heavily pre-treated and had endocrine therapy- 
and/or chemotherapy-resistant disease (for clinical details and 
cancer histotype see Experimental Section and Table S4, Sup-
porting Information). The analysis of the cluster distribution 
profiles in the PillarX device indicated the presence of small, 
cohesive clusters that were captured in the late zones of the 
Pillar-device, together with less cohesive and deformable clus-
ters, which were captured in the early zones of the X-device 
(Figure  8h,i). Similar to data from our in vitro models, CTC 
clusters in the X-device had a smaller size compared to those of 
the Pillar-device (average diameters were 23 and 27 µm, respec-
tively) (Figure 8j). About 66% of CTC clusters were composed of 
a mix of CTCs and WBCs (Figure 8k,l). The average cluster size 
from the Pillar- and X-device was 3-cells for both (Figure 8m), 
consistent with previously reported data.[10] The range of CTCs 
found in patient blood was 12–79 single cells and 5–16 clusters 
(Table S4, Supporting Information), consistent with data from 
a previous study.[30] We found 79% of CTCs were single cells 
and 21% were clusters. We detected a false-positive count of 6 
cytokeratin-positive single cells per 500  µL of normal human 
blood (Figure 8n).

1.9. Profiling Primary Cells from a Murine Mammary Cancer  
Cell Line, and Relating to In Vivo Model

The amplification or overexpression of HER2 in human mam-
mary epithelial cells is sufficient to promote tumorigenic trans-
formation by impacting on proliferation, survival, cell polarity, 
EMT, and invasiveness.[82–84] We derived a murine mammary 
cancer cell line, MMCa, from a genetically engineered mouse 
model expressing the HER2 oncogene and the pro-invasive 
endocytic EPN3 gene in the mammary gland through the 

MMTV-promoter,[85] and profiled the cells in the PillarX device. 
These cells exhibited a partial EMT state, with high expression 
of CDH1, CDH2, JUP, EPCAM, CLND3, CD44, and ITGB1, and 
lower levels of CDH11, TWIST1, ZEB1, VIM, SNAI1, SNAI2, as 
confirmed with gene and protein expression (Figure S16a–d, 
Supporting Information). In adherent conditions, MMCa cells 
formed a dense monolayer (Figure S16e, Supporting Informa-
tion), while under low attachment conditions, they formed 
compact clusters, with low aspect ratios, high circularity, 
solidity, and cell density (Figure S16f–k, Supporting Informa-
tion). Clusters and cells grown under low attachment condi-
tions were captured in the PillarX device with high efficiency 
(Figure S17a–c, Supporting Information). The PillarX profiles 
revealed that the clusters were primarily captured in the Pillar-
device relative to the X-device (76% vs 24%) and were trapped 
in the high-EpCAM zones of the X-device, consistent with their 
epithelial phenotype (Figure S17d–f, Supporting Information).

Finally, we compared the primary cell line profiles with CTCs 
captured from a MMTV-Neu mouse model. These mice devel-
oped breast tumors between ≈8–9 months of age, after which 
they were sacrificed and the blood was analyzed in our device. 
We found mainly large CTC-WBC clusters that were primarily 
(88% of clusters) trapped in the Pillar-device (Figure S18 and 
Table S5, Supporting Information). The majority of MMTV-Neu 
mouse clusters were captured between pillars, consistent with 
the in vitro MMCa data (Figure S18a, Supporting Information). 
The less-deformable properties of the in vivo clusters could 
highlight the importance of maintaining cell cohesiveness in 
the circulation of invasive cancer mouse models.

Together, this validation of the PillarX device for mouse and 
human breast cancer CTC profiling represents a proof of prin-
ciple that could be applied toward tumor diagnosis and treat-
ment monitoring or tailoring.

1.10. Outlook

CTCs and CTC clusters play important roles in the metastatic 
seeding of carcinomas and are clinically associated with poor 
prognosis.[86] Here, we described the development of a micro-
fluidic device that profiles CTCs and CTC clusters based on 
their physical properties and on the expression of an epithelial 
marker. Through genetic manipulation of E-cadherin and selec-
tion of partial EMT phenotypes, we showed that cohesive and less 
deformable clusters are preferentially captured in the Pillar-device 
relative to the X-device. In particular, E-cadherin expression in 
MDA-MB-231 resulted in increased cluster cohesion and the 
majority of clusters trapping between pillars; while mesenchymal 
transformation of MCF10DCIS clusters shifted the profile toward 
X-device capture and corresponded with increased deformability.

Different methods exist to measure mechanical properties 
of cells, including indentation/ compression and magnetic 
twisting cytometry for adhered cells and micro-aspiration tech-
niques, stretching with optical tweezers, and cell rheometry 
microfluidics for suspended cells.[87–89] These systems have 
been extensively applied toward single cells but are not well 
characterized for clusters. Thus, here we present a system that 
can provide a readout of relative cluster mechanical properties 
inside a single device while keeping clusters intact.
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Cluster deformability can be influenced by many factors, 
including intrinsic differences in the physical rigidity of indi-
vidual cells, alterations in cell–cell interactions or increased 
ability of cells to rearrange their position with respect to its 
neighbors.[38,90] In our system, we provided direct evidence that 
altering cell cohesion influences the shape-changing ability of 
the clusters, as observed by their constriction through pillar 
gaps or their rearrangement into elongated geometries. The 
ability of our device to sort breast cancer clusters based on 
these physical properties (cohesion, deformability, rigidity, and 
shape) represents an important advance in microfluidic cell 
profiling; which, in the future, may be instrumental to estab-
lish an unequivocal link between deformability and metastatic 
propensity.

We also found that the presence of frequent heterotypic CTC-
WBC clusters in blood samples from tumor-bearing mice and 
breast cancer patients. CTC-WBC clusters were found in both 
the Pillar- and X-device; the WBC contribution in the in vivo 
models ranged from 61–77% in the Pillar-device and 58–72% in 
the X-device. It has been reported that the association of cancer 
cells with WBCs can allow clusters to escape immune surveil-
lance, provides survival advantages in circulation and increases 
metastatic seeding.[39,81] Furthermore, CTC-WBC clusters may 
have increased mechanical protection against shear stress in 
the bloodstream.[91]

Overall, our microfluidic PillarX device provides a system 
that can be applied to the study of in vivo mouse cancer models 
and patients to deepen our understanding of the metastatic 
process and response to treatments. In the future, a device for 
profiling CTC clusters based on defined biophysical features 
could be applied toward clinical applications as a diagnostic/
prognostic tool and to help guide treatment decision making.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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