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We report a polymer-based sensor that rapidly detects cancer
based on changes in serum protein levels. Using three ratiometric
fluorescence outputs, this simple system identifies early stage and
metastatic lung cancer with a high level of accuracy exceeding many
biomarker-based assays, making it an attractive strategy for point-
of-care testing.

Effective treatment of cancer requires early detection,
making the creation of rapid and inexpensive sensing systems
important for both health and healthcare cost reasons.? Serum
presents a minimally invasive target for the design of cancer
diagnostics. A broad range of protein level in serum changes
during tumor development.1®2 Most techniques developed for
cancer detection using serum focus on specific biomarkers.
Enzyme linked immunosorbent assay (ELISA) remains the
method of choice.? However, it has limitations in sensitivity for
Most importantly, many cancer
types do not have ideal biomarkers, due to widely different

low abundance biomarkers.

baseline expressions of targeted biomarkers in the population,
often leading to false positives and negatives.'®* Serum analysis
can also be done by gel electrophoresis coupled with mass
spectrometry, but analysis time, quantification challenges, and
expensive instrumentation are an issue.®

Array-based ‘chemical noses’ provide an alternative to
biomarker-based sensing which do not require previous
knowledge of the analytes; instead the selective interactions
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between sensor elements and analytes will generate a unique
fingerprint for each analyte. Through pattern recognition, the
identity of the target analyte can be further determined. This
property makes array-based sensing a powerful tool in sensing
complex biological systems. Previously an array of five gold
nanoparticles has been shown to detect proteins in human
serum.” Overall, chemical noses can identify proteins,’
carbohydrates,® and mammalian cells® in addition to white
wines, fruit juices and non-steroidal anti-inflammatories.°
Simplicity and scalability are important attributes for point-
of-care (POC) diagnostics.!* To address this concern, we focus
on a simple but robust polymer-based sensor system for
profiling serum for cancer diagnostics. This system is based on
the fluorescence signals of two charge-complementary
conjugated polymers and their fluorescence resonance energy
transfer (FRET) to provide three ratiometric outputs. This
the

fluorescence efficiency, stability, and scalability of conjugated

polymer-only platform utilizes structural diversity,
polymer “molecular wires”1? to detect cancer in sera of cancer-
bearing mice. In this study transgenic and xenograft models
were selected to plausibly recapitulate some of the clinically-
relevant events seen in patients with stage 1 and stage 4 lung
cancer, respectively. Our polymer-based sensor achieved a high
level of accuracy in identifying both advanced and early stage of
cancer, exceeding standard single biomarker diagnostic tests.!3

We designed two different backbones for the donor and
acceptor polymers to provide an optimum FRET-based sensor,
which is composed of polyfluorene sulfonate (PFS) and poly(p-
phenyleneethynylen) (PPEs), respectively. Upon addition of
serum, the fluorescence of each polymer and their FRET process
are modulated due to the binding of serum proteins to the
polymers. These fluorescence fingerprints are then analyzed by
linear discriminant analysis (LDA) to create a reference set and
predict future unknown samples (Scheme 1). Upon excitation at
the PFS absorbance of 356 nm, the complexes PFS-PPE1 and
PFS-PPE2 exhibit efficient FRET, with a decreased fluorescence
emission at 420 nm and increased emission at 480 nm for PPE1
and 482 nm for PPE2 (Fig. S1).
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Scheme 1. Schematic illustration of FRET-based polymer sensor for serum sensing. (a) Two polymers with opposite charges form supramolecular
complexes, generating FRET responses. The fluorescence intensities of the three channels are interfered by serum proteins. (b) Chemical structures
and characteristics of polymers used. Mn: number-average molecular weight; Mw: weight-average molecular weight; PDI: polydispersity index.

After determining the ratio of PFS and PPEs with a suitable
FRET response (Fig. S2), each pair was tested in calf serum, the
addition of which caused a decrease in PPE fluorescence and an
increase in PFS fluorescence (Fig. 1a). This observation indicated
a dissociation of the complexes upon binding with serum
proteins. These FRET-based sensors further identifed eight
proteins dissolved in phosphate buffer saline (PBS) (Table S1).
We observed distinct fluorescence changes for all eight proteins
from each polymer pair (Fig. S3). LDA plots showed correct
classifications of 100 % and 97.0 %, respectively. In addition,
both sensors successfully identified unknown samples (98.4 %
and 89.0 %, respectively) in a matter of minutes (Fig. 1b, d).

Limit of detection is a crucial measurment for early stage of
cancer, therefore, we further validated both sensors using a
more challenging test bed: cancer-bearing mice from a
transgenic lung model, established by mutations in the Kras and
p53 genes (Table S2). After determining the total amount of
serum proteins necessary for the assay, four different
concentrations of normal and cancerous sera were prepared
and titrated with each sensor. The LDA plot showed separation
of normal (upper) versus cancerous (lower) serum samples with
a shift from left to right that associates with low to high
concentrations of total proteins: 1, 5, 10, and 20 mg/ml (Fig.1c).
Due to its stable and differentiable fluorescence responses, we
chose 5 mg/ml for further experiments. Both sensors were able
to classify all 8 clusters of 64 serum samples (4 concentrations
x 2 serum types (normal and cancerous) x 8 replicates). Since
PFS-PPE1 performed better than PFS-PPE2 with 89.1 % versus
12.5 % (Fig. 1d) in unknown identification, we chose the PFS-
PPE1 for all of our following experiments.
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Fig. 1 Performance of PFS-PPE1 and PFS-PPE2 in classifying proteins in
buffer and serum. (a) Fluorescence spectrum of PFS-PPE1 with or
without calf serum. (b) LDA plot of the PFS-PPE1 responses to eight
proteins in PBS at 10 pg/ml. HSA is Human Serum Albumin. First two
canonical scores were plotted with 95% confidence ellipses. (c) Limit of
detection of PFS-PPE1 in detecting normal and cancerous serum at 1, 5,
10, and 20 mg/ml protein concentrations, in the order from left to right.
(d) Performance comparison between PFS-PPE1 and PFS-PPE2, where A
is the classification accuracy of eight proteins in PBS, B is the correct
unknown identification (CUI%) of these eight proteins, C is the
classification accuracy of normal and cancerous mouse serum at
different concentrations, and D is the CUI % of these serum samples.
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Fig. 2 Detection of mouse serum samples from (a) experimental lung
cancer (stage 4) and (b) transgenic lung cancer model (stage 1) using
PFS-PPE1. LDA plot of five normal and five cancerous mice. Two
canonical scores were plotted with 95% confidence ellipses.

One challenge in cancer diagnostics is that serum protein
levels vary from patient to patient even within the same type of
cancer.' This motivates us to examine the effect of individual
differences from cancer-bearing mice of the same cancer
model. We first used serum samples collected from a metastatic
lung tumor model induced by H1299-EGFP-luc2 cells,
representing stage 4 of lung cancer. We prepared and sensed
five healthy controls (M1 to M5) and five cancerous mice (M6
to M10). The LDA plot shows distinct clusters for the control
versus cancerous groups, with all five healthy controls and all
five cancerous mice clustering together within their respective
groups. The correct classification accuracy was 100 % (Fig. 2a).
To test the reproducibility of our PFS-PPE1 sensor,
generated 80 blinded cases (5 mice x 2 types (normal and

we

cancerous) x 8 replicates) for unknown prediction. 98.7 % of
correct unknown identification was achieved (Fig. S4).

Promopt by the promising sensing results from the
experimental mouse model, we further tested if our sensor
could detect the early stage of cancer by using a transgenic lung
model of mice bearing mutations in Kras and p53 genes
(representing stage 1 of lung cancer). This model also included
five healthy and five cancerous mice. Similar to the metastatic
tumor model, complete discrimination between normal and
cancerous mice was also observed, demonstrating the
sensitivity of the FRET pair in detecting early stage of cancer
(Fig. 2b, Fig. S4). Interestingly, our sensor also picked up the
heterogeneity in different cancerous mice, with more variations
among cancerous samples than the normal controls in both
models.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 Combined serum data from transgenic (Stage 1) and experimental
(Stage 4) lung models. (a) LDA plot of the PFS-PPE1 responses to
cancerous and normal serum samples. (b) Unknown mouse serum
samples were clustered with the established reference, resulted in an
87 % CUI.

The ultimate goal of a diagnostic test is to know whether or
not the patient has cancer. For this purpose, we combined data
from both transgenic and experimental lung models to serve as
the reference set. Due to the combination of data sets from two
different disease models, more data scattering was observed.
LDA showed 91 % of accurate classification between normal and
cancerous samples with an effective correct unknown
prediction of 87 % (Fig. 3).

To further evaluate the performance of LDA used in this
study, we employed the receiver operating characteristic (ROC)
curve, a standard method to access the performance of
diagnostic tests.!> Conventionally, the performance of a
diagnostic test is reflected by two types of errors: true-positive
rate (TPR) and false-positive rate (FPR). An ideal diagnostic test
would have the TPR of one and the FPR of zero, giving an area
under the curve (AUC) to be 1.0. A distribution of normal and
cancerous serum samples from both models is shown in Figure
4a. ROC analysis performed on the combined data showed an
AUC of 0.95 (95 % confidence level: 0.92-0.98) (Fig. 4b). The AUC
value obtained here is well within the excellent diagnostic
accuracy range (0.9-1.0).1® Our test is also well above the
standard accuracy range required for most diagnostic tests and
is more accurate compared to most tests using single specific
biomarker.13

In summary, robust FRET-based
polymer sensor that rapidly differentiated healthy and cancer-

we demonstrated a
bearing mice using their sera. Serum samples from early stage

cancer were accurately and readily identified, suggesting a
potential application in early cancer detection. In addition, this
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sensor benefits from the highly responsive conjugated
fluorescent polymers as well as the simplicity of minimal two
sensor elements. The stability and scalability of this polymer-
based sensor make it an attractive strategy for point-of-care
testing with a high level of accuracy compared to specific single
biomarker tests.!! More importantly, serum is an easily
accessible biofluid, which allows a simple diagnostic and
prognostic approach that poses low level of inconvenience to
patients.
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Fig. 4 Evaluating the capability of polymer-based sensor in cancer
identification using combined data from both transgenic and
experimental lung models. (a) Histogram of combined serum samples
using LDA scores. (b) Receiver operating characteristic (ROC) analysis of
the diagnostic test with AUC of 0.95,significantly higher than the clinical
standard of 0.9 AUC.
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