
Array Based Sensing of Normal, Cancerous and Metastatic Cells
using Conjugated Fluorescent Polymers

Avinash Bajaj§, Oscar R. Miranda§, Ronnie Phillips#, Ik-Bum Kim#, D. Joseph Jerry‡, Uwe
H. F. Bunz#, and Vincent M. Rotello§
§Department of Chemistry University of Massachusetts, 710 North Pleasant Street, Amherst,
Massachusetts 01003
‡Department of Veterinary and Animal Science, University of Massachusetts, 710 North Pleasant
Street, Amherst, Massachusetts 01003
#Department of School of Chemistry and Biochemistry, Georgia Institute of Technology, 901 Atlantic
Drive, Atlanta, Georgia 30332

Abstract
A family of conjugated fluorescent polymers was used to create an array for cell sensing. Fluorescent
conjugated polymers with pendant charged residues provided multivalent interactions with cell
membranes, allowing the detection of subtle differences between different cell types on the basis of
cell surface characteristics. Highly reproducible characteristic patterns were obtained from different
cell types as well as from isogenic cell lines, enabling the identification of cell type as well
differentiating between normal, cancerous and metastatic isogenic cell types with high accuracy.

Introduction
The multivalent capabilities and sensitivity of conjugated polymers to minor conformational
or environmental changes makes them ideal candidates for biosensing applications.1,2 The
optical properties of these materials, e.g. i.e. absorption (color) and emission (glow) change
significantly in response to even subtle changes in their surroundings. Unlike small molecule
fluorophores, conjugated polymers feature a molecular wire effect and polyvalent modes of
interactions that can enhance signal generation.1,2 Moreover, conjugated polymer chains with
multiple recognition elements can bind to one analyte molecule, thereby increasing both the
binding efficiency and recognition selectivity for specific analytes.3

The favorable properties of conjugated polymers have facilitated their applications in
biosensing and bioimaging. As an example, the heparin-like properties of a highly negatively
charged PPE were shown by staining of hamster fibroblast cells, where PPE binds selectively
to fibronectin due to significant electrostatic interactions.4 Recent studies on cell labeling using
polymers5,6 suggest that conjugated polymers could provide an effective platform for cell
sensing, including the detection of cancer cells.

Existing methods for cancer cell detection are in general based on antibody array7,8 and DNA
microarray9 techniques, and rely on variations in intra- and extracellular protein biomarkers
and mutations in genome, respectively. While antibody-based arrays have been quite successful
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in early detection of cancers, they require the availability of specific markers for different
cancers, a situation that is not the case with many cancers.10 There is therefore a need for the
development of new biosensor strategies for the detection of cancer cells that can distinguish
between cell lines based on more subtle differences.

Chemical nose-based sensor array approaches11 that exploit differential receptor-analyte
binding interactions provide an alternative to lock-and-key approaches that use specific
recognition processes. “Electronic noses/tongues” have been employed for a wide variety of
analytes, including metal ions,12 volatile agents,13 aromatic amines,14 amino acids,15

carbohydrates16 and proteins.17 While array approaches are quite useful for detection of
specific analytes, the sensitivity of these systems to subtle changes in analyte ratios makes
them particularly promising for cell sensing applications, as demonstrated by the use of
nanoparticle-polymer systems to identify bacteria18 and mammalian cell types.19 In this
contribution, we exploit the environmentally responsive fluorescence of poly
(paraphenyleneethynylene)s (PPE) to provide an array-based sensing system (Figure 1) that
can differentiate between cell types as well as discern cancerous from non-cancerous
mammalian cells. In our approach, we use a differential affinity-based approach as opposed to
specific biomarker recognition. The major advantage of this approach is that we do not require
knowledge of specific ligands or receptors to differntiate between cell types and states.

Experimental Section
Materials and Methods

Polymers P1-P8 were synthesized as reported previously.20 The NT2 cell line was obtained
from Prof. R. Thomas Zoeller (Biology Department, University of Massachusetts at Amherst,
USA). All the cells were grown in DMEM media supplemented with 10% FBS and 1%
antibiotics in T75 flasks at 37 °C in a humidified atmosphere containing 5% CO2. Cells were
regularly passaged by trypsinization with 0.1% trypsin (EDTA 0.02%, dextrose 0.05%, and
trypsin 0.1%) in PBS (pH 7.2).

Cell sensing studies
Cells grown in T75 flasks were washed with DPBS buffer, trypsinized with 1X trypsin and
collected in the DMEM media. Cells were spun down, re-suspended in DMEM media (without
serum proteins/antibiotics) and counted using hemocytometer. The polymers were dissolved
in DPBS buffer (1 ×) to make 100 nM of stock solutions on the basis of their molecular weights.
200 μL of each polymer solution in DPBS was loaded into a well on a 96-well plate (300 μL
WhatmanR) and the fluorescence intensity values at 465 nm was recorded on a Molecular
Devices SpectraMax M5 microplate reader with excitation at 430 nm. 10 μL of cell suspension
(5,000 cells) was added to each well. The fluorescence intensity values at 465 nm were recorded
again. The ratio of the final response to initial fluorescence response before and after addition
of cells was treated as the fluorescence response. This process was repeated firstly for four
different cancer cell types to generate six replicates of each. We have tested 4 cell types against
the eight-polymer array (P1-P8) six times, to generate training data matrix of 8 polymers × 4
cell types × 6 replicates. Similarly, a training matrix of 8 polymers × 3 cell types × 6 replicates
was generated for three Isogenic cell types. We have used the same volume and concentration
of DMEM media for all cell type experiments under identical conditions. Therefore the changes
due to DMEM media alone would be same for all the experiments.

LDA analysis
The raw data matrix was processed using classical linear discriminant analysis (LDA) in
SYSTAT (version 11.0).21,22 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
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to canonical patterns where the ratio of between-class variance to the within-class variance
was maximized according to the pre-assigned grouping. In a blind experiment, the rates of
fluorescence patterns of new case were first converted to canonical scores using discriminate
functions established on training samples. Mahalanobis distance23,24 is the distance of a case
to the centroid of a group in a multidimensional space and was calculated for the new case to
the centroid of respective groups (normal or cancerous or metastatic cells) of training samples.
The new case was assigned to the group with shortest Mahalanobis distance. This processing
protocol was performed on the SYSTAT 11 program, allowing the assignment of cells to
specific groups.

Results and Discussion
As a starting point for our studies we have chosen eight conjugated fluorescent polymers
(Figure 2) based on a common PPE backbone. These PPEs are water soluble, fluorescent and
structurally diverse, possessing various charge characteristics and differing degrees of
polymerization. Our hypothesis was that these characteristics should provide these polymers
with selective binding properties, and hence differential interactions with different cell
surfaces. (Figure 1) These differential interactions involve the electrostatic interactions
between the cationic/anionic polymers and cell surface functionality, e.g. lipids, proteins and
polysaccharides. These interactions lead to different aggregation behaviors of polymers on the
cell surfaces resulting in variation of the polymer fluorescence that can be analyzed by LDA
analysis to discriminate different cell types and states.

We have selected four different human cancerous cell lines and three isogenic cells lines. (Table
1) for our studies. Each of these cell types has a different function that would be expected to
be manifested in surface functionality in practice. The isogenic breast cell lines provide a
particularly valid testbed for our sensor array, as these cells differ only in cell state, providing
a model for detection of cancer in clinical settings.

In practice, we first titrated the polymers with different concentrations of cell suspensions to
determine the sensitivity of the array. The fluorescence titration studies showed the required
sensitivity using 5 × 103 cells (see SI) so that final cell concentration of cells would be 5 ×
103 cells/210 μL. In all the further experiments, this concentration of cells was used. The
fluorescence of the PPE solution (100 nM, on the basis of number-average molecular weight)
in phosphate buffered saline (PBS) was recorded. Then 5 × 103 cells in 10µL of DMEM media
were added to the PPE and the mixture was incubated for 30 min and the fluorescence of the
polymer recorded again. The experiments were performed with eight polymers in 6-replicates.
The fluorescence response patterns were generated from the ratio of final and initial
fluorescence of the polymers. The fluorescence intensity of all of the samples decreases upon
exposure to the mammalian cells due to polyvalent interactions of polymers with cell surfaces.
To sort out the fluorescence responses that provide the discriminating signatures, we classified
the fluorescence data set for all the 8 polymers using classical linear discriminant analysis
(LDA) using SYSTAT software (version 11). This statistical analysis method is used to
recognize the linear combination of features that differentiate two or more classes of objects
or events. Stepwise analysis with different polymer set(s) (i.e. jackknifed classification) was
used to determine which polymer set could best differentiate between the cells. The Jackknifed
classification matrix is an attempt to approximate cross-validation. The Jackknifed
classification matrix use functions computed from all of the data except the case being
classified. Figure 3 presents the Jackknifed classification matrix for all different set of cell lines
using different combinations of polymers. As demonstrated in Fig. 3, we pick out different
combinations logically ruling out the cases that lead to less separation. Then we consider the
combinations containing least number of polymers. We observed the maximum differentiation
grouping using four common polymers (P2, P2, P3, P5) in the present study. Next, we
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subjected the data obtained from different cancer cell types and isogenic cell to LDA analysis
using these common set of particles to determine the separation within each class (vide
infra).

Figure 4a presents the fluorescence response of the four cell lines (HeLa, MCF-7, NT2 and
HepG2) to polymers P1, P2, P3, and P5. The LDA analysis converts the patterns of training
matrix (4 polymers × 4 cell lines × 6 replicates) to canonical scores. The first three canonical
factors contain 96.7, 3.0 and 0.3% of variance as shown in Figure 4b. In this plot, each point
represents the response pattern for a single cell type to the polymer sensor array. In the canonical
fluorescence response patterns, the different cell types are clustered into four non-overlapping
groups (95% level confidence ellipses) (Figure 4b), indicating the ability of this set of polymers
to differentiate between the four different cancer cell types using simple polymer array.

These initial results validate our ability to differentiate cell types phenotypically based on their
surface properties. A much more challenging goal is to differentiate cells based on cell state,
i.e. the differentiation between genetically identical healthy, cancerous, and metastatic cells.
To determine the ability of our sensors to detect and identify cancer, we used three cell lines
from genetically identical BALB/c mice (Table 1). CDBgeo cells were prepared by retroviral
infection with a marker gene encoding the fusion of β-galactosidase and neomycin resistance.
These cells exhibit normal outgrowths when transplanted into mammary fat pads. The TD cells
were prepared by treating CDBgeo-cells with 10 ng/mL TGF-β for 14 days,25 withdrawal for
five passages resulted in a persistent epithelial-to-mesenchymal transformation: tumorogenic
growth resulted when transplanted. The V14 cell line was established from a primary mammary
tumor arising in BALB/c-Trp53+/- mice.26 The cells lack p53 protein and form aggressive
tumors that are locally invasive in mice. Therefore, CDBgeo and TD cells differ from each
other just a single cell-state transformation. As an example, V14 is different from CDBgeo and
TD in just lacking the p53 tumor suppressor gene.

The three cell lines (CDBgeo, TD, and V14) were screened with the eight PPEs; the jackknifed
analysis (Figure 3b) indicates that optimal differentiation (94%) was achieved using the same
four polymers as before, i.e. P1, P2, P3 and P5. Figure 5a shows the fluorescence patterns
obtained from four polymers P1, P2, P3 and P5 upon their incubation with isogenic cell types.
These patterns were reproducible and subjected to LDA analysis (Figure 5b) generating the
training matrix of 4 polymers × 3 cell types × 6 replicates with first two factors of 96.3 and
3.7% of variance respectively with 94% accuracy. Therefore, using this array based approach
we can discriminate the subtle changes between different cell states, providing a model for
cancer detection in clinical applications.

The robustness of the polymer array system was tested using unknowns generated from the
three isogenic cell lines. The fluorescence response patterns generated were subjected to LDA
analysis. During LDA, the cell types were classified to the groups generated through the
training matrix according to their shortest Mahalonobis distances to respective groups. In these
studies we observed 80% accuracy of unknown samples (19 out of 24).

Analysis of the combined results indicates that four polymers (P1, P2, P3 and P5) out of the
original eight can distinguish different mammalian cells effectively. Of the four polymers
P1-4 are cationic and would hence be expected to interact with the negatively charged cell
membrane. Significantly, polymer length is important, as P3 and P4 have the same structure,
but only the longer P3 was effective at differentiation, suggesting that polyvalency is an
important consideration in differentiation. Polymers P5-8 are anionic in nature, and their
interaction with the cells is not clear. It is worth noting, however, that the least charged anionic
polymer (P5) was most effective at cell differentiation.
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Conclusions
In summary, we have developed a conjugated fluorescent polymer PPE-based sensor array and
demonstrated its utility in cell sensing. Using this sensor array, we can distinguish between
several cancer cell types as well as between isogenic healthy, cancerous, and metastatic cells
that possess the same genetic background. Taken together, these studies provide an effective
sensor for differentiating cell types, as well as provide a potential direction in the creation of
polymer-based imaging agents and delivery vehicles based on differential cell interactions;
and “nose” based polymer sensor arrays are new ways for diagnostic, biophysical and surface
science processes involving cell surfaces.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematic presentation of cell detection assay and interaction between polymers and cell types.
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Figure 2.
Molecular structures of the fluorescent polymers used in this study.20
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Figure 3.
Jackknifed classification matrix obtained through LDA analysis for eight polymers for (a) four
cell lines HeLa, MCF-7, NT2 and HepG2; (b) for three cell lines CDBgeo, TD and V14.
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Figure 4.
(a) Fluorescence responses for four different cancer cell lines HeLa (cervical), MCF7 (breast),
HepG2 (liver) and NT2 (testes) using fluorescent polymers. Each value is average of six parallel
measurements. (b) Canonical score plot for two factors of simplified fluorescence response
patterns obtained with the fluorescent polymer arrays
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Figure 5.
(a) Fluorescence responses for three isogenic cell lines CDBgeo, TD cell and V14 using
polymer arrays. Each value is average of six parallel measurements. (b) Canonical score plot
for first two factors of simplified fluorescence response patterns obtained with polymer arrays
against different mammalian cell types. The canonical scores were calculated by LDA for
identification of three cell lines.
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Table 1

Origin and nature of the mammalian cell lines used in this study.

Human cell lines Cervix HeLa Cancerous

Brest MCF-7 Cancerous

Liver HepG2 Cancerous

Testis NT2 Cancerous

Mouse cell lines BALB/c mice (Breast) CDBgeo Normal

Immortalized

TD Cancerous

V14 Metastatic
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