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Abstract

The technical challenges of imaging non-adherent tumor cells pose a critical barrier to
understanding tumor cell responses to the non-adherent microenvironments of metastasis, like the
bloodstream or lymphatics. In this study, we optimized a microfluidic device (TetherChip)
engineered to prevent cell adhesion with an optically-clear, thermal-crosslinked polyelectrolyte
multilayer nanosurface and a terminal lipid layer that simultaneously tethers the cell membrane for
improved spatial immobilization. Thermal imidization of the TetherChip nanosurface on
commercially-available microfluidic slides allows up to 98% of tumor cell capture by the lipid
tethers. Importantly, time-lapse microscopy demonstrates that unique microtentacles on non-
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adherent tumor cells are rapidly destroyed during chemical fixation, but tethering microtentacles to
the TetherChip surface efficiently preserves microtentacle structure post-fixation and post-blood
isolation. TetherChips remain stable for more than 6 months, enabling shipment to distant sites.
The broad retention capability of TetherChips allows comparison of multiple tumor cell types,
revealing for the first time that carcinomas beyond breast cancer form microtentacles in
suspension. Direct integration of TetherChips into the Vortex VTX-1 CTC isolation instrument
shows that live CTCs from blood samples are efficiently captured on TetherChips for rapid
fixation and same-day immunofluorescence analysis. Highly efficient and unbiased label-free
capture of CTCs on a surface that allows rapid chemical fixation also establishes a streamlined
clinical workflow to stabilize patient tumor cell samples and minimize analytic variables. While
current studies focus primarily on CTC enumeration, this microfluidic device provides a novel
platform for functional phenotype testing in CTCs with the ultimate goal of identifying anti-
metastatic, patient-specific therapies.

Graphical Abstract

TetherChip is an optimized nanosurface comprised of a polyelectrolyte multilayer and a terminal
lipid layer in a microfluidics system to enable the study of non-adherent tumor cell behaviors that
are relevant to cancer metastasis.

(PMA, PAAM)
= Crosslinked PEM +# lipid tethers

Introduction

Tumor metastasis is the leading cause of cancer-associated mortality, yet it remains the most
poorly understood component of cancer progression?. During metastasis, circulating tumor
cells (CTCs) are shed from the primary tumor into the vasculature where they get
transported to distant organs to seed and regrow. Studies have shown that CTCs serve as an
early indicator of disease spread and survival in metastatic cancer patients®3. However,
CTCs are extremely rare cells (1 CTC per 1 billion blood cells in patients with advanced
cancer) and are difficult to isolate and characterize, thus our understanding of their
biological properties is limited®. Technical challenges of imaging non-adherent cells have
led to the reliance on data generated solely from adherent cells, which is not necessarily
predictive of treatment outcome. To overcome these obstacles, our lab has developed a
microfluidic tethering platform, TetherChip, that recapitulates the free-floating
microenvironment by preventing cell adhesion with a polyelectrolyte multilayer (PEM)
nanosurface combined with a terminal lipid anchor to keep the suspended cells in place
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through interactions with the cell’s lipid-based plasma membranes®. While tethered, cells
also preserve their non-adherent cell behaviors, such as microtentacle (McTN) production.

Non-adherent cells display dramatically different cytoskeletal dynamics compared to cells
adhered to an extracellular matrix (ECM)®. Invadopodia are well-characterized, actin-based
protrusions present on cells attached to the ECM that degrade the ECM through the local
deposition of proteases to promote invasion’. In contrast, our lab discovered that non-
adherent and circulating tumor cells produce long, microtubule-driven plasma membrane
protrusions when detached from the ECM, known as microtentacles (McTNs), that result
from changes in the actin-microtubule balance and are distinct from invadopodia®-10.
MCcTNs are also distinct from cilia and flagella in their structure since doublets of
microtubules support cilia and flagella, and recent electron microscopy studies demonstrate
that McTNs contain exclusively singlet microtubules!. The number of microtubules within
MCcTNs can range from several dozen in the thicker regions to just a few in the thinnest
areas, but are not organized in any apparent way as they would be in an axonemel2. McTNs
are enhanced in more aggressive tumor cells, promoting the reattachment of tumor cells to
endothelial monolayers!3, the formation of tumor cell clusters®14, as well as increased
retention of CTCs in the lungs of mice®19, but are not observed when cells are grown on a
matrix or solid culture surface, like glass or plastic. McTNs are thin, dynamic structures that
are supported by the coordination of vimentin intermediate filaments and detyrosinated
microtubules!®, although recent evidence suggests that there is not an obvious direct
interaction between the two filament types!!. Electron microscopy illustrates that mature
MCcTNs are well below 1um in diameter and taper gradually to below 100nm at the distal
ends!L. This thinness potentially explains why McTNs may have been lost in earlier studies
using chemical fixation. Additionally, it was recently indicated that septins localize at the
base of McTNs and are required for their formation to promote attachment and cell-cell
aggregation in detached tumor cells1®. It is clear that non-adherent tumor cells possess
significant molecular and functional differences than those grown on a flat surface or 3D
matrix, therefore it is crucial to study CTCs in their native environment. The improved and
optimized lipid tethering technology, TetherChip, described here provides a new opportunity
to investigate CTC biology more indepth and overcome the technical challenges of studying
free-floating tumor cells.

Layer-by-layer (LBL) assembled polyelectrolyte multilayers (PEMs) are versatile
nanostructured thin films that are used in a wide range of applications'” and LBL deposition
allows nanoscale control over thickness, composition, and molecular structure of the
deposited film18. PEM films represent an attractive surface coating because they are ultra-
thin, optically-clear, and cell-adhesion resistant!®. We previously demonstrated that the
deposition of four poly(methacrylic acid)/polyacrylamide (PMA/PAAmM) bilayers showed
the most reduced cell adhesion while maintaining McTN activity compared to 1 or 8 bilayers
and that the addition of the lipid DOTAP (1,2-dioleoyl-3-trimethylammonium-propane),
retained tumor cells more efficiently than the lipid DOPC (1,2-dioleoyl-sr-glycero-3-
phosphocholine)®. We also showed that the PEM+DOTAP tethering surface is nanometers-
thin, with a single bilayer of PEM less than 10nm thin, and 100% optically-clear, which is
ideal for high-content and high-resolution imaging®. We observed that by formaldehyde
crosslinking the DOTAP lipid tether to the PEM surface coating we could dramatically
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improve cell retention from 30% to almost 100% cell retention (manuscript in revision).
However, the use of formaldehyde fixation to stabilize the PEM-DOTAP surface prevented
the downstream use of formaldehyde to fix the tethered cells, since the reactive amines
within the PEM have already been fully reacted during the initial formaldehyde step.
Additionally, the high level of crosslinking that is achieved with formaldehyde greatly
reduced the longevity of the tethering surface’s adhesion-resistant properties. As a result,
analysis using the previous iteration was limited to superficial membrane staining and a
narrow time window for imaging. To overcome this, we sought to develop a method that
would not only create a highly cytophobic surface that would maintain a near 100% cell
retention with the DOTAP lipid tether but would also preserve the downstream ability to
chemically fix tethered cells with a standard formaldehyde-based clinical fixative.

It was previously published that in aqueous buffers at a pH of 5 or higher, such as cell
culture media, the multilayer films dissolve because of ionization of the carboxylic acid
groups of PMA, leading to the disruption of the hydrogen-bonded network!®. Thus, the
stabilization of the PMA/PAAM layers is required to prevent the loss of the non-adherent
tethering surface in culture. Yang et al. found that heating polyelectrolyte multilayer films
introduced thermally-induced chemical crosslinks that stabilized the multilayer assembly
even at pH 7 through a partial thermal imidization reaction, which produces imide crosslinks
between the polymer bilayers20, The reaction temperature and time were optimized to allow
for only a fraction of the polymers to crosslink; enough to prevent dissolution of the
multilayer without changing its non-adherent properties. In a follow up study, this group
went on to show that PMA/PAAmM multilayers were found to exhibit a high resistance to cell
adhesion, even with only a single bilayer coating'8. Therefore, we hypothesized that thermal
crosslinking a single PEM bilayer would be enough to stabilize the tethering surface and the
subsequent addition of the DOTAP lipid layer would effectively retain suspended cells while
preserving the ability to chemically fix cells for downstream analysis.

CTCs play an important role in metastasis formation and detection and analysis of CTCs
obtained from the blood can potentially advance the diagnosis and treatment of cancer?l.
Liquid biopsies are minimally invasive and therefore provide real-time information and
monitoring of a patient’s cancer progression or recurrence. Over the past several years,
countless techniques have been developed and utilized for CTC detection and isolation based
on specific features of CTCs such as immunoaffinity with antibodies generally targeting
either epithelial cell adhesion molecule (EpCAM) or cytokeratin (CK), or biophysical
properties such as size, density, deformability or electric charge?2. It has become
increasingly evident however, that CTCs are a very heterogeneous population and do not
always express EpCAM and/or CK, leading to the development of label-free isolation
techniques that do not require immunorecognition and now allow for the recovery of viable
cells, such as ANGLE’s Parsortix, Celsee’s Celselect Genesis system, CROSS chip and
Vortex’s VTX-1 as well as many others23-29, The Parsortix, Genesis and CROSS chip
systems all capture CTCs directly on each of their microfluidics chips and require an extra
step to be able to harvest the CTCs to a different vessel, such as TetherChip, with either an
inverted flow or using a microcapillary tool?>-28, The VTX-1 however, allowed TetherChip
to be directly placed at the output of the CTC isolation chip2®. As discussed above,
microtentacles are very thin and fragile structures, therefore rapid isolation systems that do
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not require extensive pre-processing steps and minimal sample manipulation are preferred
when studying these structures. Although all of these enrichment strategies pose various
advantages and limitations (extensively reviewed in?2:24) and are still fully compatible with
TetherChip, we ultimately prioritized the Vortex VTX-1 platform in this study due to its
quick isolation processing time, minimal cell manipulation as well as ease of directly
harvesting viable cells onto the TetherChip for downstream analysis.

In this study, we optimize and improve the stability of the TetherChip to allow for
downstream fixation of non-adherent cells and increased functionality for CTC analysis. By
replacing our lipid formaldehyde crosslinking step with a partial thermal imidization
crosslinking reaction on the nanometer-thin PEM deposited onto Ibidi microfluidic slides,
we extend the applications of this technology with the proven capabilities of cell capture,
crosslinked stabilization, wash tolerance, and archival tumor cell fixation. We found that
thermal imidization of the PEM created a stable surface that rapidly captured up to 98% of
seeded cells with the lipid tethers while also maintaining a cytophobic surface for at least 48
hours. For the first time, we demonstrate the ability to formaldehyde fix tethered cells
without destroying McTN morphology and structure. We further validate the robustness of
the device by defining optimal parameters for complete cell capture as well as McTN
retention. Additionally, we expand the applications of the tethering surface to include the top
four cancers by incidence (breast, lung, prostate, and colon) and illustrate for the first time
MCcTN production of these cell lines in suspension. Enhanced tethering capabilities of the
technology allow us to directly integrate our device into various CTC isolation platforms to
confidently capture rare cells from liquid biopsy samples.

Materials and Methods

Cell Lines and Materials

MDA-MB-436 and MCF-7 cell lines were purchased from ATCC and cultured with
Dulbecco’s Modified Eagle Medium (DMEM, Corning) supplemented with 10% fetal
bovine serum (Atlanta Biologicals) and 1% penicillin-streptomycin (Gemini) solution.
MDA-MB-231TD (tumor-derived) cells were produced in our lab (manuscript in
submission) and cultured as described above. MDA-MB-231 GFP and luciferase stably
expressing cells were inoculated into mice and allowed to grow for approximately 35 days.
The tumors were resected, homogenized and the collected cells were used for experiments.
SNU-C1, H1755, H1944, H2087 cell lines were purchased from ATCC and cultured with
Roswell Park Memorial Institute (RPMI, Corning) media supplemented with 10% fetal
bovine serum and 1% penicillin-streptomycin. PC-3 and LNCaP cell lines were cultured
with RPMI media supplemented with 10% fetal bovine serum and 1% penicillin-
streptomycin. T84 cells were purchased from ATCC and cultured with DMEM/F12 media
supplemented with 5% fetal bovine serum and 1% penicillin-streptomycin. Cells were
maintained in a humidified environment at 37°C and 5% CO». Poly(methacrylic acid)
(PMA, MW = 100,000, Cat: 00578) and polyacrylamide (PAAm, MW = 5,000,000 —
6,000,000, Cat: 02806-50) were purchased from Polysciences. Poly(allylamine
hydrochloride) (PAH, MW ~ 200,000, Cat: 43092) was purchased from Alfa Aesar. 1,2-
dioleoyl-3-trimethylammonium-propane (chloride salt) (DOTAP) was purchased from
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Avanti Polar Lipids (Cat: 890890C). The PEM-DOTAP nanosurface was deposited onto
uncoated Ibidi microfluidic channel slides (u-Slide V1 0.4 or p-Slide I Luer 0.8) in all
experiments. NucBlue Live ReadyProbes Reagent (Invitrogen) was used to stain the nucleus
for all live cell experiments and Hoechst 33258 was used to stain the nucleus for all fixed
experiments.

Polyelectrolyte Multilayer (PEM) and Lipid Film Deposition

For multilayer film deposition, similar to methods previously published®18, Poly(allylamine
hydrochloride) (PAH) was prepared as a 0.05M solution using ultrapure water and adjusted
to pH 3.0 using 10M hydrochloric acid. Poly(methacrylic acid) (PMA) and polyacrylamide
(PAAm) were prepared as 0.01M solutions using ultrapure water and adjusted to pH 3.0
using 10M hydrochloric acid. All polymer solutions were filtered with a 0.45um cellulose
nitrate filter prior to use in multilayer film assembly. Uncoated microfluidic slides (u-Slide
V1 0.4) (Ibidi) were coated first with 120uL of polycationic solution (PAH) (0.05M) for 15
minutes to introduce a primer/adhesion layer, then rinsed twice for 1 minute each using
deionized (DI) water adjusted to pH 3.0 with 20M hydrochloric acid. The primer layer was
followed by the addition of 120uL of polyanionic PMA (0.01M) for 5 minutes and rinsed
twice for 1 minute each with pH 3.0 DI water. Then, 120uL of nonionic PAAm (0.01M) was
deposited and rinsed as described above. For additional bilayers, the process was repeated
without the addition of the priming layer (PAH) until the desired number of bilayers was
assembled. DOTAP lipid was prepared as a 0.001M solution in pH 3.0 deionized water and
sonicated for 60 minutes in a room temperature water bath. After sonication, 100uL of lipid
solution was added to the microchannel for 5 minutes followed by two rinse steps. To
thermally crosslink, microfluidic slides were placed in an oven at 90°C for 8 hours under a
vacuum before the addition of the lipid. For the slides that were prepared using the
traditional formaldehyde-crosslinking, 120uL of a 3.7% formaldehyde solution diluted in
phosphate-buffered saline (PBS) was added to the microfluidic channels, after the addition
of DOTAP, for 5 minutes followed by two rinse steps. Following deposition, slides were
allowed to air dry for 1 hour at room temperature before use. For experiments using Ibidi p-
Slide I Luer 0.8 channel slides (VTX-1 isolation experiments), slides were coated with
300pL of all PEM reagents and 200 uL of DOTAP lipid to cover the larger surface area of
these vessels. A single bilayer of PEM+DOTAP is termed (PMA/PAAmM),+DOTAP and four
bilayers is (PMA/PAAmM)4+DOTAP throughout the paper.

Tethering Wash Tolerance

MDA-MB-436, MDA-MB-231TD, and MCF-7 cells (5,000 cells/channel) were trypsinized
and stained with NucBlue Live ReadyProbes Reagent (Invitrogen) then seeded on
microfluidic slides coated with either thermal-crosslinked (PMA/PAAmM)1+DOTAP or
formaldehyde-crosslinked (PMA/PAAM)4+DOTAP (lIbidi, p-Slide V1 0.4). Cells were
incubated for 30 minutes at 37°C, unless otherwise stated, to allow for tethering. To quantify
initial cell number, whole channel scans in the DAPI channel were taken for each condition
using the Nikon Eclipse Ti2-E inverted microscope at 4X magnification. After 30 minutes,
100uL of PBS was washed through the top port of the microfluidic channel and 75pL was
gently removed at the bottom port. This was considered one wash. All washes or reagent
additions were performed in this manner (100uL in, 75uL out) for all experiments
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throughout this study unless otherwise stated. Following each wash, whole channel scans
were again taken for each condition as described above. The cell number after each wash
was quantified using NIS Elements software and normalized to the initial cell number to
calculate percent cell retention.

Cell Suspension Assay

MDA-MB-436, MDA-MB-231TD, and MCF-7 cells (200 cells/channel) were trypsinized
and seeded on either thermal-crosslinked (PMA/PAAmM){+DOTAP or formaldehyde-
crosslinked (PMA/PAAmM)4+DOTAP microfluidic slides (Ibidi, p-Slide I Luer 0.8). Cells
were incubated for 30 minutes at 37°C to allow for tethering and an initial whole channel
scan (time=0) in brightfield was taken for each condition using the Nikon Eclipse Ti2-E
inverted microscope at 10X magnification. Additional whole channel scans were done at
each indicated time point for each condition. The number of cells that were still tethered (not
spread/adhered on the surface) at each time point was counted and normalized to the initial
number of tethered cells at t=0 to calculate the percent of cells that remained tethered and
non-adherent during the time course.

McTN Counting

MDA-MB-231TD and MDA-MB-436 cells were trypsinized and resuspended in phenol red-
free and serum-free DMEM. Cells (50,000 cells/channel) were seeded on thermal-
crosslinked (PMA/PAAmM)1+DOTAP coated microfluidic slides (Ibidi, u-Slide V1 0.4). Cells
were incubated for 30 minutes to allow for tethering. For live McTN counts, after 30
minutes one wash was done where 100uL of fresh media was added to the top port of the
microfluidic slides and 75uL was gently removed from the bottom port. This wash was to
ensure only tethered cells were analyzed. After this wash, CellMask Orange (Life
Technologies) cell membrane dye was added to each channel at a final concentration of
1:10,000. For fixed McTN counts, after 30 minutes 3.7% formaldehyde/PBS was washed
through each channel to fix cells for 10 minutes. Wheat germ agglutinin (WGA, Alexa Fluor
594 Conjugate, Invitrogen) was then added to each channel at a final concentration of 1:100
to visualize the cell membrane. McTNs were scored in a population of 100 cells/channel as
previously described®.

Immunofluorescence

MDA-MB-436 cells were allowed to tether for 30 minutes onto (PMA/PAAmM)1+DOTAP
coated microfluidic slides (Ibidi, p-Slide V1 0.4) then fixed with 3.7% formaldehyde/PBS,
washed, permeabilized in 0.1% Triton-X 100/PBS, blocked in 5% bovine serum albumin
(BSA)/PBS, and incubated overnight at 4°C in 5% BSA/PBS with an antibody against a.-
tubulin (Sigma-Aldrich, Cat:T6199) at the manufacturer recommended dilution. Secondary
antibodies, anti-mouse Alexa Fluor 488 (Thermo Fisher), 1:5000), WGA (Alexa Fluor 594
conjugate, Invitrogen, 1:100), and Hoechst 33258 (1:5000) were diluted in BSA/PBS, added
to each channel, and incubated for 2 hours at room temperature. Images were acquired using
an Olympus 1X81 microscope with a Fluoview F\VV1000 confocal laser scanning system.
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McTN Image Analysis on Fixation Time Points

MDA-MB-436 and MDA-MB-231TD cells were trypsinized and seeded onto thermal-
crosslinked (PMA/PAAmM),+DOTAP coated microfluidic slides (Ibidi, u-Slide V1 0.4). Cells
were incubated for various time points (0, 1, 5, 15, 30, 45, or 60 minutes) before fixation
with 3.7% formaldehyde for 10 minutes. After 10 minutes, Hoechst 33258 (1:5000) and
WGA (Alexa Fluor 594 Conjugate, Invitrogen, 1:100) were added to each channel. Images
were acquired using an Olympus 1X81 microscope with a Fluoview F\VV1000 confocal laser
scanning system. Perimeter quantification was done in ImageJ as shown in Figure S4B.

Spiked CTC Isolation using the VTX-1 and Tethering

The VTX-1 device was operated using the procedures as previously described?®. MDA-
MB-231TD (102) cells were spiked into 4mL of whole blood diluted in PBS to a total
volume of 40mL, for a 10X blood dilution. Cells were immediately tethered post-isolation
for 45 minutes, as the output of the VTX-1 (200ul total volume) was directly collected into
an Ibidi microfluidic slide coated with thermal-crosslinked (PMA/PAAmM)1+DOTAP capable
of retaining 300uL total volume (Ibidi, p-Slide I Luer 0.8) (See Figure 6). After processing,
cells were fixed with 300uL 3.7% formaldehyde and stained with 300uL of Hoechst 33258
(1:5000) to visualize the nucleus and WGA (Alexa Fluor 594 Conjugate, Invitrogen, 1:100)
to visualize the cell membrane. Images were acquired using an Olympus 1X81 microscope
with a Fluoview FV1000 confocal laser scanning system.

Desiccator Experiments

Slides were coated with thermal-crosslinked (PMA/PAAmM)+DOTAP (lbidi, p-Slide V1 0.4)
and either placed on the benchtop in ambient conditions or in a glass desiccator containing
silica gel (Acros Organics, Cat:7631-86-9). Slides were removed at each month for 6 months
for each condition simultaneously to test capture efficiency. MDA-MB-436 and MDA-
MB-231TD cells were seeded onto either a slide stored in ambient conditions or in the
desiccator and were incubated for 30 minutes at 37°C to allow for tethering. Each channel
was washed three times, as described above in “Tethering Wash Tolerance”. The cell number
after each wash was quantified using NIS Elements software and normalized to the initial
cell number to calculate percent cell retention.

Statistical Analysis

GraphPad Prism (version 6.02) was used to determine all statistical comparisons. One-way
and two-way ANOVA tests were performed with a Bonferroni multiple comparisons post-
test as indicated. A p-value of 0.05 or less was considered statistically significant.

Results and Discussion

Thermal-crosslinking of PEM plus DOTAP improves cell retention

Live tumor cells can be tethered to surfaces engineered with PEM+DOTAP, but are not well-
retained during routine washing procedures that are required for many laboratory procedures
(only 10-40% cells retained after 3 washes)®. We decided to compare two crosslinking
methods (thermal imidization and formaldehyde reaction) to improve the cell retention
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durability of PEM+DOTAP nanosurfaces. Earlier observations in our lab have shown that
formaldehyde treatment of 4 bilayers of polymethacrylic acid and polyacrylamide (PMA/
PAAmM) can improve cell retention compared to uncrosslinked surfaces (manuscript under
revision), but do not maintain cytophobic properties over long periods of time. Given
observations that thermal crosslinking of a single polyelectrolyte bilayer yields a surface that
greatly resists cell adhesion1®, we decided to measure whether thermal crosslinking of a
single PMA/PAAmM bilayer could serve as an improved PEM foundation for the cell
tethering technology that might also retain the downstream capability of formaldehyde cell
fixation. Breast cancer cells were seeded onto microfluidic slides coated with (PMA/
PAAM)4+DOTAP with formaldehyde crosslink or thermal-crosslinked (PMA/
PAAmM){+DOTAP (Figure 1A) and their initial retention and wash tolerance rates were
measured. During successive wash steps, the thermal-crosslinked (PMA/PAAM)1+DOTAP
coating retained cells at a similar rate to slides coated with (PMA/PAAmM)4+DOTAP with
formaldehyde crosslink over all three wash steps for MDA-MB-436 (Figure 1B), MDA-
MB-231TD (Figure 1C) and MCF-7 (Figure 1D) cell lines. For both tethering surfaces, 97%
of MDA-MB-436 cells, 98% of MDA-MB-231TD cells and 90% of MCF-7 cells were
retained after the first wash. Even after three washes MDA-MB-436 and MDA-MB231TD
cells continued to maintain 95% of the initially tethered cells, while MCF-7 cells retained
over 80%. Representative images over three washes show minimal cell loss when cells are
tethered with either method of crosslinking (Figure 1E and Figure S1A). These results
demonstrate that crosslinked tethering surfaces maintain a very high retention efficiency for
different cell lines during multiple wash steps.

The concept of studying non-adherent cells with a microfluidic device, such as TetherChip,
has become extremely important given the recent advances in elucidating the mechanisms of
CTC metastasis, such as the process of epithelial-to-mesenchymal transition (EMT) and its
reverse process, mesenchymal-to-epithelial transition (MET). It has been proposed that
primary tumor cells activate EMT to invade and disseminate through the body, and upon
arriving at the distant sites they undergo MET to form epithelial metastasis3. A better
understanding of how these processes are regulated will lead to therapeutic targets for
metastasis prevention, however it is important that these studies occur in an environment that
most closely recapitulates the blood stream (non-adherent conditions) where dissemination
can occur. Highly efficient cell retention in a microfluidic device to perform these types of
experiments is crucial for the analysis of extremely rare cells, like CTCs. These results
confirm that thermal-crosslinking does achieve a high level of initial cell retention and
subsequent wash tolerance retention, which is similar to the formaldehyde-crosslinked
surface. It is also worth noting that because the crosslinked tethering surfaces retain cells
after multiple washes, this enables the capability to add dyes or drugs or perform washing
steps without displacing the non-adherent, tethered cells. Because of these improvements in
surface chemistry to yield a cell retention rate of 98%, we can be confident moving forward
in performing experiments where CTC number may be very low, such as in patient-derived
xenografts (PDX) or patient blood samples. We also show here that the sample preparation
for utilizing TetherChip is relatively easy compared to other devices, without the need for
any prior enrichment such as EpCAM staining, therefore it can capture all CTCs regardless
of whether they have undergone EMT or not. Given the nanometer-thin and optically-clear
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surface features of TetherChip for high-resolution imaging as well as the enhanced initial
cell retention and wash tolerance capabilities to securely hold free-floating cells in place,
this microfluidic device has already proven to be instrumental in overcoming technical
challenges of studying non-adherent tumor cells.

Thermal-crosslinked tethering surface prolongs cell suspension

Besides a high cell tethering efficiency, a nanoscale tethering surface that resists cell
adhesion would improve the ability to study cell behaviors that occur in the non-adherent
microenvironments that are encountered during metastasis through the bloodstream or
lymphatics. To test how cells would interact with the two differentially crosslinked surfaces
over longer periods of time, the same three breast cancer cell lines were seeded onto
microfluidic slides coated with (PMA/PAAmM),+DOTAP (formaldehyde-crosslink) or (PMA/
PAAM){+DOTAP (thermal-crosslink) for a 48-hour time course. For all three cell lines
MDA-MB-436 (Figure 2A), MDA-MB-231TD (Figure 2B) and MCF-7 (Figure 2C), the
thermal-crosslinked tethering surface significantly reduced cell adhesion compared to the
formaldehyde-crosslinked surface as early as 4 hours after seeding. Representative images of
the same cell at each of the indicated time points up to 48 hours illustrate that the thermal-
crosslinked PEM exerts a much higher level of cell adhesion resistance than the
formaldehyde-crosslinked film especially 6 hours after seeding (Figure 2D and S2A).
MCEF-7 cells are highly adherent and begin attaching to the formaldehyde-crosslinked
surfaces within 2 hours. Thermal-crosslinked surfaces resist MCF-7 adhesion for at least 10
hours, and these cells do eventually attach by 24 hours, but still significantly less than on
formaldehyde-crosslinked surfaces (Figure 2C). These results illustrate that the thermal-
crosslinked surface prevents cell adhesion and spreading to a much greater degree than the
formaldehyde-crosslinked surface, prioritizing thermal crosslinking as the main method of
stabilization for maintaining a non-adherent microenvironment.

Thermal imidization at 90°C for 8 hours produces a small fraction of imide bonds (about 1%
of the acid/amide groups get converted into imide bonds) that stabilize the film for at least
one month even in the typical buffered solutions used in most cell culture assays?8.
Typically, PMA/PAAm films become soluble at a pH higher than 5.0 and therefore dissolve
in neutral buffered solutions due to ionization of the PAAm acid groups disrupting the
hydrogen-bonded network and introducing electrostatic repulsive forces20. Low levels of
crosslinking allow polyelectrolyte multilayers to swell and act as a hydrogel so the cells are
not able to recognize it as a mechanically supportive surface for adhesion8. Since
formaldehyde at pH 7 crosslinks the multilayers to a much greater degree, it is possible that
reduced multilayer swelling provides a surface that allows eventual cell adhesion. These
results verified that the thermal-crosslinked tethering surface was not only able to maintain
free-floating tumor cell characteristics (by preventing attachment and cell spreading), but
also kept cells tethered (held securely by the lipid while maintaining non-adherent
behaviors) for that time period to allow for tracking while prohibiting cell aggregation.
Ultimately, this provides the ability to accurately track individual cells in the whole slide
over at least 2 days, for assays such as sphere formation or drug response where it is
impossible to do this with traditional low-attach plates because of cell drift. Having the
ability to track individual cells opens the opportunity to differentiate single cells in a
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heterogenous mixture especially when analyzing drug response. Minimizing the drift of non-
adherent cells with lipid tethers could also reduce cell clustering artifacts that typically
confound traditional sphere-forming assays3L. Additionally, utilizing the thermal-crosslinked
surface provides a potential application for longer term measurements of non-adherent cell
responses such as anoikis, or death by detachment from extracellular matrix, and stem cell
sphere formation. Anoikis experiments occur over a time scale of between 8h and 24h
depending on cell type and traditional stem cell sphere formation assays continue for 7-14
days. Because the formaldehyde-crosslinked surface only resists cell adhesion for a
maximum of 3-4 hours, these longer assays would not be feasible. On the other hand,
thermal-crosslinked PEM surfaces can remain cell-adhesion resistant in culture for up to one
month18. The ability to tether and track individual cells over long periods of time enables the
opportunity to perform phenotypic experiments that would have otherwise been impractical
for non-adherent cells.

Thermal-crosslinked tethering surface enables microtentacles to be formaldehyde fixed

Since thermal crosslinking only converts a small fraction of reactive acid/amine groups to
imide bonds18, it is possible that the residual unreacted amine groups could be exploited to
chemically fix the tumor cells and microtentacles to the tethering surface with
formaldehyde. Our previous studies have shown that microtentacles on live, free-floating
tumor cells collapse during formaldehyde fixation, presumably due to the inability of the
free-floating microtentacles to form crosslinks with a stabilizing surface and the delicate
microtentacle structure, which electron microscopy reveals can be less than 100nm in
diameter!®. This collapse of free-floating microtentacles during fixation is most clearly
evident with time-lapse microscopy during fixation (Video S1). To determine if thermal-
crosslinked PEM+DOTAP nanosurfaces could enable more efficient McTN fixation, McTN
frequency was assessed with either free-floating, live tumor cells or tumor cells that had
been first tethered and then fixed with formaldehyde. McTN counts in both MDA-MB-436
and MDA-MB-231TD cells revealed only a small difference in frequency between the live
versus fixed cells for both cell lines (Figure 3A). In both cell types, fixation actually
increased the levels of cells scoring positive for McTNs by a blinded observer (Fig.3A). We
believe fixation does not necessarily alter McTN frequency, but instead improves
visualization by capturing McTNs onto the single focal plane of the tethering surface. In live
samples, McTNs extend across many focal planes and move dynamically, complicating the
ability to visualize all McTNs in live tumor cells. In fixed samples, we allowed cells to tether
for at least 30 minutes before fixation, which allowed the McTNs to also lay down onto a
single focal plane and tether to the lipid surface. Because these McTNs were no longer free-
floating and were bound to a surface, they were able to survive chemical fixation.
Representative images of live and fixed MDA-MB-436 (Figure 3B) and MDA-MB-231TD
(Figure S3A) cells demonstrate a high McTN frequency in both conditions. To further
validate that cells and their McTNs could be fixed without changing composition or
phenotype, immunofluorescent staining was performed for a-tubulin and the plasma
membrane. Consistent with previous publications from the lab815:32 immunofluorescence
revealed microtubules extend along the length of McTNs (Figure 3C). These results not only
show that downstream fixation is possible with a thermal-crosslinked tethering surface, but it
also shows that this surface is robust enough to withstand the continuous washing involved
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in immunofluorescent staining. Chemical fixation also revealed strong heterogeneity in
MCcTN phenotype between cells from the same tumor cell line (Figure 3C), which we have
shown is linked to both differences in stem cell characteristics3® and epithelial-to-
mesenchymal transition (EMT) markers!3. While observing McTN behavior, it was noticed
that some cells had free-floating McTNs and some had McTNs that had laid down and
tethered to the lipid surface. To determine the difference between these two states in terms of
fixation potential, time-lapse videos during the initial formaldehyde addition were taken of a
MDA-MB-436 cell with non-tethered McTNs (Video S1) and another with tethered McTNs
(Video S2). Representative still frames of these videos show that during the initial
formaldehyde fixation, the non-tethered, free-floating McTNs collapse and largely disappear
after only about 20 seconds post-formaldehyde wash while the tethered McTNSs remain
intact (Figure 3D). These results display that McTNs which are allowed to tether to the lipid
have the ability to be fixed without being completely destroyed. We concluded that this
difference in tethered versus non-tethered McTNs was the result of how long the cells and
their McTNSs were allowed to tether undisturbed before fixation. Therefore, in order to
obtain a reproducible method for fixation and be able to further archive samples of tethered
cells, we decided to move forward by optimizing the tethering time that allows McTNs to
engage the lipid surface for maximum preservation during chemical fixation.

Recent electron microscopy studies have shown that McTNs are very thin, flexible structures
with diameters ranging from 100nm to 1um and lengths of tens of micrometers!. Our
results demonstrate that McTNs are extremely sensitive to fixation, which in combination
with the thinness, could be one reason McTNs have been largely overlooked in previous
studies. We show that immediately after formaldehyde is washed through the channel, the
untethered McTNs already begin to collapse (Video S1). On free-floating surfaces such as
low-attach plates, especially after a longer fixation time such as the standard 10-minute
formaldehyde fixation, the McTNs would be strongly reduced. By integrating the lipid,
which indiscriminately binds plasma membrane, the cell body along with the McTNs are
able to be tethered. We illustrate that the tethering of the McTNs actually protects them from
collapse during fixation, which permits immunofluorescent staining as well as other
downstream applications. Additionally, by using a thermal imidization reaction to stabilize
the PEM surface instead of a chemical crosslink, such as formaldehyde, the reactive amine
groups are still available for the fixation of tethered cells to the surface for
immunofluorescence and eventual archival storage. Lipophilic dyes, such as CellMask
Orange, which we have used in our previous studies to visualize McTNs in live cells, also
bind to the lipid tethering surface which creates a significant amount of background
fluorescence. Additionally, CellMask does not survive permeabilization and therefore cannot
be used for immunofluorescence procedures. This led us to prioritize wheat germ agglutinin
(WGA), which is a general glycosylation binding protein and is amenable to
permeabilization and thus immunofluorescence. WGA stains a broad variety of cell types in
an antibody-independent manner, allowing both our cell tethering mechanism and our
staining protocol to work across many tumor types creating a universal protocol. The novel
fixation capability of TetherChip adds to its simple sample preparation, where cells seeded
onto the microfluidic device do not have to be manipulated any further for image analysis
and archival. Rapid chemical fixation will help preserve samples, especially with patient
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CTCs that are exceptionally rare in blood samples. Variables introduced during extended
processing of live patient tumor cells in clinical labs can also be minimized through rapid
chemical fixation and generate an archival sample that can be stored for years. Additionally,
by stabilizing the cell morphology and phenotype the sample can be transported from
clinical sites for research and analysis without the use of incubators or dry ice. Additionally,
this unique surface chemistry of TetherChip allows for high-resolution imaging and easy
detection due to the innovative focal plane restriction of McTNs and the advanced ability to
perform immunofluorescence staining on McTNs. Given these practical advantages of the
thermal-crosslinked PEM+DOTAP nanosurface (TetherChip), we prioritized this
formulation for additional studies.

Time course of cell tethering and McTN fixation on tethering surface

Before determining the length of time McTNs need to lay down onto the tethering surface to
most easily visualize them, it first had to be established exactly how long it took for cells to
become completely tethered. To do this, MDA-MB-436 (Figure 4A) and MDA-MB-231TD
(Figure 4B) cells were seeded onto microfluidic slides coated with thermal-crosslinked PEM
+DOTAP and allowed to tether for either 1, 5, 15, 30, 45 or 60 minutes. In both cell lines,
TetherChips robustly captured cells within only 5 minutes of tethering even after 3
consecutive washes. Representative images of tethered MDA-MB-436 cells illustrate that
even only after 1 minute of cell tethering to thermal-crosslinked PEM+DOTAP surfaces,
there is already almost an 80% cell retention rate with MDA-MB-436 cells, but at 5 minutes
nearly 100% of the cells are tethered (Figure 4A and 4C). Since TetherChips are able to
capture cells within just 5 minutes, we next determined the timeframe of McTN tethering to
help define a standard protocol for tumor cell fixation that maximizes McTN preservation.
Quantification of cell perimeter (Figure S4B) as a simple measurement of McTN presence (a
larger perimeter would correlate with more McTNs) shows the largest change in the
perimeter for MDA-MB-436 cells (Figure 4D) between 5 and 15 minutes of tethering and
between 15 and 30 minutes for MDA-MB-231TD cells (Figure 4E). For both cell lines the
perimeter continues to increase for 30 minutes and then begins to level off between 45-60
minutes post-tethering. Multiple comparison tests reveal a significant difference (p < 0.001)
between each time point shown unless stated otherwise on the graphs. Representative images
from each time point illustrate the progression of McTN formation and tolerance to fixation
over the course of 1 hour for MDA-MB-436 (Figure 4F) and MDA-MB-231TD (Figure
S4A). It is clear that after 1 and 5 minutes of tethering, McTNs have not begun to lay down
onto the lipid tethering surface yet and are consequently damaged by the fixation. It has been
shown that at 3 minutes McTNs begin to form and by 5 minutes they are well-developedl,
therefore by 5 minutes we should see be able to see McTNSs and their absence in the fixed
samples indicates McTNs were likely destroyed by the fixation. These results display that
the tethering technology is able to fully retain cells within 5 minutes of seeding, but because
MCcTNs need at least 30 minutes to bind to the lipid tethers and plateau by 45 minutes, we
implemented a standard 45-minute tethering time for moving forward with fixation studies.
This is the first time we have quantified and optimized tethering time for the TetherChip
device, but by developing these standardized procedures we take TetherChip one step further
in the process of commercialization.
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Although we demonstrate above that more MDA-MB-231TD cells are positive for McTNs
than MDA-MB-436 cells (Figure 3A), we establish here that MDA-MB-436 cells seem to
have more or longer McTNs as shown by a larger overall perimeter (Figure 4D and 4E).
Both of these cell types are known to be aggressive and metastatic, but it brings up an
interesting question of whether the number of cells producing McTNs (whether long or
short) or the length of each McTN is more crucial for reattachment. We know from previous
publications from our lab that McTNs promote reattachment to endothelial cells33, but the
mechanism by which they do this is still unknown. It is also known that tumor cell
heterogeneity plays a major role in metastasis, drug resistance, and clinical outcome34. Even
within the same cell type, we demonstrate that cells can possess very different phenotypes
with either very long McTNs or almost none at all (Figure 3C). Along with those
observations, we also see some variation in perimeter within each cell line and at the various
time points (Figure 4D and 4E). TetherChip provides the potential to track individual
tethered cells to see which ones can resist different chemotherapies and which cells can
develop into large spheres over time (implicating a stem-like phenotype), while also
demonstrating which cells undergo anoikis or do not survive drug treatments.

Tethering surface also retains colon, lung and prostate cancer cell lines

In addition to breast cancer cells, we also expand the application potential of TetherChip
technology to include lung, prostate and colon cancer cells. In 2018, these were the top four
cancers (including breast) by incidence and accounted for almost half of all cancers3®. SNU-
C1, T84, NCI-H1755, NCI-1944, NCI-2087, PC-3 and LNCaP cancer cells were seeded
onto TetherChips and the tethering efficiency was analyzed over three subsequent washes.
H1755, H1944 and PC-3 cells all tethered with a greater than 90% cell retention over all
washes while SNU-C1, T84 and H2087 cells tethered with about an 80% retention (Figure
5A). LNCaP prostate cancer cells did not tether well and only about half remained after the
three washes. Although some of these other cancer cell lines do not tether as well as breast
cancer cells, a 70% retention rate (after three washes) is still sufficient to conduct
preliminary downstream analysis for cell lines where the number of cells is abundant.
Additionally, the methodology could be optimized for different cell lines where differences
in phenotypes (Figure S5 and Table S1) or membrane lipid compositions may affect
tethering efficiency. Besides examining whether other types of cancer cells could be
tethered, we were also interested in determining if these other cell lines also produced
MCcTNs in suspension. Representative images of tethered cells illustrate that lung, prostate
and colon cancer cells do indeed produce McTNs with varying lengths and degree of
frequency (Figure 5B). Quantification of McTN frequency demonstrates that even within
cancer types, different cell lines produced McTNs at varying rates (Figure 5C). The largest
differences were observed in the prostate cancer cell lines, PC-3 (grade 1) and LNCaP
(stage D1), which were on complete opposite ends of the McTN spectrum with 52% versus
0%, respectively, which is consistent with their tumorigenicity and metastatic capacity /n
vived®. Lung cancer cell lines, H1755 and H1944, had a comparable McTN frequency while
H2087 exhibited considerably less McTNs, which also parallels the aggressiveness of these
cell lines (stage 4, stage 3b, and stage 1, respectively). Colon cancer lines, SNU-C1 and T84,
also had a similar rate of McTNs, with T84 being slightly higher. T84 cells have been shown
to be tumorigenic3” and mildly metastatic3® jn vivo while SNU-C1 cells have not been
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reported to be tumorigenic3?, potentially further extending the correlation between McTNs
and aggressiveness. We show here, for the first time, that this tethering technology
indiscriminately captures these four major tumor cell types, as well as illustrates that McTN
formation is shared amongst many cell lines when put into suspension, potentially associated
with metastatic potential.

About 90% of all solid human tumors originate in epithelial tissues as carcinomas*®, with a
positive correlation between incidence and age*!. The top four cancers by incidence (Lung,
Colorectal, Breast, Prostate) are each predominantly epithelial in origin and account for
almost half of all cancers. By expanding the applicability of the TetherChip to be able to
tether several different cancer types, we can begin to analyze metastatic phenotypes
(McTNs, stem cell sphere formation, clustering) from these cancers as well. We highlight
here that the TetherChip lipid surface indiscriminately holds multiple cell types without bias
from antibody/surface markers or attachment/matrix receptors. Improvements in the
TetherChip technology made it possible to illustrate for the very first time that McTNs do
exist in other epithelial tumor cell types. This novel biological finding suggests that McTNs
could be a common phenotype of carcinomas, given their presence in these top four human
solid tumor types. Additionally, we have previously shown that McTNs are an indicator of
tumor stem cell characteristics33, epithelial-to-mesenchymal transition (EMT)13, and loss of
the PTEN tumor suppressor4, which further supports our current demonstration of a
potential correlation between number of McTNs and aggressiveness of the tumor cell typel®.
McTNs might therefore, be an indicator of tumorigenic potential (growth) as well as
metastatic potential (reattachment and clustering).

TetherChips allow for efficient tethering of CTCs recovered from blood samples

Development of a platform to study cells in a free-floating state that can be directly
integrated into established CTC isolation technologies provides an efficient and valuable
tool to investigate the behaviors of circulating tumor cells with minimal manipulation. Live
CTCs can be isolated, with an instrument such as the Vortex VTX-1, with a direct output of
200pL total volume onto a TetherChip, which can then be fixed and stained for further
downstream analysis as well as archived for later use (Figure 6A). This relatively new
concept of recovering cells via the Vortex straight onto TetherChip shows the potential of
this microfluidic device in its capability of being directly integrated into any kind of
enrichment platform for CTC isolation. Importantly, there are currently many systems in
development for the isolation of CTCs, but there are very few options post-isolation for CTC
analysis. Figure 6B is a representative image of a MDA-MB-231TD cell that was spiked into
4 mL of whole blood, isolated on the VTX-1 machine, tethered and then fixed and stained.
This is the type of image that can be acquired within 1-hour post-isolation and further
analyzed. The ability of a direct output onto a tethering slide with 95% tethering efficiency
and a retention rate of 98% once the cells have been fixed (Figure 6C) means that utilizing
this platform for clinical samples, where number is often limited, is very feasible and highly
reliable. However, it is important to note that these blood isolation experiments were
performed with cells expressing GFP as a proof-of-concept that allowed positive
identification of tumor cells and robust determination of the TetherChip retention efficiency.
For clinical sample analysis, it will be necessary to combine CTC enrichment from systems
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like the VTX-1 with immunostaining on the TetherChip that can identify tumor cells (CK/
EpCAM) and exclude contaminating lymphocytes (CD45), since the GFP confirmation is
not possible. With this established, rapid workflow, the TetherChip offers a complete ready-
to-use, Lab-on-a-Chip solution for non-adherent cell image analysis that overcomes
challenges associated with cell drift when imaging free-floating cells, cell displacement
when washing drugs or dyes through, and avoids long-term culture by measuring drug
effects on McTNs from single cells. For TetherChips to be a truly ready to use product, we
also needed to verify a reasonable shelf-life. We previously noticed that in ambient
conditions on the benchtop, the TetherChips would only last about a week before the lipid
started to degrade, and cells would not tether anymore. To test whether we could extend this,
we seeded MDA-MB-436 cells and MDA-MB-231TD cells onto the thermal-crosslinked
microfluidic slides that had either been on the benchtop in ambient conditions or in a glass
desiccator for the indicated time points and their retention rates were measured after 3
consecutive washes. For both MDA-MB-231TD (Figure 6D) and MDA-MB-436 (Figure
S6A) cells, the slide stored in the desiccator was able to retain about 97% of the total
initially seeded cells as compared to about a 4% retention rate for the slide that was not
stored in a desiccator. We demonstrate here that not only do TetherChips currently have at
least a 6-month shelf life, but they are most importantly an easy-to-use, plug and play
platform for the analysis and archival storage of circulating tumor cells with multiple
potential applications to study metastatic phenotypes.

Current systems to analyze patient tumor cells such as patient-derived xenografts (PDX) and
other long-term culture systems such as spheroids, can impose selective and adaptive
pressures to tumor cells. These pressures usually result in either cells failing to grow or the
tumor cells that eventually do grow are not entirely representative of the original sample.
Additionally, these models take weeks to months for implementation and are not guaranteed
to work. TetherChip analysis, on the other hand, can be completed within hours of isolation
from the patient, minimizing uncontrolled variables and offering an immediate conclusion,
avoiding the complications of long-term growth. Further, the compatibility of thermal-
crosslinking with downstream chemical cell fixation also reduces variables in this process to
more tightly streamline a clinical workflow and produce a consistently archived sample. We
have proven that with the TetherChip, CTCs can be spatially immobilized and therefore
imaged in high-resolution and McTNs can be objectively measured with an automated
software®? for responses to chemotherapy drugs such as Taxol and Colchicine in less than
one hour. With the nanoscale surfaces on TetherChip that provide maximal optical clarity,
we can easily employ this platform for high-content and high-resolution imaging. Utilizing
this technology offers the possibility to not only be able to rapidly study non-adherent cell
behavior, but also to target metastatic phenotypes like McTNs that only are present when
cells are in suspension. Most tumor assessments are still being conducted by analyzing
growth and how growth changes in response to drug treatments. Emerging evidence
however, has demonstrated that chemotherapies like Paclitaxel that reduce tumor size in
breast cancer, actually promote McTNs#3, CTC shedding, and increases in metastasis*4.
Technologies like the TetherChip open the opportunity to measure metastatic phenotypes
independent of growth and therefore possibly identify new therapies that are specific to
metastasis and do not necessary affect growth. While current cancer therapies target

Lab Chip. Author manuscript; available in PMC 2020 October 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Juetal.

Page 17

microtubules indiscriminately®, the dependence of McTNs on detyrosinated subsets of
microtubules may offer opportunities to specifically target detyrosination*® and therefore
reduce off-target side effects of broadly inhibiting cell growth. The recent identification of
the long-elusive tubulin carboxypeptidase may also present a potential therapeutic target for
selective McTN targeting*®47. Metastatic phenotypes such as McTN formation, CTC
clusters, and stem cell sphere formation only occur in a non-adherent, free-floating state, as
adherent and non-adherent cells possess dramatically different functional and molecular
characteristics. TetherChip can provide fundamental insights into these non-adherent, single-
cell behaviors of metastatic tumor cells that could improve the therapeutic targeting of
metastasis and overcome the limiting focus of exclusively targeting tumor growth for patient
monitoring and cancer drug development.

Conclusions

In this study, we develop an improved and more stabilized lipid tethering system using
thermal imidization that enables rapid chemical fixation of non-adherent tumor cells in a
free-floating environment with the ability to preserve microtentacle structure post-fixation
and post-blood isolation (Fig. 3 and Fig. 6). By thermal-crosslinking only a small percentage
of the PEM nanosurface, cells can be tethered with up to a 98% retention rate and remain
non-adherent (but still tethered) for at least 48 hours (Fig. 1 and 2). Further, we demonstrate
for the first time, that colon, lung, and prostate cancer cells can not only be tethered, but that
they also produce McTNs when in suspension, which positively correlates to cell line
aggressiveness (Fig. 5). Directly integrating this tethering technology with new isolation
technologies that allow the capture of live CTCs, such as the Vortex VTX-1, now establishes
that it is both possible and feasible to conduct McTN analysis on a small number of isolated
CTCs within only a few hours and without requiring tumor cell propagation (Fig. 6). A
major advantage of the ability to fix the cells directly to the tethering slide is the stabilization
of cell morphology and phenotype, which not only enables high-content imaging, but also
the option to transport these slides between clinical and research sites. Taken together, this
study establishes a microfluidic cell tethering platform (TetherChip) to analyze metastatic
phenotypes in a wide range of tumor cell types with a streamlined workflow that is feasible
for precision medicine applications with the small numbers of tumor cells available from
patient biopsies or blood samples.
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Figure 1: Thermal-crosslinking of PEM+DOTAP has similar cell retention to formaldehyde
crosslinking DOTAP to PEM.

A) Diagram of improved tethering surface with1 bilayer and the addition of thermal
crosslinking. B-D. Percent of tethered cell retention after sequentially washing B) MDA-
MB-436, C) MDA-MB-231TD and D) MCF7 cells on microfluidic slides coated with
(PMA/PAAM)4+DOTAP with formaldehyde (CH,0O)-crosslink or thermal-crosslinked
(PMA/PAAM)1+DOTAP (heat). Data are shown as mean + SEM, n=3; NS, P > 0.05 vs.
(PMA/PAAM); + heat (two-way ANOVA with Bonferroni posttest). E) Representative
images of tethered MDA-MB-436 cells stained with NucBlue Live ReadyProbes Reagent on
(PMA/PAAM)4+DOTAP with formaldehyde-crosslink and (PMA/PAAM)1+DOTAP with
thermal-crosslink microfluidic slides after washing. Images were taken at 4X magnification
in the DAPI channel on the Nikon Eclipse Ti2-E inverted microscope. Scale bar = 500pm.
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Figure 2: Thermal-crosslinking of PEM+DOTAP prolongs cell suspension on tethering surface.
A-C. Percent of A) MDA-MB-436, B) MDA-MB-231TD and C) MCF-7 cells on

microfluidic slides coated with (PMA/PAAmM),+DOTAP with formaldehyde-crosslink
(CH,0) or thermal-crosslinked (PMA/PAAmM)1+DOTAP (heat) that have remained rounded
without adhesion/spreading after the indicated time points. Data are shown as mean + SEM,
n=3; *** P < 0.001 vs. (PMA/PAAmM); + thermal (two-way ANOVA with Bonferroni
posttest). D) Representative brightfield images of tethered MDA-MB-436 cells on (PMA/
PAAmM),4+DOTAP with formaldehyde-crosslink and thermal-crosslinked (PMA/
PAAmM)1+DOTAP coated microfluidic slides after indicated time points. Brightfield images
were taken at 10X magnification on the Nikon Eclipse Ti2-E inverted microscope. Scale bar

= 200pm.
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Figure 3: Thermal-crosslinking of PEM+DOTAP enables fixation of microtentacles.
A) Live versus fixed McTN quantification of MDA-MB-436 cells tethered on microfluidic

slides coated with thermal-crosslinked (PMA/PAAM)1+DOTAP. Data represents
quantification of McTN frequency from three independent experiments with 100 cells
counted for each (mean £ SEM). B) Representative images of live MDA-MB-436 cells
stained with CellMask Orange (1:10,000, left panel) or fixed cells stained with WGA
(Wheat Germ Agglutinin, Invitrogen, 1:100, right panel). Scale bar = 50um. C)
Immunofluorescent images of tethered and fixed MDA-MB-436 cells stained with Hoechst
33258 (1:5000, blue), a-tubulin (1:1000, green), and WGA (Wheat Germ Agglutinin, 1:100,
red) were taken at 60X magnification using an Olympus 1X81 microscope with a Fluoview
FV1000 confocal laser scanning system. Scale bar = 20um. D) Representative still frames of
tethered MDA-MB-436 cells with McTNs that are free-floating (top panel) or tethered to the
lipid surface (bottom panel), pre- and post-fixation. Videos were taken either immediately
after cell tethering (non-tethered McTN, 5 minutes) or 30 minutes after tethering to allow
MCcTN to tether to the lipid surface. Brightfield images were taken at 20X magnification on
the Nikon Eclipse Ti2-E inverted microscope. Scale bar = 20um.
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Figure 4: Time cour se of cell tethering and microtentacle fixation on thermal-crosslinked
surface.

A-B. Percent of tethered cell retention after sequentially washing A) MDA-MB-436 or B)
MDA-MB-231TD cells on microfluidic slides coated with thermal-crosslinked (PMA/
PAAmM){+DOTAP after the indicated time points. Data are shown as mean + SEM, n=3; ***,
P < 0.001 vs. 1 minute (two-way ANOVA with Bonferroni posttest). C) Representative
images of tethered MDA-MB-436 cells stained with NucBlue Live ReadyProbes Reagent on
microfluidic slides coated with thermal-crosslinked (PMA/PAAM){+DOTAP either washing
after 1 minute (top panel) of tethering time or 5 minutes (bottom panel). Images were taken
at 4X magnification in the DAPI channel on the Nikon Eclipse Ti2-E inverted microscope.
Scale bar = 500um. D-E) Quantification of the perimeter of either D) MDA-MB-436 cells or
E) MDA-MB-231TD cells at each of the indicated time points analyzed by ImageJ. Data are
shown as mean + SEM, n=3; All multiple comparisons are significant with P < 0.001 unless
otherwise stated on graph; **, P < 0.01; NS, P > 0.05 vs. indicated data point (one-way
ANOVA with Bonferroni posttest). F) Representative images of tethered MDA-MB-436
cells fixed at either 1, 5,15, 30, 45, or 60 min post-tethering and stained with Hoechst 33258
(1:5000) and WGA (1:100). Images were taken at 60X magnification using an Olympus
IX81 microscope with a Fluoview FVV1000 confocal laser scanning system. Scale bar =
20pm.
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IFigure 5: Thermal-crosslinking of PEM+DOTAP also retains colon, lung and prostate cancer cell
Ines.

A) Percent of tethered cell retention after sequentially washing colon, lung, and prostate
cancer cell lines on microfluidic slides coated with thermal-crosslinked (PMA/
PAAmM){+DOTAP. Data represents wash tolerance from three independent experiments
(mean £ SEM). B) Representative images of each cancer cell line that was tethered, fix and
stained with Hoechst 33258 (1:5000) and WGA (1:100) (left panel) and the same image
inverted (right panel) to better visualize McTN formation. Images were taken at 60X
magnification using an Olympus 1X81 microscope with a Fluoview FVV1000 confocal laser
scanning system. Scale bar = 10um. C) Fixed McTN quantification of each cancer cell line
tethered on microfluidic slides coated with thermal-crosslinked (PMA/PAAmM)1+DOTAP.
Data represents quantification of McTN frequency from three independent experiments with
100 cells counted for each (mean = SEM).
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Figure 6: Efficient tethering of CTCsrecovered from blood samples and device shelf-life.
A) Diagram of the process of CTC isolation in Vortex’s VTX-1 with a direct output onto

TetherChips, which allows for downstream analysis of suspended cells. B) Representative
image of MDA-MB-231TD cells that were spiked into whole blood, isolated in the VTX-1,
tethered onto a TetherChip surface (thermal-crosslinked (PMA/PAAM),+DOTAP) and then
fixed and stained with Hoechst 33258 (1:5000) and WGA (1:100). Images were taken at
60X magnification using an Olympus 1X81 microscope with a Fluoview FVV1000 confocal
laser scanning system. Scale bar = 20um. C) Percent of cell retention after tethering, fixing
and staining of MDA-MB-231TD cells that were spiked into whole blood, isolated in the
VTX-1, and delivered to a TetherChip surface. Data are shown as mean = SEM. D) Percent
of tethered cell retention after sequentially washing MDA-MB-231TD cells on TetherChips
that had been stored in a glass desiccator or on the benchtop for the indicated time points.
Data are shown as mean + SEM, n=1 with triplicates.
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