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Abstract

A glycan-stimulated and poly(3,4-ethylene-dioxythiophene)s (PEDOT)-based nanomaterial
platform is fabricated to purify circulating tumor cells (CTCs) from blood samples of prostate
cancer (PCa) patients. This new platform, phenylboronic acid (PBA)-grafted PEDOT Nano\elcro,
combines the 3D PEDOT nanosubstrate, which greatly enhances CTC capturing efficiency, with a
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poly(EDOT-PBA-co-EDOT-EG3) interfacial layer, which not only provides high specificity for
CTC capture upon antibody conjugation but also enables competitive binding of sorbitol to gently
release the captured cells. CTCs purified by this PEDOT NanoVelcro chip provide well-preserved
RNA transcripts for the analysis of the expression level of several PCa-specific RNA biomarkers,
which may provide clinical insights into the disease.

Keywords

circulating tumor cells; poly(3,4-ethylene-dioxythiophene)s; prostate cancer; responsive materials;
RNA biomarkers

Circulating tumor cells (CTCs) are rare cancer cells shed or detached from solid tumors into
the blood stream. Prospective clinical trials have shown the value of CTCs as clinical
biomarkers where counts associate with survival and changes in number associate with
response to therapy in solid tumors such as melanoma,[] breast,[?] colorectal,[3! lung,[4l and
prostate cancer (PCa).[l Beyond enumeration, CTCs themselves are now being studied as
an alternative tissue source creating a foundation for a “liquid biopsy.” This holds the
potential to conduct contemporary molecular characterizations that can provide insights into
a cancer when tumor biopsy is difficult and/or dangerous to perform.[6] Recent research
endeavors demonstrated the feasibility of CTC-based detection of clinically relevant
molecular signatures, such as mutations in EGFR,I’l BRAF®] and KRAS genes.[8] In
addition to the DNA mutations, CTC-based measurement of gene expression has also been
explored. This is particularly important in PCa where there is a relatively low abundance of
DNA mutations in tumors.[®l In PCa and other malignancies, many have focused efforts on
characterization of gene expression and other RNA biomarkers.[1%] In addition to more
conventional genes, newer noncoding RNAs such as long non-coding RNAs (IncRNA) are
showing even greater prognostic value in PCa. Expression of SCALAPI in PCa tumors was
linked to higher risk of metastasis.[*1] Profiling of clinically and biologically relevant RNA
biomarkers in PCa CTCs has been reported: higher expression of FOLH1 (prostate specific
membrane antigen, PSMA) in CTCs is associated with more aggressive disease.[12] Studies
of androgen receptor (AR) splicing variants in CTCs reveal that the expression of AR-V7in
CTCs predicts the resistance to abiraterone and enzalutamide.[*3] However, despite the
enormous research efforts in CTC-based molecular testing, it remains technically
challenging for existing platforms to efficiently obtain high-quality signals due to the low
abundance of CTCs and the fragility of the genetic materials. To address this issue, new
technologies capable of capturing and releasing CTCs with minimal contamination of white
blood cells (WBCs) and maximal cellular viabilities and molecular intactness are needed.

A cell-affinity substrate using a unique concept called “NanoVelcro” was pioneered by us.
[14.15] On this capture agent-coated nanostructured substrates substrate, we were able to
selectively sort and purify the cells of interest (e.g., CTCs) from background cells with high
efficiency. When the hairy nanostructured substrate meet the rough cancer cell surfaces,
stronger binding occurred, which mimicked the working mechanism of Velcro strips. Other
researchers also started to test the utilities of different nanostructure-embedded substrates!16]
for capturing CTCs and other types of rare cells since our proof-of-concept publication in
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2009,[171 and these works support the general applicability of nanostructure-embedded cell-
affinity assays and their potential for cell-sorting applications. Among the materials which
have been engineered into nanostructured substrates, poly(3,4-ethylenedioxythiophene)
(PEDOT)[8 is promising given their advantages in easy introduction of functional groups
through covalent bonds!*®] and compatibility with various hanoengineering approaches.[20]
We have demonstrated highly efficient CTC capturing on NanoVelcro chips with
electropolymerized PEDOT nanodots[?1] and nanoimprinted PEDOT rods array.[2?]

On the basis of nanostructure-embedded substrates that exhibit enhanced cell-capture
affinity, we and others previously introduced stimuli-responsive materials onto the
nanosubstrates[?3-24] to enable “on-demand” release of the captured CTCs for downstream
molecular analyses. In most cases, the captured cells were released by various physicall2®]
and biological mechanisms.[28] However, some external stimuli pose a harsh condition in
which the genetic content of CTCs can be altered and lead to the incorrect information in
molecular analysis, particularly in the cases of vulnerable genetic materials such as RNA.[23]
As such, there is unmet need to develop an efficient CTC purification technology using a
physiologically compatible stimulus, which will provide higher quality RNA for
characterization.

Herein, we introduce a new CTC purification platform based on a phenylboronic acid
(PBA)-grafted PEDOT NanoVelcro chip. In this platform, the covalently grafted PBA
groups allow direct conjugation of antibody (i.e., anti-EpCAM) onto a PEDOT
nanosubstrate via PBA-oligosaccharide bonding, enabling specific capture of CTCs (Figure
1a). Upon exposure to a glycan molecule (i.e., sorbitol) which has a stronger affinity to PBA,
[27] competitive binding leads to release of the captured CTCs (Figure 1b). Through the
affinity capture, followed by the “on-demand” release with minimal changes in the
microenvironments, CTCs can be purified with their RNA better preserved. We then
demonstrated the measurement of RNA biomarkers in purified CTCs from PCa patients
focusing on AR-FL, AR-V7, KLK3, FOLH1, and SChLAPI using the work-flow illustrated
in Figure 1c.

Given the advantages of high conductivity,[18] stability in aqueous solutions,[28] and low
toxicity,[2°] PEDOTSs have been incorporated into the interface between biology systems and
electronic devices (e.g., biosensors[3%] and medical devices!31). Choosing PEDOT as the
base material provides us an easy access to meet the molecular and nanostructural
requirements to build the cell purification platform. Once the PEDOT monomers are
properly functionalized using organic synthetic approaches, electropolymerization utilizing
PEDOTSs’ conductive nature gave us a quick (<1 min) and highly reproducible approach to
functionalize all conductive nanosubstrates, meeting the cellular needs. As shown in Figure
2a, a PBA-grafted PEDOT NanoVelcro Chip was prepared by a simple two-step procedure:
(1) nanoimprinting of the PEDOT rods array, followed by (2) electrochemical deposition of
PBA-grafted PEDQOT layer (i.e., poly(EDOT-PBA-co-EDOT-EG3)) in a solution containing
two monomer precursors (i.e., EDOT-EG3 and EDOT-PBA). EDOT-PBA introduced the
covalently grafted PBA groups to control the capture and release of CTC (Figure 1a,b). The
other unit, EDOT-EG3, played a critical role in reducing the nonspecific binding of
nontargeted cells and facilitating CTC release from the chips upon sorbitol exposure.[32]
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Images taken by scanning electron microscopy (SEM) confirmed the structures of
nanoimprinted PEDOT rods array as shown in Figure 2b. The nanoimprinting and
subsequent deposition of PBA-functionalized PEDOT layer were also confirmed by X-ray
photoelectron spectroscopy (XPS). Once the PEDOT rods array was imprinted, we could
observe the characteristic peaks from the chip, including O 1s electrons from ether groups, C
1s electrons from all -CH,— and —CH- linkers and S 2s and 2p electrons from thiophenes
(Figure S3, Supporting Information). Upon electropolymerizing the poly(EDOT-PBA-co-
EDOT-EG3) layer, the detection of new peaks from B 1s (190.4 eV) and N 1s (399.2 eV)
confirmed the polymer deposition as shown in Figure 2c. Energy-dispersive X-ray
spectroscopy (EDX, Figure S4, Supporting Information) on the sample showed that boron
signal was evenly detected, suggesting the electropolymerization occurred on all surface of
the chip.

Unlike an earlier report which utilized PBA to recognize sialic acid on cancer cell surfaces,
[33] we applied surface PBAs to form conjugates with the oligosaccharide residues on
antibodies (i.e., anti-EpCAM) to capture CTC. We used quartz crystal microbalance
experiments to confirm our central molecule scheme, bioconjugation, and sorbitol-
stimulated release of antibodies on PBA-functionalized polymer. When the polymer is
prepared completely from EDOT-PBA, we were able to achieve a density of 319 + 8 ng cm
2 of the conjugated antibodies as shown in Figure 2d, but only 51 + 0.01% of the antibodies
were released in sorbitol solution (7= 3). This was most likely due to the nonspecific
interactions between the polymer and antibodies, prohibiting the release of antibodies after
the oligosaccharide—PBA binding was replaced by the stronger sorbitol-PBA interaction.
[32,34] As mentioned earlier, introduction of EDOT-EG3 unit to the polymer limited the non-
specific absorptions of proteins and cells, thereby enhancing both the capture specificity and
release yield. When EDOT-PBA and EDOT-EG3 were copolymerized, the surface density of
conjugated antibodies correlated positively with the feed percentage of EDOT-PBA, and we
noted a sharp increase of antibody release from below 60% to almost 100% with the feed
percentage of EDOT-EG3 greater than 50% (Figure 2d).[32:341 Based on these results, the
polymer composed from EDOT-EG3 and EDOT-PBA at 1:1 feed ratio showed optimal
performance, combining high surface density of capture antibodies with almost complete
release after sorbitol exposure (Figure S6, Supporting Information). This optimized
composition was then used for the PBA-grafted NanoVelcro chip fabrication for in vitro
cellular and clinical sample studies.

The synergistic effect of nanostructures and capture antibodies has been proven to enhance
the CTC capture performance. We previously reported that 3D PEDOTSs can successfully
capture CTCs through biotinylated anti-EpCAM and streptavidin-modified interface with
great efficiency.[21.22] Using the PBA-grafted PEDOT NanoVelcro chips, we also observed
that anti-EpCAM-conjugated PEDOT NanoVelcro chip exhibited much higher capture
efficiency (72.5 + 3.0%, n= 3, p<0.0001) for EpCAM-positive LNCaP cells, as compared
to the nonconjugated PEDOT NanoVelcro chip, nonconjugated PEDOT (composed by
poly(EDOT-PBA-co-EDOT-EG3)) film, and anti-EpCAM-conjugated PEDOT film (Figure
3a). As expected, the anti-EpCAM-conjugated PEDOT NanoVelcro also exhibited
significantly higher capture efficiency (p < 0.001 for each comparison) for other EpCAM-
positive PCa cells (75.2 + 3.2% for PC3, and 67.8 £ 1.7% for 22Rv1, n= 3 for each cell
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line) compared to EpCAM-negative WBCs (0.01 + 0.004%, n = 3, Figure 3b). When we
optimized the capture efficiency by varying the incubation time, it plateaued at 60 min as
shown in Figure 3c. The performance of CTC capturing remained consistent in spiking study
(Figure 3d) within the tested range of 1-2000 PCa cells spiked into healthy human blood.
The capture efficiency for 22Rv1 cells was constantly lower than that for LNCaP or PC3
cells, likely due to the technical difficulties in cell counting resulted from cell aggregation.

After optimizing the capture performance, we continued to search experimental conditions
for optimal cell release using sorbitol solution. As shown in Figure 3e, the cells could be
released most efficiently with 0.5 M sorbitol solution (p < 0.05 in comparison to 0.25 M, n=
3). Although the release efficiency of 1 M sorbitol solution was not significantly lower than
that of 0.5 M solution, cell damage was observed at concentration greater than 1 M, possibly
due to the change in osmolality. Further optimization (Figure 3f) revealed that the highest
release efficiency (95%) and cell viability (96%) were achieved by incubating the cells in 0.5
M sorbitol solution for 30 min. Incubation for more than 30 min did not increase the release
efficiency significantly but decreased the cell viability, possibly due to the prolonged
exposure to unfavorably high osmotic environment. In order to examine the PBA-grafted
PEDOT NanoVelcro chips for CTC enrichment in samples from cancer patients, we
incubated an artificial sample of 200 LNCaP cells spiked into 1 million WBCs on the chip.
As shown in the representative experiment, only 3141 cells were captured after the chip was
washed to remove unbound cells (Figure 3g). Among these cells, 141 were LNCaP cells
(71% of the original LNCaP cell population) compared to 3000 WBCs (0.3% of the original
WBC population). The differential binding affinity could be attributed to the introduction of
cell-resisting EDOT-EG3 monomer, which decreased the binding of WBCs, and the use of
capture antibodies, which specifically captured LNCaP cells. Upon the treatment with 0.5 M
sorbitol, 132 captured LNCaP cells (94% of the captured LNCaP population) were released
together with 154 nontargeted WBCs (5% of the captured WBC population). The most
advantageous feature of this PBA-grafted PEDOT Nano\elcro chip is that within a single
capturing and releasing cycle, the purity of the CTC enhanced from the original 0.02 to
46%. The cells showed 98% viability on-chip and 95% after stimulated release from the
PEDOT NanoVelcro chip (Figure S7, Supporting Information). The increased purity and
high cell viability would be beneficial for the subsequent molecular and biochemical
analysis.

Using the PBA-grafted PEDOT NanoVelcro chips under operating conditions optimized
from the aforementioned studies, we purified CTCs from clinical blood samples and
measured the expression of PCa-related RNA biomarkers. Samples were obtained from 17
PCa patients (13 metastatic and 4 localized) and 7 healthy individuals with no known
malignancies. The methods for reverse transcription (RT) and quantitative PCR (qPCR) were
developed using serially diluted PCa cell lines to ensure the linear correlation (Figure S9,
Supporting Information). The expression level of each PCa-related biomarker was
normalized against that of house-keeping gene AC7B. Enumeration of CTCs was performed
in parallel to confirm the presence of CTCs.

Expression data for five PCa-related biomarkers from all 24 subjects were summarized in
Figure 4a. Every patient (= 17) had at least one CTC upon enumeration (Figure S10,
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Supporting Information). We detected PCa-related biomarkers in CTCs from 94% of
patients (16/17). Consistent with previous reports,[35-37] the expression of KL K23 (prostate-
specific antigen, PSA) was seen in 77% of metastatic patients (10/13) as compared to only
25% of the nonmetastatic PCa patients (1/4) (Figure 4b). The expression of FOLHI and
SChLAPI was detected exclusively in metastatic PCa patients. FOLH1 expression in CTCs
was detected in 85% of metastatic PCa patients (11/13) (Figure 4c), and SChLAPI was
detected in 92% of the same patient group (12/13) (Figure 4d). This is the first
demonstration of SChHLAPI expression in CTCs. Our results suggest that SCALAP1
detection in CTCs may have a similar role as that in primary tumor tissues. Figure 4e
depicted wild-type AR (AR-FL) expression and AR-V7. Consistent with prior observation,
AR-V7was always detected in the presence of AR-FL. Our results showed AR-V7in 75%
of the patients (6/8) who had been exposed to abiraterone and/ or enzalutamide.
Interestingly, in the abiraterone and enzalutamide naive patients, AR-V/7was seen in 60% of
subjects (3/5). Our detection rate for AR-V/7was higher than some previous reports though
others have reported even higher rates.[38] This reflected differences in the CTC enrichment
approach (PEDOT-NanoVelcro Chips vs no enrichment) and methodology of AR-V7
detection (direct RNA detection via gRT-PCR vs antibody-mediated immunofluorescence
staining). Other factors such as the exposure to other anticancer treatments after AR-targeted
therapy may have affected the expression of AR-V/7in CTCs as well.[39 Notably, we also
detected AR-V/7in patients with localized PCa. The clinical significance of AR-V/7in these
patients has yet to be determined. The AR-V/(+) patients in this study continue to be
monitored for the development of resistance. Further studies are required to validate the
sensitivity and clinical utility of this assay.

In summary, we introduce an innovative approach for CTC purification using a new PBA-
grafted PEDOT NanoVelcro chip, integrating the advantageous features of nanoimprinted
3D PEDOT rods array, which demonstrates the ability to enhance CTC capture, and a
poly(EDOT-PBA-co-EDOT-EG3) layer, which not only provides highly selective CTC
capture by conjugation with antibodies through phenylboronic-acid-oligosaccharide binding
but also enables competitive glycan binding to release the captured cells. As a result, this
PEDOT NanoVelcro chip is able to achieve high cell purity as well as preserve the integrity
of RNA transcripts from these purified cells. We further demonstrate the feasibility of this
approach to detect disease-related RNA signals by measuring the expression level of several
PCa-specific biomarkers in purified CTCs, including AR-FL, AR-V7, KLK3, FOLH1, and
SChLAPI. This capacity provides important opportunities for clinical correlation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Illustration on the main research scheme. a) The mechanism for circulating tumor cell
(CTC) capture is that the surface-grafted phenylboronic acid (PBA) conjugates with
antibody, subsequently enabling specific CTC capture. b) The mechanism for CTC release is
that the introduction of glycan with stronger affinity to PBA (i.e., sorbitol) results in
competitive binding, allowing CTC release. ¢) Workflow on using this glycan stimulation
enabled CTC purification platform on poly(3,4-ethylenedioxythiophene) (PEDOT)
NanoVelcro chips for RNA biomarker analysis from purified CTCs of prostate cancer (PCa)
patients.
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Figure2.
Materials synthesis and characterization of PBA-grafted PEDOT NanoVelcro chips. a)

Schematic representation on the chip fabrication and electropolymerization to deposit the
PBA-grafted poly(EDOT-PBA-co-EDOT-EG3). EDOT-EG3 was used to reduce nonspecific
interactions for specific CTC capture and EDOT-PBA was used to introduce the grafted PBA
groups. ¢) SEM images of the PEDOT rods array structure. The length of the scale bar in the
image was 5 and 1 pm (enlarged), respectively. d) X-ray photoelectron spectra of
nanoimprinted PEDOT rods array (black) and PBA-grafted PEDOT NanoVelcro chip (blue)
in boron 1s and nitrogen 1s regions. e) Binding (circle) and sorbitol-stimulated release
(triangle) of anti-EpCAM on top of poly(EDOT-PBA-co-EDOT-EG3) films examined by
quartz crystal microbalance measurements (n7= 3 for each data point).
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Figure 3.
Optimization of PEDOT NanoVelcro chips based CTC purification assay. a) Synergistic

effect of anti-EpCAM and PEDOT NanoVelcro chips largely enhanced the capture
efficiency of prostate cancer (PCa) cells. The anti-EpCAM-conjugated chip (labeled as
EpCAM PEDOT NanoVelcro) yielded the highest capture efficiency for EpCAM-positive
LNCaP cells (7= 3). b) Capturing efficiency of anti-EpCAM-conjugated PEDOT
NanoVelcro chips is significantly higher for EpCAM-positive PCa cells (LNCaP, PC3, and
22Rv1) than that for EpCAM-negative cells (white blood cells, WBCs) (n= 3 for each
group). ¢) Capturing efficiency on the new PEDOT NanoVelcro was dependent on the
incubation time. The efficiency for PCa cell lines (LNCaP, PC3, and 22Rv1) plateaued at 60
min. d) Capturing efficiency remained constant at different cell number ranging from 1 to
2000 cells. Regression analysis showed linear correlation with capturing efficiency
consistent with (c). e) Releasing efficiency of PEDOT NanoV\elcro chips was dependent on
sorbitol concentration. The highest releasing efficiency occurred at 100 pmol/200 pL (0.5
M) (n= 3). f) Incubation time with sorbitol affected the releasing efficiency of PEDOT
NanoVelcro chips and the cellular viability. An incubation time of 30 min provided optimal
cellular viability (95%) and releasing efficiency (96%). g) Scatter plot showed the
composition of cells captured on PEDOT-NanoVelcro substrates during a representative
spiking study with 200 LNCaP cells spiked into 1 million WBCs. Three-color
immunocytochemistry method based on FITC-labeled anti-Cytokeratin, TRITC-labeled anti-
CD45, and DAPI nuclear staining was applied to identify and enumerate CTCs from
nonspecifically trapped WBCs. (Left) After cell capturing process, LNCaP cells were
captured by an efficiency of 71% compared to 0.3% for WBCs. (Right) After incubating
with sorbitol, 94% of LNCaP could be released compared to 5.1% for WBCs. The purity of
cancer cells was enhanced from 0.02 to 46% after the capturing-releasing process.
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Figure 4.
Detection of PCa-related RNA signatures in CTCs purified by PEDOT NanoVelcro Chips. a)

Summary of RNA signature detection in 7 healthy men and 17 PCa patients. PTC = positive
control (RNA from 100 LNCaP cells + 100 22Rv1 cells in 1 million WBCs from a healthy
man purified by PEDOT-NanoVelcro Chips); NTC = negative control (nuclease free water).
b) KLK3gene expression in CTCs. The expression of KLK3gene was more commonly seen
in metastatic PCa with 77% (10/13) of the metastatic patients showing positive signal
compared to only 25% (1/4) nonmetastatic PCa patient having detectable expression. ¢)
FOLHI gene expression in CTCs was only detected in metastatic PCa patients with 85%
(12/13) of the metastatic PCa patients having detectable expression. d) SChLAPI expression
in CTCs was only detected in metastatic PCa patients with 92% (12/13) of the metastatic
PCa patients having detectable expression. e) Expression of AR-FL and AR-V7in CTCs.
AR-V7can be detected in 6/8 metastatic PCa patients who had been exposed to abiraterone
(A) or enzalutamide (E), and was accompanied with the expression of AR-FL. Some (3/5)
patients who had not received A/E treatment also showed positive AR-V7signals. All
expression levels were normalized against AC7B5.
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