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The metastatic spread of cancer cells from the primary tumor to distant sites leads to a poor prognosis in
cancers originating from multiple organs. Increasing evidence has linked selectin-based adhesion between circulating tumor cells (CTCs) and endothelial cells of the microvasculature to metastatic
dissemination, in a manner similar to leukocyte adhesion during inﬂammation. Functionalized biomaterial surfaces hold promise as a diagnostic tool to separate CTCs and potentially treat metastasis, utilizing antibody and selectin-mediated interactions for cell capture under ﬂow. However, capture at high
purity levels is challenged by the fact that CTCs and leukocytes both possess selectin ligands. Here, a
straightforward technique to functionalize and alter the charge of naturally occurring halloysite nanotubes using surfactants is reported to induce robust, differential adhesion of tumor cells and blood cells
to nanotube-coated surfaces under ﬂow. Negatively charged sodium dodecanoate-functionalized nanotubes simultaneously enhanced tumor cell capture while negating leukocyte adhesion, both in the
presence and absence of adhesion proteins, and can be utilized to isolate circulating tumor cells
regardless of biomarker expression. Conversely, diminishing nanotube charge via functionalization with
decyltrimethylammonium bromide both abolished tumor cell capture while promoting leukocyte
adhesion.
© 2015 Elsevier Ltd. All rights reserved.
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1. Introduction
Metastasis, the spread of cancer cells from a primary tumor to
anatomically distant organs, contributes to over 90% of cancerrelated deaths [1]. Cancer cells shed from the primary tumor,
which can number as many as one million cells per gram of tumor
per day [2,3], enter the bloodstream as circulating tumor cells
(CTCs) via the process of intravasation [4,5]. Once in blood, CTCs
must withstand ﬂuid shear forces and immunological stress to
translocate to microvessels in anatomically distant organs [6,7].
CTCs adhesively interact with receptors on the endothelial cell wall
under ﬂow, in a manner similar to the leukocyte adhesion cascade
involved in inﬂammation and lymphocyte homing to lymphatic
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tissues [8,9]. Recent work has shown that CTCs display glycosylated ligands similar to leukocytes, which can trigger the initial
adhesion with selectin receptors on the endothelium [10,11]. Due
to their rapid, force-dependent binding kinetics, selectins can
initiate CTC rolling adhesion along the blood vessel wall [12,13].
CTCs transition from rolling to eventual ﬁrm adhesion, allowing for
transmigration into tissues and the formation of secondary tumors
[14]. While surgery, radiation, and chemotherapy have proven
generally successful at treating primary tumors that do not invade
the basement membrane, the difﬁculty of detecting distant
micrometastases has made the majority of metastatic cancer
treatments ineffective. As a means to combat metastasis, approaches are currently being explored to target and kill CTCs in the
bloodstream before the formation of secondary tumors [15e18].
Additionally, methods are being developed to isolate CTCs at high
purity levels from patient blood, for the development of personalized medicine regimens for those with metastatic cancer
[19e21].
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CTCs are sparsely distributed in the bloodstream, with CTC
concentrations as low as 1e100 cells/mL [22]. Their separation and
isolation from blood is commonly referred to as a “needle in a
haystack problem”, as leukocytes and erythrocytes are present in
concentrations of one million and one billion cells per milliliter of
blood, respectively [7,23]. Thus, numerous techniques for CTC
isolation are in development, including magnetic bead-based CTC
separation assays [24], ﬂow-based microﬂuidic platforms for rapid
isolation of CTCs from whole blood [25,26], and devices to separate tumor cells based on their chemotactic phenotype [27]. Our
lab has recently developed microscale ﬂow devices that mimic the
metastatic adhesion cascade process to capture and separate CTCs
from whole blood under ﬂow conditions. Utilizing surfaces coated
with recombinant human E-selectin (ES) and antibodies against
the CTC markers epithelial cell adhesion molecule (EpCAM) and
prostate-speciﬁc membrane antigen (PSMA), we have fabricated
ﬂow devices to rapidly separate viable CTCs from patient blood
and deliver targeted chemotherapeutics to cancer cells [26,28].
However, improvement of current CTC isolation purity levels is
challenged by the fact that both CTCs and leukocytes express ES
ligands [8].
Halloysite nanotubes (HNT) are naturally occurring clay minerals that are typically 800 ± 300 nm in length, 50e70 nm in outer
diameter, and 10e30 nm in inner diameter [29]. Halloysite
(Al2Si2O5(OH)4) is a two-layered (1:1) aluminosilicate that consists
of an external siloxane (SieOeSi) surface and an internal aluminol
(AleOH) surface [30]. At physiological pH, HNT has a negatively
charged outer surface and a positively charged inner lumen [31],
which has been exploited for the encapsulation and sustained
release of drugs such as Nifedipine, Furosemide, and dexamethasone [32]. The differences in HNT surface charge have also been
exploited for the selective adsorption of anionic and cationic
surfactants, which signiﬁcantly alters HNT zeta potential [33]. Our
lab has shown that HNT-coated biomaterials of nanoscale roughness can increase surface area and thus selectin protein adsorption
[34], which can enhance selectin-mediated cancer cell capture.
Herein, we present the use of HNT in combination with cationic
and anionic surfactants to develop nanostructured biomaterials
that differentially adhere tumor cells and leukocytes under ﬂow
conditions.
2. Materials and methods

buffer supplemented with 0.5% human serum albumin (HSA), 2 mM Ca2þ, and
10 mM HEPES (Invitrogen), buffered to pH 7.4.
2.3. Halloysite nanotube functionalization
Halloysite nanotubes (HNT; NaturalNano, Rochester, NY, USA) were added to
water to a ﬁnal concentration of 6.6% (w/v). 1.6 g HNT was added to 100 mL of 0.1 M
aqueous sodium dodecanoate (NaL) and 2.4 g HNT were added to 100 mL of 0.1 M
aqueous decyl trimethyl ammonium bromide (DTAB; SigmaeAldrich) and mixed
using a magnetic stirrer for 48 h. Surfactant-treated nanotubes were then washed
several times in water and allowed to dry overnight. Untreated HNT were kept in
water at a concentration 6.6% (w/v). NaL and DTAB-treated HNT were stored in water
or methanol respectively, to a ﬁnal concentration of 6.6% (w/v). To evaluate
adsorption of surfactants to HNT, the hydrodynamic radius (nm) and zeta potential
(mV) of HNT, NaL-HNT, and DTAB-HNT were measured by dynamic light scattering
(DLS) using a Malvern Zetasizer Nano ZS (Malvern Instruments Ltd., Worcestershire,
UK). Treated and untreated nanotubes at a concentration of 0.37% (w/v) were prepared prior to DLS measurements, using the same solvents as described above for
functionalized and untreated HNT samples. To assess the effect of ES adsorption on
HNT zeta potential, 0.5 mL of HNT, NaL-HNT, and DTAB-HNT at a concentration of
1.1% (w/v) were centrifuged at 13,000 rpm for 10 min and incubated with 0.5 mL of
ES at a concentration of 2.5 mg/mL for 2.5 h at RT. All samples were centrifuged at
13,000 rpm for 10 min and resuspended in water at the same concentration used for
HNT measurements in the absence of ES. Colloidal stability of treated and untreated
HNT was assessed by allowing samples of treated and untreated HNT to settle for
24 h after mixing.
2.4. Fabrication of nanostructured HNT surfaces
Microrenathane (MRE) tubing (Braintree Scientiﬁc, Braintree, MA, USA) of inner
diameter 300 mm was cut to 55 cm in length and fastened onto the stage of an
Olympus IX-71 inverted microscope (Olympus, Center Valley, PA, USA). Ethanol was
rinsed through the tubes using a motorized syringe pump (KDS 230; IITC Life
Science, Woodland Hills, CA, USA) at a ﬂow rate of 1 mL/min. To functionalize the
inner MRE surface with HNT, microtubes were washed thoroughly with distilled
water, followed by incubation with poly-L-lysine solution (0.02% w/v in water) for
5 min and incubation with untreated or NaL-functionalized HNT (NaL-HNT, 1.1% w/
v) for 5 min. To functionalize the surface with DTAB-treated HNT (DTAB-HNT),
aqueous 2:8 L-glutamic acid (0.1% w/v, Sigma) was incubated in microtubes for
5 min, prior to incubation with DTAB-HNT (1.1% w/v) for 5 min. Microtubes were
then washed thoroughly with distilled water at 0.02 mL/min to remove nonadsorbed halloysite, and cured overnight at room temperature (RT). To immobilize
ES adhesion protein to HNT-coated surfaces, recombinant human ES/Fc chimera
(rhE/Fc) (R&D Systems, Minneapolis, MN, USA) at a concentration of 2.5 mg/mL was
perfused through microtubes at 0.02 mL/min. ES was incubated for 2.5 h at RT
within HNT-coated microtubes and smooth microtubes in the absence of HNT. In
some experiments, HNT-coated surfaces were utilized in the absence of ES. All
surfaces were blocked for nonspeciﬁc cell adhesion for 1 h via perfusion and incubation with 5% (w/v) bovine serum albumin (BSA, SigmaeAldrich) at 0.02 mL/
min. ES protein was activated with calcium enriched ﬂow buffer for 5 min prior to
cell capture experiments.

2.1. Cell culture

2.5. ES surface adsorption assay

Human colon adenocarcinoma COLO 205 (ATCC #CCL-222), breast adenocarcinoma MCF7 (ATCC #HTB-22), and breast adenocarcinoma MDA-MB-231 (ATCC
#HTB-26) cell lines were purchased from American Type Culture Collection (ATCC;
Manassas, VA, USA). COLO 205 and MDA-MB-231 cells were grown in RPMI 1640
supplemented with 10% fetal bovine serum (FBS) and 1% PenStrep (PS), all purchased
from Invitrogen (Grand Island, NY, USA). MCF7 cells were cultured in Eagle's Minimum Essential Medium supplemented with 0.01 mg/mL bovine insulin, 10% FBS, and
1% PenStrep, all purchased from Invitrogen. Both cell lines were incubated under
humidiﬁed conditions at 37  C and 5% CO2, and were not allowed to exceed 90%
conﬂuence. In preparation for capture assays, cancer cells were removed from culture via treatment with Accutase (SigmaeAldrich, St. Louis, MO, USA) for 10 min
prior to handling. All cells were washed in HBSS, and resuspended at a concentration
of 1.0  106 cells/mL in HBSS ﬂow buffer supplemented with 0.5% HSA, 2 mM Ca2þ,
and 10 mM HEPES (Invitrogen), buffered to pH 7.4.

To characterize ES adsorption on smooth and immobilized HNT surfaces, antihuman CD62E (BD Biosciences, San Jose, California, USA) conjugated to an allophycocyanin (APC) ﬂuorophore was perfused through microtubes at 0.02 mL/min
and incubated for 2.5 h at RT, following incubation with ES protein and BSA as
described above. Unbound ES antibodies were washed from surfaces using ﬂow
buffer. Fluorescent images of adsorbed ES on surfaces were acquired at 90
magniﬁcation using an IX-81 inverted microscope linked to a Hitachi CCD camera
(Hitachi, Japan). Fluorescent images were analyzed using a three dimensional (3D)
surface plot plug-in for ImageJ to obtain pixel intensity data.

2.2. Polymorphonuclear (PMN) cell isolation
Human neutrophils were isolated as described previously [35,36]. Human peripheral blood was collected from healthy blood donors via venipuncture after
informed consent and stored in heparin containing tubes (BD Biosciences, San Jose,
CA, USA). Blood was carefully layered over 1-Step™ Polymorphs (Accurate Chemical
and Scientiﬁc Corporation, Westbury, NY, USA) and separated via centrifugation
using a Marathon 8K centrifuge (Fisher Scientiﬁc, Pittsburgh, PA, USA) at 1800 rpm
for 50 min. Polymorphonuclear (PMN) cells, also known as neutrophils, were
extracted and washed in cation-free HBSS, and excess red blood cells were lysed
hypotonically. Prior to capture assays, neutrophils were resuspended in HBSS ﬂow

2.6. HNT surface characterization
To characterize immobilized HNT surfaces, 100 mL of 1.1% untreated HNT, NaLHNT, and DTAB-HNT solutions were carefully dried on 3 cm  3 cm polyurethane
(PU) sheets (Thermo Scientiﬁc, USA) and sputter coated with Au prior to visualization. SEM images of untreated HNT, NaL-HNT, and DTAB-HNT immobilized onto PU
surfaces were acquired with the Leica Stereoscan 440 scanning electron microscope
(Leica Microsystems Gmbh, Wetzlar, Germany). For atomic force microscopy (AFM)
measurements, ﬂat samples of HNT-coated surfaces were prepared on polystyrene
microscope slides (Thermo Fisher Scientiﬁc, Rochester, NY, USA) using an 8-well
ﬂexiPERM gasket (SigmaeAldrich) following the same method used for microtube
functionalization. Samples were then imaged using a Veeco DI-3000 AFM (Veeco
Instruments, Inc., Woodbury, NY). 10 mm  10 mm images were recorded at random
locations on each sample. Three images each of the ﬂat HNT-coated samples and
untreated surfaces were analyzed in WSxM 5.0 software [37] to inspect the surface
height proﬁles and root-mean-square surface roughness.
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2.7. Cell capture assays
Cell suspensions were perfused through microtubes using a motorized syringe
pump and monitored via an inverted microscope linked to a Hitachi CCD KP-M1AN
camera (Hitachi, Japan) and a Sony DVD Recorder DVO-1000MD (Sony Electronics
Inc., San Diego, California, USA). Cancer cells were perfused at 0.008 mL/min (wall
shear stress of 0.5 dyn/cm2) for 15 min, and then 0.04 mL/min (wall shear stress of
2.5 dyn/cm2) for 45 min. Polymorphonuclear neutrophils were perfused through
microtubes at 0.04 mL/min for 60 min. Mixtures of cancer cells and leukocytes at
cancer cell:leukocyte ratios of 1:1 and 1:10 were perfused through microtubes at
0.04 mL/min for 60 min. The number of adhered cells was taken from ten random
video frames for each microtube.
2.8. Statistical analysis
Data sets were plotted and analyzed using Microsoft Excel (Microsoft, Redmond,
WA, USA) and GraphPad Prism 5.0 (GraphPad software, San Diego, CA, USA). All
results were reported as the mean ± standard error of the mean (SEM) or standard
deviation (SD) as indicated. Two-tailed paired and unpaired t-tests, and one-way
ANOVA with Tukey post-tests were utilized for statistical analyses. P-values less
than 0.05 were considered signiﬁcant.

3. Results
We are interested in exploiting the negatively charged outer
surface and positively charged inner lumen of HNT to alter surface
charge via simple surfactant functionalization (Fig. 1A), while
maintaining HNT surfaces of nanoscale roughness, to differentially
capture cancer cells and blood cells via ES adhesion proteins under
ﬂow conditions (Fig. 1B). Due to the negatively charged outer
surface and positively charged inner lumen of HNT, we sought to
manipulate the nanotube charge using both positive and negatively charged surfactants (Fig. 1A). Sodium dodecanoate (NaL) and
decyl trimethyl ammonium bromide (DTAB) were used to
neutralize the positive inner lumen and the negative outer surface
charge, respectively (Fig. 1A). NaL and DTAB possess negative and
positive functional head groups, respectively, which are needed to
bind to the surface and inner lumen of HNT [33]. The aqueous
dispersibility of HNT is affected by both hydrophobic interactions
and electrostatic effects [33]. Functionalization of HNT by mixing
with NaL (NaL-HNT) for 48 h formed stable aqueous dispersions
(Fig. 1C), and possessed a negative zeta potential greater than that
of untreated HNT (Fig. 1D). These results are consistent with the
idea that NaL molecules penetrate within HNT and neutralize the
positive charge within the nanotube lumen. Additionally, the increase in negative nanotube charge due to NaL treatment allows
the nanotubes to interact with water via chargeedipole
interactions.
Conversely, functionalization of HNT with DTAB (DTAB-HNT) via
mixing for 48 h diminished the intrinsic negative charge of HNT
(Fig. 1D), with polar head groups of DTAB neutralizing external
negative charges. At the same time, the long hydrocarbon chain of
DTAB is left exposed to solvent water molecules. For DTAB-HNT to
disperse in water, non-polar chains must move between water
molecules, substituting their weak attractions for strong hydrogen
bonds among water molecules [38]. Unable to substitute for
intermolecular hydrogen bonds, and aggregating due to hydrophobic forces, DTAB-HNT quickly sediment in a manner similar to
untreated HNT (Fig. 1C). Adsorption of ES adhesion receptors to
HNT, NaL-HNT, and DTAB-HNT altered charge minimally, by
~2e5 mV (Fig. 1D).
Functionalized HNT can then be immobilized in polyurethane
microtubes to create HNT-coated surfaces of nanoscale roughness
(Fig. 1B). To evaluate the effect of surfactant treatment on the
immobilization of HNT to form surfaces of nanoscale roughness, we
characterized both treated and untreated HNT samples immobilized on polyurethane sheets using scanning electron microscopy
(SEM). Larger polyurethane sheets were used for analysis rather
than microtubes to minimize sample damage during handling and
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preparation. Poly-L-lysine (PLL) coatings were used to immobilize
HNT and NaL-HNT, with the negatively-charged HNT and NaL-HNT
being attracted to the positively-charged PLL coating via electrostatic interactions. Conversely, negatively-charged glutamic acid
coatings were used to immobilize DTAB-HNT. SEM images revealed
that, regardless of surfactant treatment, HNT immobilization creates ﬁlamentous surfaces, with HNT protruding from all surfaces
(Fig. 1E). AFM images also conﬁrmed that immobilized HNT samples all displayed tubular structures protruding outward from the
surfaces at varying feature heights, regardless of surfactant treatment (Fig. 1F, G). Root mean square (RMS) roughness values of all
HNT-coated surfaces were within the range of 140e200 nm
(Fig. 1H). This range of roughness has previously been shown to
enhance cancer cell adhesion via increasing formation of focal
adhesion complexes [39]. These data suggest that simple surfactant
mixing can functionalize and alter HNT charge, without effecting
the immobilization of HNT to create surfaces of nanoscale
roughness.
To evaluate the effects of functionalized HNT surfaces (Fig. 2A)
on the adsorption of ES receptors, ES was immobilized on smooth,
untreated, and treated HNT surfaces and labeled with ﬂuorescent
ES antibodies to determine protein ﬂuorescence intensity. Fluorescence micrographs indicated that ES was immobilized on
smooth (Fig. 2B), NaL-HNT (Fig. 2C), untreated HNT (Fig. 2D), and
DTAB-HNT (Fig. 2E). Quantiﬁcation of surface ﬂuorescence intensity
showed that untreated and treated HNT surfaces increased ES
adsorption, with all HNT surfaces possessing signiﬁcantly greater
average ES ﬂuorescence intensities than smooth surfaces (Fig. 2F).
Enhanced ES adsorption to HNT surfaces is likely due to the increase
in surface area created by HNT immobilization, previously shown
by our lab to increase protein adsorption [34]. Differences in ES
adsorption on treated and untreated HNT could be due to changes
in HNT surface charge, since differences in surface roughness were
minimal (Fig. 1H) and thus surface area differences between HNT
surfaces are likely negligible. With an isoelectric point at pH 5.2, ES
assumes a net negative charge at physiologic pH. Decreased ES
adsorption on NaL-HNT compared to other HNT surfaces is thus
likely due to electrostatic repulsion between ES and NaL-HNT, both
negatively charged. These results indicate that HNT immobilization
to biomaterial surfaces enhances ES adsorption.
We then investigated the use of nanostructured surfaces of
negatively charged NaL-HNT to facilitate capture of ﬂowing tumor
cells and leukocytes via ES-mediated adhesion. Our lab has previously developed reactive biomaterial surfaces that have been
utilized for the study of leukocyte, stem cell, and tumor cell adhesive interactions with selectins under ﬂow [13,40,41]. Colorectal
adenocarcinoma COLO 205 and breast adenocarcinoma MCF7 cells
were used in these experiments as model CTCs because they
possess ligands for ES, are known to interact with ES under
physiological shear stresses [42,43], and form metastases in vivo
[44e46]. As expected, COLO 205 cells adhesively interacted with
nanostructured HNT surfaces consisting of immobilized ES
(ES þ HNT) under ﬂow (Fig. 3A), at a physiological ﬂow rate of
0.04 mL/min (wall shear stress (WSS) ¼ 2.5 dyn/cm2). Interestingly, increasing the negative charge of HNT with NaL surfactant
dramatically increased the number of COLO 205 cells recruited via
ES under ﬂow (Fig. 3A), compared to untreated HNT-coated surfaces. Enhancement of HNT charge with NaL increased the number
of COLO 205 cancer cells captured from ﬂow by ~150%, compared
to surfaces comprised of HNT without surfactant treatment
(Fig. 3B). Capture of breast MCF7 cancer cells from ﬂow on NaLHNT surfaces increased by over 800% compared to HNT surfaces
without surfactant treatment, demonstrating that this approach
can be utilized to target and capture tumor cells from multiple
organs (Fig. 3C).
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Fig. 1. Functionalization of halloysite nanotubes (HNTs) with surfactants to fabricate nanostructured surfaces of altered surface charge for ﬂow-based cell capture assays. (A)
Negative charge of HNT is enhanced via mixing and functionalization with sodium dodecanoate (NaL) surfactant (NaL-HNT). Intrinsic negative charge of HNT is attenuated via
mixing and functionalization of decyltrimethylammonium bromide (DTAB) surfactant (DTAB-HNT). (B) HNTs are immobilized onto polyurethane ﬂow device surfaces coated with
poly-L-lysine (for HNT and NaL-HNT) or glutamic acid (for DTAB-HNT) for cell capture assays. Surfaces can be further functionalized with adhesion proteins, such as E-selectin (ES) to
facilitate cell capture. (C) Stability of HNT, NaL-HNT, and DTAB-HNT dispersions (1.1 wt%) 24 h after mixing. (D) Zeta potential (mV) measurements of HNT samples, incubated with
and without E-selectin (ES), using dynamic light scattering. Data are presented as the mean ± standard deviation of three independent measurements. (E) SEM images of polyurethane substrates with immobilized HNT samples. Scale bar ¼ 2 mm. (F) AFM images of HNT samples immobilized on polyurethane substrates. Scale bar ¼ 2 mm. (G) Representative surface feature height proﬁles of HNT samples immobilized onto polyurethane substrates, compared to smooth surfaces. Nanotube proﬁles have been shifted up by
100 nm for ease of viewing. (H) Root-mean-square (RMS) roughness measurements of HNT surfaces. Data are mean ± standard deviation of three independent measurements.

Approximately 1 CTC is present for every one million leukocytes
in a given patient blood sample, and CTCs and leukocytes both
possess similar ligands for ES. However, enhancement of HNT
charge with NaL had the opposite effect on leukocyte adhesion to
ES. While ﬂowing leukocytes readily adhered to surfaces consisting
of ES and HNT in the absence of surfactant (ﬂow rate ¼ 0.04 mL/
min, WSS ¼ 2.5 dyn/cm2), nearly all adhesion was abolished upon
enhancing HNT charge with NaL (Fig. 3D). The number of ﬂowing
leukocytes captured from ﬂow decreased by over 90% on NaL-HNT
surfaces, compared to surfaces consisting of HNT without surfactant treatment (Fig. 3E). We then performed an initial assessment of
the purity of ﬂowing cancer cells captured from a mixture of both
COLO 205 cancer cells and leukocytes (ﬂow rate ¼ 0.04 mL/min,

WSS ¼ 2.5 dyn/cm2), with COLO 205:leukocyte ratios of 1:1 and
1:10. Purities as high as 90% and 75%, or enrichments as high as
four- and twenty-fold, were achieved upon perfusion of cell mixtures of 1:1 and 1:10, respectively, over HNT surfaces with
enhanced negative charge (Fig. 3F). Overall, these data suggest that
alteration of HNT charge with NaL can induce a robust response to
both enhance cancer cell capture and diminish leukocyte adhesion,
both in isolation and in mixtures of cancer cells and leukocytes of
varying ratios.
To assess if ES-mediated cancer cell capture and leukocyte
repulsion on nanostructured surfaces is dependent on HNT charge,
we functionalized HNT with DTAB surfactant to abolish the intrinsic
negative charge of HNT (Fig. 1A, D). Upon perfusion of COLO 205
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Fig. 2. Detection of immobilized ﬂuorescent ES on biomaterial surfaces. (AeE) Representative high magniﬁcation ﬂuorescence micrographs of recombinant human ES (red)
adsorbed on immobilized HNT (control without ES; A) surfaces, smooth (ES only; B) surfaces, immobilized NaL-HNT (C), HNT (D), and DTAB-HNT (E) coated biomaterial surfaces.
Scale bar ¼ 40 mm. (F) Immobilized ES relative ﬂuorescence intensity values on smooth and nanostructured biomaterial surfaces. Calculated values are mean ± standard deviation
(n ¼ 3). Statistics were calculated using a one-way ANOVA with Tukey post test. ***P < 0.0001. (For interpretation of the references to color in this ﬁgure legend, the reader is
referred to the web version of this article.)
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Fig. 3. Negatively charged surfactant-functionalized HNT simultaneously enhance cancer cell capture while eliminating leukocyte adhesion. (A) E-selectin (ES)-mediated adhesion
of colorectal adenocarcinoma COLO 205 cells under ﬂow over surfaces coated with ES þ HNT and ES þ NaL-HNT. Yellow arrows denote adhered COLO 205 cells. Scale bar ¼ 100 mm.
(B, C) Number of captured COLO 205 (B) and breast adenocarcinoma MCF7 (C) cells per 180,000 mm2. n ¼ 20 or more image frames analyzed for each condition. Statistics calculated
using a two-tailed unpaired t-test. ***P < 0.0001. (D) ES-mediated adhesion of primary human leukocytes under ﬂow over surfaces coated with ES þ HNT and ES þ NaL-HNT. Orange
arrows denote adhered neutrophils. Scale bar ¼ 50 mm. (E) Number of captured leukocytes per 180,000 mm2. Calculated values are mean ± SEM. n ¼ 20 or more image frames
analyzed for each condition. Statistics calculated using a two-tailed unpaired t-test. ***P < 0.0001. (F) Purity (%) of COLO 205 cancer cells captured from a mixture of cancer cells and
leukocytes at COLO 205:leukocyte ratios of 1:1 and 1:10. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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Fig. 4. HNT treatment with cationic surfactant reverses tumor cell and leukocyte capture on nanostructured biomaterial surfaces. Cancer cell and leukocyte capture on nanostructured surfaces under ﬂow is dependent on HNT charge. (A) Negating HNT charge using DTAB surfactant abolishes cancer cell capture under ﬂow. Yellow arrows denote adhered
COLO 205 cells. Scale bar ¼ 200 mm. (B, C) Number of captured COLO 205 (B) and MCF7 (C) cells per 180,000 mm2. n ¼ 20 or more image frames analyzed for each condition. Statistics
calculated using a two-tailed unpaired t-test. ***P < 0.0001. (D) Negating HNT charge using DTAB surfactant restores leukocyte capture under ﬂow. Orange arrows denote adhered
leukocytes. Scale bar ¼ 200 mm. (E) Number of captured leukocytes per 180,000 mm2. Calculated values are mean ± SEM. n ¼ 20 or more frames analyzed for captured cells for each
condition. Statistics calculated using a two-tailed unpaired t-test. ***P < 0.0001. (F) Comparison of ES-mediated adhesion of leukocytes and COLO 205 cells per 180,000 mm2 as a
function of HNT zeta potential. Error bars denote standard error of the mean. Statistics were calculated using a two-tailed unpaired t-test. n ¼ 30 or more image frames analyzed.
***P < 0.0001. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

cells at physiological ﬂow rates (ﬂow rate ¼ 0.04 mL/min,
WSS ¼ 2.5 dyn/cm2) over surfaces consisting of ES þ DTAB-HNT, it
was evident that cancer cells interacted minimally with surfaces of
diminished charge (Fig. 4A). The number of colon and breast cancer
cells captured on DTAB-HNT surfaces of minimal charge was
reduced by >99% and >97%, respectively, compared to NaL-HNT
surfaces of higher negative charge (Fig. 4B, C). Leukocyte adhesion under ﬂow, absent on HNT surfaces of higher negative charge,
was enhanced on ES þ DTAB-HNT of diminished charge (Fig. 4D).
Dampening of negative HNT charge increased the capture of freeﬂowing leukocytes by 60-fold, compared to ES þ NaL-HNT surfaces of higher negative charge (Fig. 4E). Plotting the number of
adherent cancer cells and leukocytes as a function of HNT zeta
potential shows that HNT of higher negative charge can enhance
cancer cell adhesion while minimizing leukocyte adhesion, and this
adhesion response can be reversed by reducing the negative charge
of HNT (Fig. 4F). Taken together, these results suggest that differential ES-mediated adhesion of cancer cells and leukocytes is
dependent on surfactant functionalization and charge alteration of
HNT.
To assess if HNT charge can directly mediate cell interactions,
the effects of surfaces consisting of charged HNT, both in the
presence and absence of ES, on cancer cell ﬁrm adhesion were
examined. Few COLO 205 cancer cells ﬁrmly adhered to untreated
HNT in the absence of ES (Fig. 5A), while the addition of ES allowed
for successful recruitment and ﬁrm adhesion of cancer cells.
Interestingly, surfaces consisting of highly negatively charged NaL-

HNT alone, without ES immobilization, induced a signiﬁcant increase in COLO 205 ﬁrm adhesion, compared to untreated HNT with
immobilized ES. ES immobilization on NaL-HNT signiﬁcantly
increased COLO 205 cell ﬁrm adhesion, indicating that ES remains
functional on NaL-HNT surfaces. However, given that ES only
increased ﬁrm adhesion to NaL-HNT by ~15% compared to NaL-HNT
alone, it appears that surfactant immobilization plays a role in
recruitment of tumor cells from ﬂow. These results indicate that
HNT charge affects the adhesion of COLO 205 cancer cells to surfaces consisting of negatively charged NaL-HNT.
In an effort to exploit adhesion of tumor cells in the absence of
speciﬁc adhesion ligands, the adhesion of the metastatic MDA-MB231 breast cancer cell line to HNT-coated surfaces was examined.
The MDA-MB-231 cell line is known as a “triple-negative” breast
cancer (TNBC) cell type. Due to its lack of estrogen receptor, progesterone receptor, and human epidermal growth factor receptor 2
(HER2) expression, limited progress has been made in terms of
therapeutic regimens for TNBC, and patients with the disease
typically have the worst outcomes [47]. Additionally, MDA-MB-231
cancer cells have little to no ES ligand expression under normal
culture conditions, and have been shown to engage in little to no
interaction with ES and endothelial cells under ﬂow [48,49]. Similar
results were obtained in this study, as minimal MDA-MB-231 cells
were found to adhesively interact with ES on HNT-coated surfaces,
along with surfaces coated with untreated HNT alone (Fig. 5B, C, F).
However, negatively charged NaL-HNT greatly enhanced the
recruitment of MDA-MB-231 cells to the surface, both in the
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presence and absence of ES (Fig. 5DeF). NaL-HNT induced signiﬁcant increases in the number of MDA-MB-231 cells captured from
ﬂow regardless of adhesion protein immobilization (Fig. 5F). These
results suggest that NaL-HNT surfaces can be utilized to capture
CTCs regardless of adhesion receptor expression. While immobilization of the ES adhesion receptor can enhance the capture of
cancer cells that express ES ligands, negatively charged NaL-HNT
can be utilized to capture CTCs that do not express typical biomarkers or adhesion receptors.
4. Discussion
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As cells approach a charged surface, the cell membrane can be
either deformed toward the surface or away from it, depending on
the charges present [50]. For cells expressing ES ligands, membrane
deformation near charged surfaces could affect the number of cell
ligands interacting with ES, and thus affect capture under ﬂow
conditions. Leukocytes have previously been reported to possess a
negatively charged membrane potential [51]. Through coulombic
interactions, leukocytes can be recruited to DTAB-HNT surfaces
thereby enhancing ES ligation, while NaL-HNT repels leukocytes
from approaching within a reactive distance to ES (Fig. 3F). Thus, it
is logical that leukocytes with a high negative charge can be prevented from interacting with adhesion receptors on surfaces consisting of negatively charged HNT.
What remains to be seen is how CTC capture is enhanced on
surfaces consisting of HNT of high negative charge. Few studies
have examined the zeta potential of cancer cells, and have
generally found that zeta potential is less negative than that of
leukocytes [52,53]. The answer to enhanced cancer cell capture
on NaL-HNT could lie in the CTC glycocalyx, a gel-like layer of
biologically inert macromolecules on the CTC surface that can
extend as far as 500 nm from the CTC surface [54]. In particular,
the synthesis of glycocalyx components can be impaired during
malignant transformation, causing cancer cells to greatly overexpress the glycocalyx component hyaluronan on their surface
[55,56]. Additionally, leukocytes do not present a similar thick
glycocalyx on surface. Thus, it is possible that components of the
glycocalyx interact with NaL-HNT via electrostatic interactions, or
potentially act as an adhesion ligand to the NaL surfactant. Future
studies evaluating the surface charge of CTCs, and the effect of
glycocalyx coatings could shed further light on the mechanisms
contributing to enhanced cancer cell adhesion to charged
nanostructures.
5. Conclusion

Fig. 5. NaL-HNT surfaces capture tumor cells in the absence of ES. (A) Firm adhesion of
colorectal adenocarcinoma COLO 205 cells per 180,000 mm2 to HNT and NaL-HNT in
the presence and absence of the E-selectin (ES) adhesion receptor. Statistics were
calculated using a one-way ANOVA with Tukey post test. ***P < 0.0001. *P < 0.01. (BeE)
Comparison of triple-negative breast cancer MDA-MB-231 cell capture on HNT surfaces under ﬂow, in presence and absence of ES adhesion proteins. Red arrows denote
adhered MDA-MB-231 cells. Scale bar ¼ 100 mm. (F) Captured MDA-MB-231 cells per
180,000 mm2 to HNT surfaces in the presence and absence of the ES adhesion protein.
Statistics calculated using a one-way ANOVA with Tukey post test. ***P < 0.0001. NS:
not signiﬁcant. (For interpretation of the references to color in this ﬁgure legend, the
reader is referred to the web version of this article.)

The present study demonstrates, for the ﬁrst time, that simple
surfactant functionalization can induce a robust, differential
adhesion response of tumor cells and blood cells on nanotubecoated surfaces. Surfaces consisting of differentially charged HNT
can be fabricated without signiﬁcant alteration in nanostructure.
Functionalization of HNT with NaL was utilized to enhance the
negative charge of HNT, which resulted in a signiﬁcant increase in
ES-mediated cancer cell adhesion while simultaneously repelling
leukocyte adhesion. In the absence of ES, NaL-HNT surfaces successfully captured metastatic cells that do not express the adhesion
receptor. Conversely, diminishing HNT charge with DTAB reversed
the response, abolishing cancer cell adhesion while promoting
leukocyte adhesion to ES. This straightforward method to functionalize HNT with surfactants not only shows that capture of tumor cells and blood cells is dependent on HNT charge, but also
provides a unique platform to isolate CTCs, from patient blood for
the development of personalized medicine regimens.
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