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In 2003, Clarke and colleagues used limiting dilution transplantation 
of CD44+/CD24- cells into the mammary fat pad of immune-
compromised nonobese diabetic/severe-combined immunodeficiency 
(NOD-SCID) mice and provided the first evidence of a Tumor 
Initiating Cell (TIC) subpopulation from breast cancer pleural effusions 
[1]. Recent investigations from both animal models and clinical 
samples have continuously supported that TIC does exist and plays 
an important role in tumor metastasis and recurrence [1,2]. However, 
TICs have a few intrinsic properties leading to their complexity in 
molecular targeting and inhibition. TICs are 1) heterogeneous [3-7], 
2) dynamically changing states [8,9], 3) often rare [1,10] and 4) lack 
robust biomarker combinations [4], thereby challenging conventional 
bulk in vitro experimental tools and complicating the prediction and 
explanation of animal study results. High throughput, in situ, and cell-
by-cell measurement on TICs is a way to fully decipher TIC’s molecular 
signature and signaling pathways. We believe such measurement can 
lead to 1) revolutionary implementation of TIC models; 2) identification 
of new therapeutic targets; and 3) reduction of breast cancer recurrence 
and metastasis. Microfluidics technology is a candidate to serve as such 
type of high throughput single-cell characterization.

We started pursuing such measurements a few years ago and 
demonstrated high throughput single-cell protein profiling on both 
cell lines and clinical samples [11-15]. The technology, called single-
cell barcode chip (SCBC) [11,12], is facilitated by state-of-the-art 
Polydimethylsiloxane (PDMS) microfluidics protocols. The SCBC 
consists of down to nanoliter chambers that concentrate proteins 
from individual cells to a level even higher than cell culture media in 
conventional dish technology and contains extremely miniaturized 
antibody arrays to capture proteins produced by cells in these 
chambers. Further utilization of our SCBC platform to TICs is expected 
to characterize protein expression from individual breast TIC and lead 
to new discoveries in TIC filed.

As shown in Figure 1, by applying enriched TIC candidate cells to 
SCBC and on chip culturing, SCBC will be able to measure proteins 
produced from individual cells over a panel of functions including 
self-renewal capability, mammosphere forming capability, and others. 
Study of individual TIC response to targeted inhibitors may lead to 
new investigation in the hidden mechanisms involved in the TIC 
drug resistance. The focus could be on chip single-cell study on the 
expression of proteins with functions of apoptosis, disease progression 
and tumor malignancy from each individual cell under in situ drug 
treatments (Figure 2). 

Tumor recurrence drug screening is another advantage of 
using single cell microfluidics technology. Particularly, studying the 
metastatic mechanism by the in vitro microfluidics model systems 
may lead to new drug targets that particularly inhibit TIC. Figure 2 
represents a schematic design of a single cell technology to mimic 
the tumor recurrence microenvironment. The Metastatic Assessment 
Chip (MAC) integrates functions including engineered tissue pads 
containing matrigel and stroma cells, cell loading/culturing and drug 
testing chambers, migration and invasion channel, and antibody 
arrays, to study tumorigenic process from individual TICs. 

In the MAC design, we first load matrigel and breast stroma cells 
(fibroblast, immune cells, healthy breast epithelial/endothelial cells, fat 
cells, and/or others) and culture the mixture till an engineered tissue 
graft is formed. We then load the other side of the MAC device with 
cancer cells and test drugs and observe the cells migrating and invading 
into the artificial tissue pad. The device will be able to handle thousands 
of tests on one glass slide size chip. Antibody arrays will also be printed 
under the cell culture chamber so that the cancer cell migration 
capability could be correlated to protein production. We expect MAC 
could serve as the artificial tissue graft that mimics tumor metastasis 
and provides a platform to study the relationship between molecular 
signature and tumor spreading behavior at single cell level. 

A. Breast Cancer Cells

B. TIC Enrichment:
1.Flow Cytometry
2.Anti-Proliferative Selection
3.Mechanical Separation

C. Heterogeneous
TIC Candidate Cells

E. TICs with Their
Molecular Signature

G. TIC Specific
Drugs

D. Single Cell Barcode Chip:
High throghput, in situ, and cell-by-
      cell measurement of TIC molecular
characters and signaling pathways

F. On-Chip Single Cell Inhibition Test with
in situ Measurement of Tumor

Progression, TIC Maintaining, and Cell
Apoptosis FactorsSingle Cell Chip

Protein Profile Readout

Figure 1: A single cell strategy to study TIC heterogeneity and perform TIC 
specific inhibitor selection. Text boxes A-F present the flow chart of our 
study. TIC candidate cells are enriched from patient-derived human breast 
tumor xenografts and applied to SCBC for cell-by-cell protein expression 
study. The TIC proteome is then analyzed in SCBC and potential signaling 
pathways are summarized from high throughput single cell data. These 
pathways are next inhibited by on-chip single cell treatment test. With in situ 
TIC function test, TIC specific drugs are identified and subjected to next step 
animal validation. Shown on the left is a typical SCBC device for single cell 
proteome measurements and shown on the bottom is our preliminary cancer 
cell secretome data. In the bottom image, yellow numbers are cells (0, 1, to a 
few) trapped in nanoliter chambers, where the barcodes represent intensities 
of secreted proteins from the cells.
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Overall, the significance of single cell technology to study TIC 
includes that 1) success of single cell protein measurements on TICs 
can identify new drug targets to eliminate TIC; 2) investigation of both 
secreted proteins and lysate proteins at individual cell level could lead 
to signaling mechanisms of TIC renewal and proliferation, which will 
inspire not only breast cancer research, but also other types of recurring 
cancer; and 3) screening drugs at single cell level could help identify 
drug efficacy on true TIC and avoid confusing results from non-TIC 
neighboring cells.
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Figure 2: Design of Metastasis Assessing Chip (MAC) for rapid anti-TIC drug 
tests. The design contains engineered tissue pad made of Matrigel and stroma 
cells. It also contains cancer cell culture, drug test, and secreted protein 
expression test.
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