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Abstract
Using water soluble, fluorescent, flexible polymers, we have devised a novel methodology for
identification and differentiation of prostate cancer cells. By using a step-wise linear discriminant
analysis we demonstrate that the differential modulations of the polymer emission intensities in
the presence of conditioned cell culture media can be used to distinguish between prostate cancer
subtypes and between cancerous and non-cancer cells. The differences in the compositions of the
conditioned cell culture media are likely contributing to different fluorescence spectral patterns of
the polymers. This in vitro approach may provide a novel platform for the development of an
alternative prostate cancer diagnostic and subtyping technique.
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Fluorescent polymers have been successfully used to distinguish different proteins,1
isozymes,2 and for differentiating cancerous, non-cancerous and malignant cell lines.3
Unfortunately, translation of polymer technology has not yet evolved into any clinical
applications. For clinical diagnosis of prostate cancer, analysis of blood, urine, or tumor
markers such as prostate-specific antigen (PSA)4 are used. However, the PSA analysis may
provide ambiguous results, leading to over diagnosis of prostate cancer.5,6 Fluorescent,7
luminescent,8 or other dye-based imaging techniques9 can also be used to detect different
prostate cancer biomarkers. However, these diagnostic techniques do not differentiate the
cancer cells into subtypes.

Cellular subtyping technologies come primarily from the field of microbiology. One
classical example is the oligonucleotide sequencing employed in DNA microarrays and
southern blots.10 A more recent development is microRNA sequencing for identification of
cancerous biomarkers.11 However, the employment of both of these techniques is dependent
upon phenotypically expressed DNA. The development of epigenetic studies (e.g., histone
acetylation and methylation, DNA methylation, etc.) demonstrates that phenotype
expression can be varied independent of DNA sequences.12,13 Thus, to obtain accurate
results, we need to monitor at post-translational levels (i.e., expressed proteins) for
subtyping cancer cells.
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To develop an in vitro approach for subtyping prostate cancer cells, we choose to explore
the use of water soluble, fluorescent polymers. We have recently demonstrated that the
water-soluble, fluorescent polymers can be prepared for selective interactions with the
isozyme matrix metalloproteianse-9 (MMP-9) compared to MMP-7 and −10.2 MMP-9 is a
Zn2+ containing metalloenzyme overexpressed and secreted at different concentrations by
different cancer cells.14,15 The enzyme contributes to the growth and metastasis of a large
number of cancers.16 Besides MMP-9, various other extracellular (e.g., MMP-7, urokinase
plasminogen activator etc.) and membrane-bound enzymes (a disintegrin and a
metalloproteinase, ADAMs) are also overexpressed by metastatic cancer cells, albeit
different amounts.17-19 We reasoned that the differential expression levels of various
extracellular enzymes by the cancer cells will lead to differential modulations of
fluorescence emission intensity from the water soluble polymers in the presence of
conditioned cell culture media. Herein, we demonstrate that this strategy can be used for
distinguishing prostate cancer cells from non-cancerous cells and for subtyping different
prostate cancer cells. Human prostate and other cancer cells have been detected employing
monoclonal antibodies as the recognition elements.20-22 However, preparation and
production of monoclonal antibodies in large scale (> 1 g) can be really challenging. Proper
storage and handling conditions must be followed to ensure that the monoclonal antibodies
are not denatured and retains the selective binding property. In contrast, the polymers
reported here are easy to prepare on a large scale and no special storage and handling
procedures are needed.

We used the monomers 1 – 5 (Scheme 1) to prepare the water-soluble, random polymers P1
and P2 (Table 1) employing AIBN as the free-radical initiator. We have previously observed
that these two polymers were optimal for distinguishing recombinant human MMP-9 from
MMP-7 and −10.2 Polymer P1 was prepared using the monomers with methacrylamide as
the polymerizable group (starting with 50 mol% of monomer 1, 10 mol% of monomer 2, 10
mol% of monomer 3, 10 mol% of monomer 4, and 20 mol% monomer 5); P2 was prepared
with the monomers containing 4-vinylbenzamide as the polymerizable group (starting with
45 mol% of monomer 1, 9 mol% of monomer 2, 9 mol% of monomer 3, 18 mol% of
monomer 4, and 19 mol% of monomer 5). These polymers were then characterized by gel
permeation chromatography (Table 1).

Polymers P1 and P2 are expected to interact with MMP-9 using a variety of non-covalent
interactions. In contrast to the reported polymers for differential interactions with cells,3 our
polymers contain attached MMP inhibitors (from the inhibitor monomer 5). The hydroxamic
acid moiety will interact with the Zn2+ ion in active site pocket.23 We have previously
demonstrated that the polymers P1 and P2 (100 nM solution) effectively inhibit recombinant
MMP-9.2 This interaction could serve as the initial anchoring site for the enzymes to the
polymer and facilitate the formation of the additional surface binding interactions to the
MMP-9 enzyme. For example, the polyamide backbones of the polymers can form hydrogen
bonds with the enzyme surface. Polymer P2 contains the benzamide groups and has the
potential to interact with surface amino acids that containing conjugation.24 Lysine (positive
charge) and aspartic acid (negative charge) groups on the polymers can interact with
complementary charges on the enzyme’s surface. Hydrogen bonding interactions with the
enzyme are also possible from the polymerized alcohol monomer 1.

For the fluorescence experiments, we used the dye-free conditioned cell culture media from
the prostate cancer cell lines (22Rv1 and PC-3), pancreatic cancer (PANC1), and non-
cancerous cell line (HEK-293). The experiments were conducted in 30 mM phosphate buffer
(pH = 7.4). Amongst the selected prostate cancer cells, 22Rv1 is androgen-dependent and
PC-3 is androgen-independent (more malignant).25,26 These cells were grown in dye-free
media in a humidified atmosphere with 5% CO2 at 37°C to a state of confluence. Upon
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reaching a confluent state, the cell’s conditioned media were then harvested for fluorescence
experiments. Further details regarding cell culture studies and fluorescence experiments can
be found in the Supporting Information.

The experiments revealed variations in emission spectra of the polymers P1 and P2 when
exposed to the conditioned cell culture media from different cells. The emission spectra of
the polymers in the presence of media before cell culture were used as the controls for these
experiments. The control emission spectra of the polymers were subtracted from the
emission spectra in presence of the conditioned media to generate the corresponding
difference spectra (Fig. 1). The emission spectra of the polymers P1 and P2 were found to
be blue-shifted in the presence of the conditioned cell culture media, indicating the
naphthalenesulfonamide fluorophores in the polymer are experiencing more hydrophobic
microenvironment.27 We observed that the emission intensity of P2 increased in the
presence of the conditioned media from the cells 22Rv1 and HEK-293 and decreased in the
presence of the conditioned media from PANC1 and PC3 (Figure 1A). This trend was
different for the polymer P2 (Figure 1B).

In order to determine if these intensity changes correlate with the levels of MMP-9 secreted
by these cells, we determined the total concentration (i.e., active and inactive) of MMP-9 in
the conditioned cell culture media employing a commercially available ELISA kit. We
observed that the PANC1 cells secreted the highest amount of MMP-9 in the conditioned
media (2 ng/mL) and the amounts of MMP-9 secreted by the other cells were similar (740 –
780 pg/mL). Clearly, the changes in the emission intensity of the polymers do not correlate
with the concentration of secreted MMP-9. Other proteins in the conditioned media are
interacting with the polymers, causing the observed intensity changes in the emission
spectra. While we do not have an explanation yet for the observed pattern of emission
intensity changes, we reasoned that these differential modulations can be used to distinguish
the cancer cells. In this endeavor, we calculated the ratios of emission intensity (410, 510
and 541 nm for P1; 420, 520 and 541 nm for P2) in the presence of conditioned and
unconditioned culture media (Table S-2, Supporting Information). These ratios were
subsequently subjected to linear discriminant analysis (LDA).

LDA was applied to evaluate which of these three ratios provided the maximum
discrimination (i.e. best predictor) between the cell lines.1,3,28,29 We applied LDA in a
stepwise fashion. First, we applied LDA to each polymer separately, where we evaluated
each potential peak value based on its ability to discriminate between (or predict) the four
cell lines. Each of these analyses was conducted using 32 observations (4 cell lines × 8
replications) and 4 variables (the cell line indicator and the three emission intensity
wavelength variables). This LDA analyses step identifies the optimal intensity of 410 nm for
the P2 polymer and 420 nm for the P1 polymer.

Using this optimal wavelength, LDA was applied to each polymer to determine the
polymer’s ability to effectively discriminate across cell lines. Standard F-tests (Table 2)
indicate significant (joint) differences in emission intensities across the four cell lines. Two
eigenvalues were characterized by a canonical discriminant function and a canonical
correlation. The first eigenvalue explains 99.9% of the variation in the data, while the
second explains the remaining 0.1%. Chi-square tests indicate that only the first of these is
significant at the 5% level.

As chemically expected, our structure matrix does suggest that the P1 and P2 polymers do
contribute to the LDA analysis differently, likely due to the variation in the hydrophilic/
hydrophobic properties of the polymers. We observed that the hydrophilic polymer (P1)
displays a much greater contribution to the separation of the matrix. Usually hydrophilic
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amino acid residues are exposed on the surface of globular proteins.30 It is likely that these
charged residues on the surface of MMP-9 and other proteins secreted by the cancer cells are
contributing to stronger interactions with the hydrophilic polymer P1 as compared to
polymer P2.

Figure 2 (Figures S-1, S-2 and S-3, Supporting Information) is a plot of the two canonical
discriminant functions. This LDA model distinguishs between the two subtypes of prostate
cancer (22Rv1 and PC-3) and non-cancer cells (HEK-293). But suprisingly it did not form a
noticible differentiation between PC-3 and PANC-1 (pancreatic cancer) cells. Traditional
and cross-validated discriminant functions each correctly predicted 93.8% and 87.5% of the
cell lines, respectively, indicating a reasonable degree of interval validity.

In conclusion, we have prepared two water-soluble, fluorescent polymers incorporating an
inhibitor for the Zn2+ containing metalloenzyme MMP-9. These polymers showed
differential modulations in emission spectra in the presence of conditioned cell culture
media from cancer cells. It is likely that besides MMP-9, other proteins in the conditioned
media are non-specifically interacting with our polymers. Despite these non-specific
interactions, we can distinguish between the two prostate cancer cell lines and non-cancer
cell line using this in vitro polymer-based approach. We noted that the polymers P1 and P2
do not have good ability to discriminate the PC3 cells from the PANC1 cells. Due to the
complex nature of the conditioned cell culture media, we do not have an explanation yet for
this lack of discrimination between these two cell lines. We are currently investigating the
effects of incorporating selective MMP-9 inhibitors in the polymer in improving the ability
to differentiate a wide variety of cancer cell subtypes.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
The difference emission spectra for the polymer P1 (1A) and P2 (1B) in the presence of
conditioned cell culture media from the cancer cells PANC-1 (blue trace), PC3 (green trace),
22Rv1 (pink trace) and HEK-293 (red trace). The emission spectra in the presence of
unconditioned media were subtracted from the emission spectra in the presence of
conditioned media to generate these plots.
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Figure 2.
This figure shows the canonical discriminant functions plots of polymers P1. This clearly
shows the separation between the cell lines PANC1 (blue #1), PC3 (green #2), 22Rv1
(yellow #3), and HEK-293 (purple #4). The boxes represent the four group’s centroid.
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Scheme 1.
The structures of the monomers used in the preparation of the water-soluble, fluorescent
polymers.
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Table 1

Molecular weights of the polymers P1 and P2 determined by gel permeation chromatography.

Polymer P1 Polymer P2

Mw 117,191 114,428

Mn 64,577 78,161

P.I. 1.81 1.46

Concentration used 31 nM 27 nM
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Table 2

The emission intensity ratio for polymer P1 and P2 in the presence of conditioned and unconditioned cell
culture media.

Cell Line P1 P2

PANC1 0.768 0.948

PC-3 0.850 0.975

22Rv1 1.462 1.204

HEK-293 1.805 1.444

Wilks’ Lambda 0.02 0.457

F-Statistic 466.379 11.809

P-Value < 0.001 < 0.001
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