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Abstract

Cancer stem cells (CSCs) contribute to multidrug resistance, tumor recurrence and metastasis, 

making them prime therapeutic targets. Their ability to differentiate and lose stem cell properties 

makes them challenging to study. Currently, there is no simple assay that can capture and trace the 

dynamic phenotypic changes on the CSC surface. Here, we report rapid discrimination of breast 

CSCs from non-CSCs using a nanoparticle-fluorescent-protein based sensor. This nanosensor was 

employed to discriminate CSCs from non-CSCs, as well CSCs that had differentiated in vitro in 

two breast cancer models. Importantly, the sensor platform could also discriminate CSCs from the 

bulk population of cells in patient-derived xenografts of human breast cancer. Taken together, the 

results obtained demonstrate the feasibility of using the nanosensor to phenotype CSCs and 

monitor their fate. Furthermore, this approach provides a novel area for therapeutic interventions 

against these challenging targets.
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Background

The complex geno-and phenotypic heterogeneity of tumors is reflected in the observation 

that tumor cells within a given cancer differ in their morphology, proliferative capacity, 

sensitivity to therapeutic agents and metastatic potential. Although quantitative analysis of 

phenotypic markers is an essential tool for drug discovery,1 it can be challenging because of 

tumor heterogeneity. One of the most telling aspects of such nature is that only a subset of 

cells within a tumor are capable of initiating a new primary tumor or metastasis.2 These cells 

are referred to as cancer stem cells (CSCs). They have the ability to self-renew and 

differentiate into multiple lineages, metastasizing and populating new tumors.3 CSCs are 

highly resistant to standard chemotherapeutic strategies and are considered prime drivers of 

tumor recurrence and metastasis, making them important therapeutic targets.4,5

CSCs present in solid tumors are often de-differentiated and exhibit properties of an 

epithelial-to-mesenchymal transition (EMT).6,7 In fact, EMT can enrich a CSC population, a 

process associated with cancer progression and metastasis.8,9 CSCs are also inherently 

plastic and they can differentiate i.e., undergo a mesenchymal-epithelial transition (MET), in 

response to stimuli from the microenvironment and other factors.10,11 This process results in 

loss of stem cell properties, which make them even more difficult to detect and monitor. 

Interestingly, however, the EMT and MET may not be all-or-none responses, but rather 

multi-stage and reversible processes involving intermediate states.12,13 During each 

transition state, both genomic and phenotypic changes can occur, with concomitant 

alterations in their behavior and response to drugs.14 This complexity of CSC phenotypes 

even within the same cancer creates a challenge when profiling CSCs from individual 

tumors.

Current methods of phenotyping cells are mainly through fluorescent imaging and flow 

cytometry.15,16 While providing useful information, these methods are limited in a few 

aspects: expensive instrumentation, specific antibodies, and burdensome data collection and 

analysis. Moreover, current strategies rely heavily on cell surface markers.17–19 Such 

biomarker-based approaches, however, are hindered by ambiguity and end-point evaluation. 

For instance, CD133 was thought to be a suitable marker for colon CSCs, but alternative 

sensing modalities show this biomarker to be unreliable.20,21 In addition, evidence has 

shown that a partial EMT gives rise to hybrid cells expressing both epithelial and 

mesenchymal markers.13,22 Since end-point biomarker evaluation only targets one 

phenotype, using this approach is likely to miss any intermediate states. Thus, there is an 

urgent need for a simple and general method to phenotype and trace the dynamic changes 

that occur within populations of CSCs.

Nanotechnology in combination with natural science has emerged to become a powerful tool 

for investigating challenging biological questions.23,24 Inspired by the human olfactory 

system, chemical nose sensing was developed as a hypothesis-free, signature-based tool to 

identify complex bioanalytes.25–27 Gold nanoparticles (AuNPs) with tunable surface 

functionality and strong quenching ability28 are ideal for constructing nanosensors. 

Nanoparticle-based sensor arrays can be engineered to selectively interact with a target 

analyte, generating a unique response signature. Since no specific recognition is involved in 
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the process, extensive pre-knowledge of analytes is not required, making it a hypothesis-free 

approach. Once trained, nanosensors can quickly identify target analytes through pattern 

recognition and results can be obtained within minutes. Successful implementation has been 

shown in a wide range of biomolecules including proteins,29 bacteria,30 and mammalian 

cells.25

In this paper, we employ an array-based strategy to profile CSCs and monitor their 

phenotypic alterations (Figure 1). The nanosensor used here is composed of a functionalized 

gold nanoparticle (AuNP) and three fluorescent proteins (FP) of which the fluorescence is 

initially quenched by AuNP but restored upon addition of cells. We tested our sensor against 

CSC models created both in vitro and in vivo, demonstrating a feasible approach to detect 

differentiation and other phenotypic changes for both screening applications and 

personalized diagnostics.

Methods

Ethical Statement

Human breast tumor tissue was obtained and used in compliance with the institutional 

review board of the University of Massachusetts Medical School. All mouse experiments 

were performed following a protocol approved by the Institutional Animal Care and Use 

Committee of the University of Massachusetts Medical School.

Nanoparticle Synthesis and Characterization

Benzyl gold nanoparticles with a core diameter of 2nm were synthesized according to 

previous reports.31 Detailed synthesis scheme and characterization of BenzNPs can be found 

in the supplementary information. The characterization data corresponds well with that 

reported in the literature.

Fluorescent Proteins Expression

EGFP, EBFP, tdTomato32 were synthesized and characterized following previously reported 

procedures. In brief, Escherichia coli BL21 (DE3) strain was transformed with plasmids 

containing recombinant proteins. Fluorescent proteins were then purified by Co2+ 

nitrilotriacetate columns and characterized by SDS-PAGE gel, absorbance and fluorescence 

spectra. The characterization data is similar with previous published work.27

Isolation of Mammary Epithelial Cells

MCF-10A cells that express a tamoxifen-inducible ER-SRC were provided by Dr. Kevin 

Struhl (Harvard Medical School, Boston, MA). Protocols for the isolation of the CD44high/

CD24low population from these Src-transformed MCF10A cells and characterization of 

distinct EPTH and MES subpopulations within the CD44high/CD24low population based on 

the expression of the P6 integrin have been described.33

Engineering S1 Cell Lines

HMT-3522 S1 human mammary epithelial cells were obtained from Dr. Mina Bissell34 

(Lawrence Berkeley National Laboratory) and maintained as described by the Bissell 

Geng et al. Page 3

Nanomedicine. Author manuscript; available in PMC 2019 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



laboratory.35 These cells were transfected with either empty vector (pLVX-puro) or a 

constitutively active form of TAZ that contains the following S to A point mutations (S66A, 

S89A, S117A and S311A) and is referred to as 4SA-TAZ (pLVX-4SA-TAZ; provided by 

Xaralabos Varelas, Boston University).36 Stable transfectants were selected using 2 ug/ml 

puromycin. To induce differentiation of S1 cells expressing 4SA-TAZ, these cells were 

transfected with a β4 integrin plasmid (pRC-β4) and selected with neomycin. All cell 

populations used were stable cell lines, which were cultured for two passages without any 

antibiotics to avoid potential problems related to transfection-or selection-related surface 

alterations. All cell populations were assessed for self-renewal ability using serial 

mammosphere assay as described previously.37 The expression of key stem cell and EMT 

genes was quantified by qPCR.

Patient-derived Xenografts (PDX)

PDX models of human triple-negative breast cancer were maintained in 

immunocompromised NOD.Cg-Prkdcscid IL2rgtm1Wjl (abbreviated as NSG) mice as 

described previously.38 Tumors were harvested, minced and digested for 2–3 hours at 37°C 

with a mixture of collagenase (Roche, Indianapolis, IN, USA) and hyaluronidase (MP 

Biomedicals, Solon, OH, USA). The digested cells were passed through a cell strainer to 

obtain single cell suspensions and plated briefly in serum (1–2 h) to deplete mammary 

fibroblasts. To isolate CSCs from PDX tumors, dissociated cells were stained with 

antibodies for lineage markers (CD31, CD45, Ter-119), CD44 and CD24. The lineage 

antibodies were purchased from eBioscience. The various populations were sorted using 

flow cytometry [(nozzle size (mm)/pressure (psi): 85/45)]. Both populations (CSC and non-

CSC) were sorted at the same time using two-way sort to minimize the sorting effect on cell 

surface alterations.

Immunoblotting and qPCR

Cells were extracted using a Triton X-100 buffer (1% Triton X-100, 150 mM NaCl, 50 mM 

Tris-HCl [pH 7.5], 1 mM phenylmethanesulfonylfluoride [PMSF] and protease inhibitors), 

and proteins were separated by SDS-PAGE under reducing conditions. These gels were 

immunoblotted using the following Abs: N-Cadherin (Invitrogen); E-Cadherin (Invitrogen); 

β4 integrin 505;39 c-myc (Cell Signaling); actin (Sigma); FLAG (Sigma). For qPCR, RNA 

was isolated using the NucleopSpin RNA kit (Macherey-Nagel) and 1 ug of total RNA was 

used to make cDNAs using a cDNA synthesis kit (Biorad). qPCR was performed using a 

SYBR green (Applied Biosystems) master mix as described by the manufacturer. qPCR 

primers were designed using primer bank.40

Cell Culture

MCF10A-ER-Src cells were cultured in DMEM/F12 medium containing 5% horse serum 

and other growth factors as described previously.41 S1 cell lines were grown and maintained 

as described by the Bissell laboratory.35 All cells were maintained at 37 °C in a humidified 

atmosphere containing 5% CO2. Cells were regularly passaged by trypsinization with 0.25% 

trypsin with EDTA, (Invitrogen) in PBS (pH 7.2). At ~80% confluence, cells were 

trypsinized and plated in 96-well plates (Greiner black-and-clear bottom) and cultured for 24 

hrs. Cells were washed once with PBS buffer before proceeding to the sensing studies.
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Sensing Studies

The sensor was prepared by mixing 100nM of BenzNP with equimolar (100nM) of EBFP, 

EGFP and tdTomato in 5mM sodium phosphate buffer (pH7.4) for 30 minutes at room 

temperature. Then, 200uL of sensor solution was incubated with and without the cell 

populations (washed once with PBS) in 96-well microplates for 30 minutes. The change of 

fluorescence intensity in each channel was recorded at its respective wavelength (EBFP: 

380/450nm, EGFP: 475/510nm, tdTomato: 550/585nm) on a Molecular Devices SpectraMax 

M2 microplate reader using appropriate filters.

Linear Discriminant Analysis

The raw fluorescence data was processed by classical linear discriminant analysis using 

SYSTAT software (version 11.0, SystatSoftware, Richmond, CA, USA). In LDA, all 

variables were used in the model (complete mode) and the tolerance was set as 0.001. The 

raw fluorescence response patterns were transformed to canonical patterns where the ratio of 

between-class variance to the within-class variance was maximized according to the 

preassigned grouping. To identify the unknown samples, the fluorescence response patterns 

of each new case was first converted to canonical scores using the discriminant functions 

established on the training cases. Then, Mahalanobis distance42 was computed. Blinded 

cases were predicted to belong to the closest group, defined by the shortest Mahalanobis 

distance.

Receiver Operating Characteristic Analysis

Receiver operating characteristic (ROC) analysis was used to evaluate the performacne of 

LDA algorithm. ROC analysis calcualtes the true and fales postive rate of a given binary 

sample set. By ploting the two rates, an area under the curve can be derived, which indicates 

the ability of the test to discriminate the desired two populations. ROC analysis was done 

using Rstudio (version 1.0.143, Integrated Development for R. RStudio, Inc., Boston, MA).

Results

Complexation of nanosensor

The sensor array used here is composed of a benzyl headgroup-terminated AuNP (BenzNP) 

and three types of fluorescent proteins (EGFP, EBFP, and tdTomato) as shown in Figure 1A. 

The cationic BenzNP binds strongly with anionic fluorescent proteins, resulting in 

fluorescence quenching. Upon incubation with cells, cell surface functionalities compete 

with fluorescent proteins for AuNP binding. The released fluorescent proteins can then 

freely emit light, simultaneously giving out three-channel information in one well from the 

microplate. We hypothesized that CSCs and non-CSCs would interact differently with the 

BenzNP-FP supramolecular complexes, resulting in the generation of unique fluorescence 

patterns that could be used to profile CSC states (Fig. 1B).

Sensing of established CSC model

We first used a system that involves Src-transformation of mammary epithelial (MCF10A) 

cells to test our hypothesis. Upon transformation, the frequency of CSCs (CD44high/
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CD24low) increases significantly.43 Interestingly, though, this CD44high/CD24low population 

is comprised of two distinct populations that differ in their differentiation status and stem 

cell properties.33 The epithelial population (EPTH) is comprised of differentiated cells and 

lacks stem cell properties. The mesenchymal population (MES) is comprised of de-

differentiated cells and exhibits stem cell properties (self-renewal, expression of stem cell 

genes, mammosphere formation and tumor initiation). The two subpopulations were isolated 

using previously reported procedures33 and seeded at a density of 104 cells/well in a 96-well 

microplate for 24 hours. Subsequently, an equimolar amount of BenzNP and three FPs were 

mixed at room temperature to form the nanosensor. Cells were washed once with phosphate 

buffered saline (PBS) and incubated with the nanosensor for 30 minutes before fluorescent 

measurement. The changes in fluorescence responses were statistically analyzed using linear 

discriminate analysis (LDA).

As shown in Figure 2, the MES population that harbors CSC properties was completely 

discriminated from the EPTH population that lacks CSC properties with 100% correct 

classification (two shaded ellipses). An important issue is whether our nanosensor could 

detect CSCs in a heterogeneous population of cells. To address this question, MES and 

EPTH cells, which had been cultured either separately or as a mixture, were incubated with 

the nanosensor. We found that the nanosensor could discriminate the relative proportion of 

CSCs with a high level of confidence (Fig. 2). Significantly, the sensor detected a 

corresponding trend across all the heterogeneous populations. Cross-validation among 0%, 

50% and 100% CSC groups showed 100% correct classification (Table S5). Blinded cell 

mixture samples were tested for unknown identification among the three groups. 96% 

accurate unknown identification was achieved with only one case of 0% CSC misclassified 

as 50% CSC (Table S7).

Development of a phenotypic plastic CSC model

Although the MCF-10A ER-Src system provides a way to enrich CSCs, it does not reflect 

their dynamic plasticity. For this reason, we developed a second model system to monitor 

the CSC plasticity using a diploid, non-tumorigenic cell line (S1 cells).44 These cells are 

highly differentiated and polarized. Expression of the Hippo transducer TAZ in these cells 

induced transformation, an EMT and the acquisition of stem cell properties (Fig. 3A–C), 

consistent with previous findings.45,46 A consequence of TAZ transformation and the EMT 

was loss of the integrin α6β4, and this loss had a causal role in the genesis of CSCs. Re-

expression of this integrin in TAZ-transformed cells reversed the EMT and resulted in loss 

of stem cell properties (Fig. 3A–C). We termed these cells de-CSCs. The identity of non-

CSCs, CSCs, and de-CSCs was further verified by morphology, relative expression of 

epithelial and mesenchymal markers, as well as self-renewal ability (Fig. 3A–D).

Detection of phenotypical changes on CSCs

After establishing the S1 system, each of these populations was incubated with the sensor 

for 30 minutes, fluorescent patterns were obtained and analyzed. Consistent discrimination 

between the CSC and non-CSC groups was observed (Fig. 4A). In addition, de-CSCs 

clustered closely and overlapped with non-CSCs on the LDA plot, which could be due to the 

fact that both groups lack stem cell phenotypes and share a similar morphology (Fig. 3A). 
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The nanosensor was also able to detect different percentages of CSCs in the heterogeneous 

populations (Fig. 4B). Cross-validation among 0%, 50% and 100% CSC mixtures showed 

100% accurate classification (Table S6). Complete correct unknown identification of the 

blinded cell mixtures was also achieved (Table S9). To evaluate the performance of the LDA 

algorithm used, we employed the receiver operating characteristic (ROC) analysis on the S1 

data set. As shown in Figure 4C, ROC results showed an area under the curve of 1.0, 

indicating a complete separation between CSC and non/de-CSC population.

Sensing of patient-derived xenografts

To determine the potential utility of our sensor in human tumors, we tested the sensing 

system on patient-derived xenografts (PDX). PDX tumors were generated by transplanting 

tumor specimens from an individual breast cancer patient into immuno-compromised NSG 

mice. CSCs (CD44high/CD24low) and non-CSCs (CD44low/CD24high) were isolated from 

PDX tumors by fluorescence-activated cell sorting (FACS) (Fig. 5A). Both populations 

(CSC and non-CSC) were sorted at the same time using a two-way sort to minimize the 

sorting effect on cell surface alterations. The identity of each population was validated by 

assessing their self-renewal ability in mammosphere assays (Fig. 5B). A similar sensing 

strategy was performed on PDX-derived CSCs and non-CSCs. The canonical score plot 

obtained showed complete separation of the two groups with 100% classification accuracy 

(Fig. 5C). Unknown samples from each group were tested and correctly identified into either 

CSCs or non-CSCs with 100% accuracy (Table S10).

Discussion

CSCs present crucial targets for breast cancer therapy.47,48 The plastic nature of CSCs as 

they respond to the environment has enriched our knowledge of the EMT and MET.10,11 

Much information is harbored in the physical properties of cells, yet there are significant 

challenges in extracting that data in a quantitative and reliable way. In this paper, we use a 

nanosensor array as an alternative strategy to phenotype CSCs. The key in this ‘olfaction’ 

array-based sensing is being able to generate distinct patterns through selective interactions 

between sensor elements and analytes. To achieve these interactions, the surface 

functionality of AuNPs is carefully considered in the sensor design. Previously, we explored 

a library of AuNPs with different hydrophobicity, aromaticity, and hydrogen bonding 

characteristics. We discovered that benzyl-terminated AuNP contributed significantly to the 

differential sensor responses with cells.25,26,49 To ensure a high selectivity in profiling the 

overall physicochemical changes on cancer stem cells, we chose the Benzyl-NP as the 

interacting unit in this study. The successful discrimination between non-CSC and CSCs 

shows high accuracy of such sensing approach (Fig. 2). In the cell mixture studies for both 

MCF-10A ER-Src and S1 models, we observed that when CSCs were added to non-CSCs at 

a percentage as low as 25%, the sensor output was altered, demonstrating a reasonable level 

of sensitivity of the nanosenor (Fig. 2 & 4B). The reliability of our sensor strategy is further 

demonstrated in its ability to identify unknown samples. By computing the Msahalanobis 

squared distance between the test samples and trained groups (CSCs and non-CSCs), 

unknown samples were clustered into the closest group. The high percentage of correct 

unknown identification validates the reliability of our sensor. Furthermore, all sensor 
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elements were mixed in one well in the microplate, which reduces sensor material cost and 

analysis steps.

Currently, the exact nature of the interactions between the nanosensor and cell surfaces is 

not well understood. The sensor must interact with different components of cell membranes 

in order to preferentially release quenched fluorescent proteins. Our previous study showed 

that the sensor system was highly sensitive to glycosylation patterns, providing a possible 

origin for the responses observed in the current study,50 so it quite likely that glycosylation 

is at least in part responsible for the observed discrimination. Additional interactions could 

also occur, including electrostatic51 and aromatic stacking52 contacts between the particle 

and protein.. Since cell surface composition varies significantly among cell types and states,
53,54 the differential fluorescence responses of CSCs, non-CSCs, and de-CSCs observed here 

are likely due to a mixture of changes in the cell surface functionalities.

Poorly differentiated tumors such as triple negative breast cancer exhibit an embryonic gene 

expression pattern55 and are dependent upon developmental signaling pathways.56–58 These 

pathways play crucial roles initiating and maintaining the pluripotency of CSCs,59, 60 in 

particular the Hippo pathway because the Hippo transducer TAZ has a causal role in 

sustaining CSC function.38,45 Our data on TAZ-mediated genesis of CSCs revealed that a 

key integrin, α6β4, has an important role in impeding the CSC phenotype. The restoration 

of α6β4 reverted stem cell properties (Fig. 3). The results demonstrate that the S1 system 

has the advantage of generating CSCs from breast epithelial cells and being able to reverse 

stemness by expressing a single integrin. The reversible S1 system reflected the dynamic 

state of CSCs and the sensing results showed that the nanosensor can capture such 

phenotypic changes by clustering them into different groups. Taken together, the data 

obtained using two different in vitro models demonstrate the power of array-based sensing in 

profiling CSCs.

There has been intense interest in personalized cancer medicine based on the fact that the 

geno- and phenotypic properties of tumors differ significantly among patients. Interestingly, 

recent data revealed that CSCs isolated from patients with same cancer (colon) differ in their 

properties and response to chemotherapeutics.14 This observation highlights the need to 

profile CSCs from individual breast cancer patients. In our study, a clear discrimination of 

CSCs in PDX models of human breast cancer was observed in Figure 5. This result is 

exciting because it opens the possibility of phenotyping CSCs from individual patients, 

though further refinement of individual samples is needed due to tumor heterogeneity. The 

system presents a promising future of monitoring each patient’s CSCs responses to different 

chemotherapeutics, which could be a potential new dimension for precision medicine.

In summary, we report a nanoparticle-fluorescent-protein based multi-channel sensor that 

rapidly discriminates CSC from non-CSC phenotypes. This sensor platform provides a tool 

with applications in both diagnostics and screening approaches for therapeutic design. The 

nanosensor is highly versatile, as demonstrated by rapid detection of CSCs in both in vitro 
and in vivo models. Taken together, the ability to rapidly identify and profile CSCs provides 

access to new strategies to combat the multidrug resistance, tumor recurrence and metastasis 

associated with CSCs.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Schematic illustration of signature-based sensing of CSCs. A) Equimolar amount of three 

fluorescent proteins are incubated with Benzyl-AuNP forming BenzNP-FP complexes. B) 
Upon the additional of cells, fluorescent proteins are displaced and turned on by cell surface. 

Populations of CSCs, non-CSCs and CSCs that have differentiated and lost stem cell 

properties (de-CSCs) interact differentially with sensor elements, resulting in unique 

fluorescent patterns.
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Figure 2. 
Discrimination of CSCs from the MCF-10A ER-Src system using BenzNP-FP nanosensor. 

Normalized fluorescent intensities against sensor only (I/I0) were obtained with nanosensor 

against different ratios of the MES (harboring CSCs) and EPTH subpopulations isolated 

from MCF-10A Src-transformed cells. Canonical scores for the first two factors of 

fluorescence patterns were generated and plotted through Linear Discriminant Analysis 

(LDA) with 95% confidence ellipses (n = 8).
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Figure 3. 
Workflow of generating reversible S1 model. Expression of active TAZ (4SA-TAZ) in S1 

epithelial cells generated an EMT and CSCs. CSCs were induced to differentiate and lose 

sternness by overexpressing β4 integrin. A) The morphology of each population generated 

was shown. B) The expression of key EMT and epithelial genes was quantified by qPCR. 

Fold changes in mRNA level were shown in the table. C) Immunoblots of the S1 system 

showing the change in epithelial (β4 integrin and E-cadherin) and mesenchymal (N-

cadherin) proteins. Tubulin loading control was shown in each blot. D) Cell self-renewal 

ability of each population was evaluated by serial passage of mammosphere formation assay.
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Figure 4. 
Discrimination of CSCs, non-CSCs and de-CSCs from S1 system using BenzNP-FP 

nanosensor. A) A canonical score plot for the first two factors of fluorescence patterns was 

obtained with BenzNP-FP nanosensor against CSCs, non-CSCs, and de-CSCs from S1 cell 

lines. The scores were generated through LDA with 95% confidence ellipses (n = 8). B) 
Similarly, a canonical score plot was derived for the classification of different ratios of CSC 

and non-CSC mixture. C) Receiver operating characteristic analysis of CSCs, non-CSCs and 

de-CSCs from the S1 system. For analysis purpose, non-CSC and de-CSC were combined 

into one group and referred as non/de-CSC. The area under the curve was calculated to be 

1.0 indicating complete discrimination between the two groups.
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Figure 5. 
Isolation, characterization, and discrimination of primary CSCs from patient-derived 

xenografts. A) CSCs and non-CSCs were isolated from PDX models of human breast cancer 

by FACS using CD44 and CD24 markers. B) Self-renewal potential of these two populations 

was assessed by serial passage mammosphere formation assay. C) CSC and non-CSCs from 

PDX were sensed with BzNP-FP nanosensor. Fluorescence patterns were analyzed through 

LDA. Canonical plot of the first two scores for CSC and Non-CSC samples was generated 
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with 95% confidence ellipses. Unknown samples from each group were correctly identified 

based on the established training set.
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