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Circulating tumor cells (CTCs) are the primary entities responsible for spawning cancer
metastasis. Detection of CTCs provides an indicator for the clinical diagnosis and prognosis
of various types of cancers. Several approaches, based primarily on flowing the sample
through antibody-coated magnetic-beads[*] or microchip!23! surfaces have been described
for isolating and counting CTCs. However, these approaches require extensive sample
preparation and/or complex surface microstructures to detect the extremely low abundance
of CTCs in blood.[34] In this study we describe a immunomicromachine-based approach for
an in-vitro isolation of cancer cells that holds promise for direct CTC detection without

sample pre-processing.

Recent progress in the field of man-made nanomachines,®] particularly major advances in
the power, efficiency, motion control and versatility of artificial nanomotors, 6] have opened
the door to new and important biomedical applications, ranging from drug deliveryl’] to
biosensing.[81 Autonomously moving synthetic nanomotors have recently been employed for

the pickup and transport of diverse payloads, mostly via magnetic or electrostatic

interactions.[%] Extending the scope of chemically-powered nanomotors to physiological
conditions represents a key challenge since such nanomotors are commonly incompatible
with the high ionic strength environment of biological fluids. Catalytic rolled-up microtube

rockets, propelled by the recoiling force of accumulated gas bubbles,[62.99..10] gre

particularly attractive for isolating and transporting cancer cells for downstream analysis as

they possess the necessary towing force to carry large mammalian cells. Here we

demonstrate that these microrockets overcome previous constraints to locomotion in
biological fluids and are readily functionalized with an antibody specific for antigenic
surface proteins expressed on cancer cells, such as anti-carcinoembryonic antigen (anti-
CEA) monoclonal antibody (mAb).[11] CEA is used as a targeting antigen because it is one
of the most common antigens among cancer cells, being over-expressed in approximately
95% of colorectal, gastric and pancreatic cancers.[12] Figure 1 conceptually illustrates the
microrockets based pick-up and transport of cancer cells. The conjugation of the anti-CEA
mAD to the outer gold surface of the microrockets is accomplished through carboxyl-
terminated groups from a binary self-assembled monolayer (SAM) using standard EDC/

NHS chemistry (see inset in Figure 1 and Experimental Section for details).

Practical cancer cell sorting applications require that effective motor propulsion is

maintained in relevant physiological fluids. For example, Figure 2 and the corresponding
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Supporting Information Video 1 illustrate the movement of the mAb-coated microrocket in
human serum (diluted 1:4 to include the microrockets and fuel). These images show a long
tail of microbubbles, catalytically generated on the inner platinum surface and released from
the rear of the microtube. Such ejection of bubbles propels the microrocket in the diluted
serum medium at a relatively high speed of about 85 um/s. The sandwiched ferromagnetic
(Fe) layer of the microrocket (see Experimental Section) offers convenient guidance of the
microrocket via tuning of the external magnetic-field direction. To facilitate effective
propulsion and navigation in such biological media (even after the surface functionalization)
the thickness of the Fe layer was increased at least 3 times compared to previously described
microrockets. [ 62:9d.10]

These mAb-functionalized microrockets can selectively bind to target cancer cells and then
effectively transport them in PBS and serum. For example, the time-lapse images of Figure
3 along with the corresponding video clips (Supporting Information Video 2), display the
pickup of a CEA+ pancreatic cancer cell by the anti-CEA mAb-modified microrocket in
PBS (a) and diluted human serum (b). These images and videos demonstrate the movement
of the microrocket towards the CEA+ cell (top panel), the dynamic “en route’ capture of the
cell (middle panel), and subsequent directed travel of the cancer-cell loaded micromotor
over a pre-selected path (bottom panel) without compromising the trajectory of the
microrocket movement. Notice that the high speed of the microrocket is only slightly
affected by the cell loading (e.g., decreasing from 85 to 80 um/s in serum environment),
reflecting its high towing force. Such successful pick-up is observed nearly 80% (n = 43) of
the time during the first interaction between the modified microrockets and the CEA+ cells
while the efficiency decreases to 70% in serum. Note that the cells were not observed to
non-specifically bind to the microrocket during the various control experiments (see below)
except in the case when they were sucked up into the microrocket’s opening (representing
2% of the time, n = 120).

The substantial force essential for transporting a relatively large (~16 um) cancer cell
reflects the bubble recoiling propulsion mechanism of the microrockets. The velocity-
dependent drag force of the microrockets has been estimated from Stokes’ law (see
Supporting Information for detailed analysis). The minimum force necessary for
transporting such large cells at 1 body-length/sec is 2.5 pN (See Supporting Information
Table S1), which is an order of magnitude larger than the force generated by previously
developed magnetically or chemically-powered nano/microscale motors.[7:13]

Unmodified microrockets usually move at a high speed of up to 2 mm/s in PBS media (not
shown), thus exerting a force up to 250 pN. However, after the surface modification with the
antibody these microrockets travel in the same bulk media at a speed of up to 150 um/s, thus
generating an estimated force of ~18 pN. Partial blocking by adsorbed proteins and sulfur
poisoning of catalytic platinum surfacel'# may account for this diminished speed. In the
presence of diluted serum, the maximum microrocket speed in the bulk solution further
drops to ~100 um/s, reflecting the increased solution viscosity. Even at the lower speed, the
microrockets have sufficient force (> 13 pN) to overcome the additional drag force due to
the capture of a cancer cell and are demonstrated to transport the cell over long periods (> 60
s; see Supporting Information Video 3 for a shorter time period and distance). The lower
microrocket speed is actually advantageous for the cell capture and transport, as it reduces
the shear stress and allows for sufficient antigen/antibody interaction. The upper limit of the
microrocket speeds in PBS and serum result in estimated shear stresses of 2.3 and 1.7 dyn/
cm?, respectively (See Supporting Information Table S2). Such values have been commonly
observed when selectively capturing flowing cells via antibody interaction in microfluidic
devices.[2: 1°]
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The specific binding of CEA+ cancer cells to anti-CEA mAb-modified microrockets was
verified by control experiments. These experiments involved the interactions between anti-
CEA mAb- modified microrockets and CEA— pancreatic cancer cells and between SAM-
modified microrockets without the mAb and CEA+ pancreatic cancer cells (Figure 4 and
Supporting InformationVideo 4; see Experimental Section for preparation of these ‘control’
microrockets). The results illustrate that none of the controls have the capability of picking
up cancer cells (Figure 4c-h). Only the anti-CEA mAb-modified microrockets are able to
capture the target CEA+ cancer cells (Figure 4a,b). For these control experiments, we
deliberately selected microrockets that moved slower along the glass slide interface (average
speed of 45 um/s) as a way to minimize the exerting shear stress (0.7 dynes/cm?, see
Supporting Information Table S2) and maximize the microrocket/cell interaction time. We
further confirmed that the interaction between the CEA+ cell and mAb-modified
microrocket was strong and specific by oscillating the pair vigorously using a magnet
(Supporting Information Video 5). These results, along with the subsequent studies
involving cells mixture (CEA+ and CEA— cells; shown below) clearly demonstrate that the
capture of the cancer cell occurs through the specific antigen recognition.

The viability of the cells under the conditions used in the present study was examined using
the trypan blue exclusion assay (See Supporting Information Table S3 and Figure S2). The
cancer cells were subject to PBS solutions containing various levels of the peroxide fuel.
While over half of the cells remained viable for over 10 minutes at the 8% peroxide level,
the majority of the cells (>90%) remained viable after 1 hour immersion in a 2% peroxide
solution. Such time windows would allow for the retrieval of cells for subsequent analysis. It
is important to note that we also observed the ability of the mAb-coated microrockets to
bind to dead CEA+ cells or their cellular membrane fragments. Therefore, from a cellular
detection perspective, these microrockets can identify any CEA expressing cell regardless of
its viability.

The ability of the anti-CEA mAb-modified microrockets to identify and isolate target cancer
cells was further demonstrated using a mixture of green fluorescently stained CEA+ and
unstained CEA— cancer cells. As shown in the overlay images of Figure 5 (taken from
Supporting Information Video 6), the microrocket first closely interacts with the CEA— cell
(steps 1-2), hitting and displacing it to a different focal plane (due to lack of reaction). After
such direct contact without pickup of the CEA— cell, the microrocket captures and transports
a CEA+ cell (steps 4-5). Note (from the video) that the CEA+ cell is tightly bound to the
modified microrocket during deliberate oscillations. This selective binding was confirmed
by exposing the sample to a blue light (460 nm), which excites the CEA+ cells stained with
a green fluorescent dye (step 5). The CEA— cells are indicated by a lack of fluorescence
while exposed to blue light at the beginning of the video. A microrocket moving along the
bottom plane was chosen because its reduced speed allows us to properly guide the
microrocket and distinguish the fluorescent CEA+ cells (from CEA— cells on the same
plane) under the necessary magnification (40x). A similar experiment involving the
incubation of modified microrockets (without fuel) with a mixture of CEA+ and CEA-cells
further demonstrates the selectivity of the mAb-modified microrocket (Supporting
Information Figure S3). These experiments confirm the ability of microrockets to selectively
recognize target cancer cells in cell mixtures.

In conclusion, we have demonstrated a new in-vitro strategy for isolating cancer cells based
on the selective binding and transport ability of mAb-functionalized microengine rockets.
These microrockets can be readily functionalized with targeting ligands such as mAb for
highly specific cancer cell selection and provide sufficient propulsive force for the efficient
transport of the captured target cells in biological fluids. While the concept has been
illustrated for the capture of pancreatic cancer cells, it could be expanded to other cancer cell
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lines. Such microrocket-based selective capture and transport of tumour cells without pre-
processing biological samples holds great promise for extracting CTCs from biological
fluids and hence for the early diagnosis of cancer and its recurrence. The autonomous
transport properties of the microrockets in viscous fluids such as serum might eliminate
multiple preparatory steps involved in the existing magnetic bead-based systems.[?] In
addition, the ability to alter the nature of interactions (by controlling the shear stress) could
increase the efficiency of the viable cell separation process. This micromachine-based cell
manipulator and sorter could be readily incorporated in microchannel networks for creating
integrated microchip devices. Such microchips will rely on the active transport of multiple
immunomicromachines in a blood sample reservoir to induce numerous interactions, high
capture efficiency and single-step isolation of CTCs. Furthermore, this can be extended to
accumulating CTCs in a predefined “collection” area by detaching the captured cells.

Supplementary Material

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

Microrockets for capture and isolation of cancer cells. Upon encountering the cells, the anti-
CEA mAb-modified microrockets recognize the CEA surface antigens on the target cancer
cells, allowing their selective pick-up and transport. The top-right and bottom-left insets
illustrate the preparation of the Ab-modified microrockets and the surface chemistry used
for such functionalization, respectively.
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Figure 2.
Motion in human serum. Time-lapse images, taken from Video 1, showing the motion of an

anti-CEA mAb-coated microrocket in human serum at 2 s intervals (a—c). Conditions,
diluted human serum containing 7.5% (w/v) H,O, and 1% (w/v) sodium cholate.
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Pick up and transport in PBS and diluted serum. Time-lapse images — taken from Video 2 —

demonstrating the pickup and transport of a CEA+ pancreatic cancer cell by an anti-

mAb-madified microrocket in PBS (a) and human serum (b) at 2 s and 1 s intervals,
respectively. Conditions, 1xPBS buffer (pH 7.4) (a) and diluted human serum (b),

CEA

containing 7.5% (w/v) H,O, and 1% (w/v) sodium cholate. CEA+ cells were accented using

solid parenthesis.
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Figure 4.

Selectivity. Time-lapse images — taken from Video 4 — during (left) and after (right) the
interaction between anti-CEA mAb-modified (ad) and unmodified (e~h) microrockets with
CEA+ (a,b,e and f; solid parenthesis) and CEA— cancer cells (c,d,g and h; dotted
parenthesis). Conditions,, as in Figure 3a.
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Figure 5.

Isolation of a CEA+ cell in mixture of cells. Overlay images taken from Supporting
Information Video 6 — showing sequential steps (1-5) of movement of the anti-CEA mAb-
modified microrocket in a mixture of CEA+ and CEA— cells (solid and dotted parenthesis,
respectively). For clear visualization, step 5 has been slightly displaced. Conditions, as in
Figure 4.
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