Nanoparticle Coatings for Enhanced
Capture of Flowing Cells in Microtubes
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ABSTRACT Recently, a flow-based selectin-dependent method for the capture and enrichment of specific
types of cells ((D34+ hematopoetic stem and progenitor cells and human leukemia HL60) from peripheral blood
was demonstrated. However, these devices depend on a monolayer of selectin protein, which has been shown to
have a maximum binding efficiency as a function of surface area. A novel surface coating of colloidal silica
nanoparticles was designed that alters the surface roughness resulting in increased surface area. The nanoparticles
were adhered using either an inorganic titanate resinous coating or an organic polymer of poly-L-lysine. Using
Alexa Fluor 647 conjugated P-selectin, an increase in protein adsorption of up to 35% when compared to control
was observed. During perfusion experiments using P-selectin-coated microtubes, we observed increased cell
capture and greatly decreased rolling velocity at equivalent protein concentration compared to nonparticle
control. Atomic force microscopy showed increased surface roughness consistent with the nanoparticle mean
diameter, suggesting a monolayer of particles. These results support the coating’s potential to improve existing

cell capture implantable devices for a variety of therapeutic and scientific uses.

KEYWORDS: nanoparticles - poly-L-lysine - P-selectin - KG1a -
butoxide - nanoparticle coating - adhesive

titanium(lV)

iomaterial surface topography has

been shown to influence leukemic

cell behavior as well as protein ad-
sorption to material surfaces." ~'? The rapid
and inexpensive production of nanotopog-
raphy on surfaces intended for biological in-
terfaces has received much attention in ap-
plications such as nanoprinting, fibroblast,
and tumor cell adhesion.” "'~ "8 Colloi-
dal silica coupled with the use of commer-
cial or biological adhesives is an attractive
prospect for achieving highly structured
silica nanotopography.

A wide range of biological uses requires
an equally large range of environmental
conditions motivating the investigation of
a variety of adhesives. In particular, organic
titanate has long been used as an industrial
adhesive; considering that titanium oxide
surfaces have been found to be nonimmu-
nogenic, these adhesives are attractive as
colloidal silica immobilizers for biological
applications.'®”'? In addition, previous
studies have demonstrated the influence
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of poly-L-lysine (PLL) on colloidal silica as-
sembly and condensation, via electrostatic
interactions of negatively charged silica par-
ticles and ammonium groups of PLL.°

Recently, a flow-based selectin-depen-
dent method for the capture and enrich-
ment of specific types of cells from periph-
eral blood was demonstrated.'?*?' These
devices use selectin proteins that are essen-
tial for leukocyte rolling in the inflamma-
tion cascade. Products of inflammation trig-
ger the presentation of P-selectin on the
lumen of blood vessels. P-selectin (sP) in
concert with margination caused by blood
flow produces an environment where
leukocytes are recruited to roll along the
vessel wall. In experimental devices, cells in-
teract with commercially available recombi-
nant chimeric sP conjugated with the Fc re-
gion and slowly roll in the direction of an
applied shear stress or become completely
immobilized. These devices depend on a
monolayer of selectin protein, which has
been shown to have a maximum binding
efficiency as a function of surface area, and
are good candidates for manipulation of
surface nanotopography.

Several methods are currently used for
the detection and isolation of circulating tu-
mor cells (CTC) from blood.?>?* Most meth-
ods start with a Ficoll density gradient cen-
trifugation to separate the nucleated cells
(including leukocytes and CTC) from the
majority of red blood cells, platelets, and se-
rum. One approach to isolate epithelial-
type CTC from Ficoll-extracted cells is to
perform immunoprecipitation (e.g., via
magnetic beads) with antibodies against
the EpCAM surface marker.>* Another ap-
proach is to take the nucleated cells and
flow these through a filter with pore size
=8 um, which can be useful for isolating
CTC that are larger than leukocytes (e.g., iso-
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Figure 1. (a) Representation of control tube containing only
P-selectin and rolling cells. (b) Representation of NP tube
creating increased binding surface for P-selectin.

lation by size of epithelial tumor cells, or ISET,
Metagenex, Paris, France). Examination of the resulting
filtrate, potentially after immunofluorescent labeling,
can be useful for visually identifying circulating tumor
microemboli (CTM) on the filter surface.?” The most
commonly used method for detection of CTC in blood
is to take the cells extracted from Ficoll separation, lyse
the cells, and isolate mRNA, and then perform reverse
transcriptase polymerase chain reaction (RT-PCR) to am-
plify mRNA for epithelial markers such as cytokeratin
19/20 (CK19, CK20), carcinoembryonic antigen (CEA),
and prostate-specific antigen (PSA). This is a remark-
ably sensitive assay and can routinely achieve detec-
tion sensitivities down to 1 cell per blood sample of
whole blood. The drawbacks of RT-PCR detection of
CTC are that (1) the CTC are destroyed prior to RNA ex-
traction so CTM cannot be identified and cells cannot
be expanded in culture, (2) the potential exists for both
false negative and false positive detection due to the
lack of epithelial markers on 30% of CTC?® and positive
labeling for epithelial markers on blood cells in 5—15%
of normal patients.>* A recent study using microfluidic
posts to isolate CTC from blood alleviates some of these
limitations by acquiring intact, viable cells*” but is also
based on antibodies against the EpCAM epithelial sur-
face marker so is also limited to the ~70% of the CTC
types which have not lost their epithelial markers prior
to intravasation. As we have recently reported, cancer
cell adhesion via selectin-coated surfaces represents a
promising alternative,?® capable of isolating viable, in-
tact tumor cells from patient blood samples.

In this study, both organic and inorganic adhesive
layers were used to form a colloidal silica nanoparticle
(NP) interface layer as a means to improve cell capture
(Figure 1). Silica NP presence on modified surfaces was
evaluated by atomic force microscopy (AFM). Immuno-
fluorescence microscopy of P-selectin was used to as-
sess the surface quantity of P-selectin. An acute mye-
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loid leukemia cell line (KG1a) was used for cell adhesion
assays due to their high expression of P-selectin glyco-
protein ligand-1 (PSGL-1), which mediates cell rolling on
P-selectin both in vitro and in vivo.??~%*

RESULTS AND DISCUSSION

AFM Analysis. The AFM image of NP-treated surfaces
confirmed the presence of NPs even after thorough
washing (Figure 2). In addition, the AFM images show
topography of increased surface roughness as well as
surface area. The control (adhesive only: PLL layer only,
titanium(1V) butoxide layer only) surfaces show minimal
roughness compared to the NP-treated surfaces.

Immunofluorescence Quantification of P-Selectin. Immuno-
fluorescence of labeled P-selectin was used to com-
pare surfaces and examine the NP layer’s ability to in-
crease the surface area or quantity of adsorbed selectin.
The average fluorescence intensity of CD62P-Alexa
Fluor 647 conjugated anti-P-selectin on NP surfaces in-
dicated significantly higher intensity than the control
surface (Figure 3). On average, P-selectin adsorption to
NP surfaces was increased up to 35% compared to con-
trol. No significant difference was observed between
the two NP surfaces prepared with PLL and titanium(IV)
butoxide as adhesives (P > 0.05). The enhanced
P-selectin adsorption from increased surface rough-
ness results in more PSGL-1 ligands binding CD34+
cell surface receptors of a given amount of cells intro-
duced to the system. Potentially, titration of P-selectin
NPs with neutral NPs would support flexibility of the
nanoparticle system for controlling surface ligand
density.

Nanoparticle Coatings Using Poly-L-lysine as an Adhesive.
Once PLL is absorbed and coated onto the tube surface,
the number of positively charged ammonium groups
present on PLL increases, which then attract negatively
charged colloidal silica via electrostatic interactions (Fig-
ure 4)."” Furthermore, it is important to note that confine-
ment can affect the diffusion coefficient of NPs, which
may lead to particle aggregation.?®?” Unwanted confine-
ment that favors particle aggregation can be created as
the silicate layer coating becomes thicker. Tubes can be-
come occluded by the buildup of NP aggregation; there-
fore, it is crucial to avoid introduction of excessive NPs in-
side the PLL-coated tubes.

To gain a better understanding of the PLL adhesive
layer, the coating thickness was determined by measur-
ing the mass differences between completely desic-
cated 50 cm long coated and uncoated tubes. On the
basis of 10 independently conducted trials (n = 10), the
average mass difference was measured as 0.80 = 0.03
mg. Using these data and the reported density of PLL,
the coating thickness was calculated to be 151 £ 6 nm,
which is in remarkable agreement with the reported
random coil (at neutral pH) PLL cylinder dimensions of
~5 X 300 A = 150 nm after absorption.?®3° Thus, this
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Figure 2. (a) AFM image of control (adhesive only) titanium(lV) butoxide surface. (b) AFM image of immobilized NPs on
titanium(IV)-butoxide-treated surface. (c) AFM image of control (adhesive only) PLL surface. (d) AFM image of immobilized

NPs on titanium(IV)-butoxide-treated surface.

indicates that PLL adheres the NPs while maintaining a
very thin and reproducible average coating surface.
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Figure 3. Average gray scale intensity of Alexa Fluor 647
conjugated anti-P-selectin. The background fluorescence of
the tube has been subtracted from each measurement. Both
NP-coated surfaces showed significantly higher intensity
than the control. No significant difference was observed be-
tween the two NP surfaces: *P < 0.05; **P > 0.05.
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Other advantages of PLL as the NP coating adhe-
sive include its biocompatibility and water solubility
during processing. PLL is a polypeptide widely used in
mammalian cell culture to coat culture surfaces to pro-
mote nonspecific cell adhesion and spreading.’ Thus,
PLL is a promising adhesive that can be used when de-
signing an implantable biomedical device in the future.

Characteristics of cell rolling and adhesion have
been shown to be effective means of evaluating sur-
face topography on the nanoscale.” To study the ef-
fects of a NP interface on the capture of flowing cells,
rolling experiments comparing NP-coated tubes and
control tubes were performed. A significantly slower
rolling velocity of KG1a cells on the NP surface pro-
duced using PLL and silica NPs compared to KG1a cells
on the control surface was observed (Figure 5). Over the
entire range of wall shear stresses studied, the mean
rolling velocities of cells were significantly slower in the
NP-coated tubes (P < 0.05). Similarly, the total number
of cells captured in a NP-coated tube was significantly
greater than with the control device lacking the NP
layer (Figure 6). At a wall shear stress of 2 dyn/cm?, the
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trostatic interactions between the surface and the NPs.

NP-coated device showed up to a 100% increase in
the total number of cells captured relative to the
non-NP device (Figure 7).

PLL is a biological macromolecule that is used to
coat synthetic surfaces to promote nonspecific spread-
ing and adhesion of anchorage-dependent cells.3' 33
To eliminate the possibility of undesired nonspecific cell
adhesion to PLL that could influence the cell capture
behavior, a similar experiment was conducted with dif-
ferent negative controls (no P-selectin incubation,
blocked with 5% BSA), PLL and PLL with NP-coated sur-
faces. Both negative control tubes showed no nonspe-
cific cell adhesion under a wall shear stress of 2 dyn/cm?
(Figure 8). This result indicates that PLL is exclusively
acting as a NP-immobilizing adhesive and not contrib-
uting to the enhancement of cell capture though non-
specific electrostatic interactions. In addition, this sup-
ports the conclusion that the NP-coated surface with
P-selectin significantly improves the cell capture from
its increased surface roughness and area.

The desire to make comparisons with as homoge-
neous sample as possible was a motivating factor for the
use of a cultured cell line instead of primary human blood
cells. It was determined in a previous flow cytometry
study that this cell line has a narrow distribution of cell di-
ameters (25% total variation) and selectin ligand surface
expression (50% total variation). Primary peripheral blood
cells collected from human volunteers typically exhibit
variability in cell size and receptor expression much
greater than this, producing results which are harder to

7
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Figure 5. Rolling studies on nanoparticle-coated and con-
trol tubes indicated a significantly slower rolling velocity of
KG1a cells in nanoparticle-coated tubes. Rolling velocity at
each wall shear stress was significantly different when com-
paring the two surfaces (P = 0.00021 (<0.05); P = 0.00076
(<0.05); P = 0.00018 (<0.05)).
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Figure 4. Presence of PLL on the surface allows for the opportunity of elec-

interpret. In addition, this requires the av-
eraging of many donor samples. In the
previous work, it has been found that, for
heterogeneous cell samples, the focus is
shifted simultaneously to a smaller sub-
population, toward the tail of a Gaussian
distribution.>*

Nanoparticle Coatings Using Titanium(IV)
Butoxide as an Adhesive. The coating thick-
ness of the titanium(lV) butoxide adhesive layer was de-
termined via the same method as described for the PLL
coating thickness calculation above. On the basis of 10 in-
dependently conducted trials (n = 10), the average mass
difference equaled 1.75 =+ 0.43 mg. From this, the coating
thickness was calculated to be 196.2 = 5.4 nm. The same
concentration of titanium(IV) butoxide coating yielded a
slightly thicker layer compared to the PLL coating, but still
a very thin adhesive layer for successful NP
immobilization.

Using KG1a cells, the rates of cell adhesion and roll-
ing were evaluated for cells flowing over NPs immobi-
lized by titanium(lV) butoxide and functionalized with
P-selectin. Over the entire range of P-selectin concentra-
tion studied, the presence of NPs on the interior lumen of
the flow device showed significantly greater cell capture
at a wall shear stress of 2 dyn/cm? (Figure 9). Specifically,
the NP surface showed similar cell capture rates as the
control surface at over 1.5X less concentrated P-selectin
incubation concentration. Surfaces of adhesive only (BSA
blocked), as well as surfaces of adhesive and NPs (BSA
blocked), were tested and showed no significant cellular
adhesion or rolling. This result further indicates that the
NP and titanium(lV) butoxide adhesive layer alone do not

Figure 6. Representative micrograph images captured at 8 dyn/cm?. Top:
P-selectin (control) tube. Bottom: PLL + NP + P-selectin tube.
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Figure 7. Total number of cells captured in 50 cm long de-
vice under varying wall shear stresses: *P < 0.05.

contribute to the increased cell capture without P-selectin
presence. Titanium(lV) butoxide coating acts exclusively
as a NP-immobilizing layer, and the immobilized NPs in-
crease the surface area onto which more P-selectin can
bind.

The adhesion of cells to NP surfaces was also tested
as a function of shear stress and compared to the con-
trol surfaces. In accordance with NP surfaces prepared
with PPL, the total number of cells captured on the NP-
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Figure 8. Total number of cells captured on various surfaces
at 2 dyn/cm?. No cell adhesion was observed in negative
controls.
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Figure 9. Total number of cells captured in 50 cm long device
under a constant wall shear stress of 2 dyn/cm?. Negative con-
trols are discussed in text above: *P < 0.05; **P > 0.05.

/@) . .
&) VOL.4 = NO.1 = HAN ET AL.

182104

1 P—selectin + Ti—Butoxide + SiO,)|
v 16 x , BB P—selectin (+Control)
o
2 .
[l .

E 14
%)
S 12
wn
£10
e}
v
5 8
I
S 6
©
T 4

2

0

0.5 1 2 3

Wall Shear Stress (dynes/cm?)

Figure 10. Total number of cells captured in 50 cm long de-
vice under varying wall shear stresses. P-selectin incubation
concentration was maintained constant at 5 pg/mL: *P < 0.05;
**P > 0.05.

treated surfaces was significantly increased under wall
shear stresses above 1 dyn/cm? compared to the control
surface without the NP layer (P < 0.05) (Figure 10). At the
lowest shear stress studied (0.5 dyn/cm?), no significant
differences were observed in the total number of cells
captured. Furthermore, cells rolling on the NP-treated sur-
face were found to have stronger adhesion, with their roll-
ing velocity appearing significantly slower (Figure 11).

It has been previously shown that titanium and its al-
loys (TiO,, titanium(lV) butoxide) possess excellent bio-
compatibility and hemocompatibility.'®3>~32 Superior
hemocompatibility is possibly induced by a number of
factors such as low interface energies between the tita-
nium oxide coatings and serums, as well as semicon-
ducting property of the films."® Therefore, titanium(IV)
butoxide could potentially be an ideal adhesive when
coating an implantable device.

CONCLUSIONS

In summary, capture of flowing cells in micro-
tubes coated with NPs was significantly enhanced,
thereby increasing the nanoscale surface roughness
and total surface area. Using either titanium(lV) bu-
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Figure 11. Rolling studies on NP-coated and control tubes in-

dicated a significantly slower rolling velocity of KG1a cells in

NP-coated tubes. A statistically significant difference in rolling

velocity was found at each shear stress studied.
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toxide (inorganic) or PLL (organic) layers as adhe-
sives, NPs were successfully immobilized to create
novel nanosurfaces that resulted in enhanced pro-
tein adsorption. Upon NP immobilization using the
adhesives, the cell rolling velocities and the number
of cells captured showed significant enhancement
in NP-coated tubes. Negative controls (no P-selectin
incubations, blocked with 5% BSA), PLL and PLL with

MATERIALS AND METHODS

Preparation of KG1a Cells. KG1a (acute myeloid leukemia) cells
were cultured in RPMI media (Mediatech, USA) with 1%
L-glutamine (Mediatech, USA) and 10% fetal bovine serum (FBS)
(Atlanta Biological, USA). For experiments, cells were isolated
from the media and added to Hank’s balanced salt solution (HB-
SS+) (Invitrogen, USA) to a final concentration of 1 X 10° cells/
mL.!

Preparation of Nanoparticle-Coated Microtube Using Poly-L-lysine. Poly-
L-lysine (PLL), (0.1% w/v, in water; Sigma-Aldrich, USA) solution
was diluted to 2:8 with deionized water. The solution was incu-
bated inside Micro-Renathane tubing (MRE-025, i.d. = 300 pm,
length = 50 cm; Braintree Scientific, USA) for 5 min at room tem-
perature. SiO, nanoparticles (NPs) dispersed in methanol (10—15
nm, 30—31 wt % SiO,, pH 4; Organosilicasol, Nissan Chemicals,
USA) were perfused through the tube and incubated for 3 min at
room temperature. In order to prevent tube clogging, the tube
was flushed with methyl alcohol (Mallinckrodt Chemicals, USA).
The tube was stored at room temperature overnight for curing.

Preparation of Nanoparticle-Coated Microtube Using Titanium(IV)
Butoxide. Titanium(IV) butoxide (Tyzor TBT, DuPont, USA) solu-
tion was diluted to 2:8 with butyl alcohol (Mallinckrodt Chemi-
cals, USA). The solution was incubated within Micro-Renathane
tubing (MRE-025, i.d. = 300 wm, length = 50 cm). SiO, NPs dis-
persed in methanol (10—15 nm, 30—31 wt % SiO,, pH 4) were
perfused through the tube immediately and incubated for 1 min
at room temperature. The tube was washed with methyl alco-
hol to prevent clogging and then stored at room temperature
overnight for curing.

Microtube Preparation for Cell Capture and Rolling. Recombinant hu-
man P-selectin/Fc Chimera (P-selectin; R&D Systems, USA) at a
concentration of 5 pg/mL in phosphate buffered saline (PBS; In-
vitrogen, USA) was incubated inside the tube for 2 h at room
temperature. After washing the tube with PBS, the tubes were in-
cubated with 5% bovine serum albumin (BSA; Sigma-Aldrich,
USA) to block nonspecific binding. HBSS+ was pumped through
the tube to activate the coated P-selectin.** For each experi-
ment, four tubes were prepared following the same procedure:
P-selectin tube, PLL tube, NP-coated tube, and P-selectin + NP-
coated tube.

Cell Capture and Rolling Experiments. Tubes were placed on the
stage of an Olympus IX-81 motorized inverted microscope
(Olympus America Inc., USA) attached to a CCD camera (Hitachi,
Japan). A syringe pump (New Era Pump Systems) was used to
control the flow rate of the cell suspension. All images and vid-
eos were recorded on high-quality DVD+RW discs for offline
analysis.

Fluorescence Microscopy. Tubes were prepared with P-selectin
and blocked with 5% BSA, in the same manner as described
above. The tubes were incubated with mouse anti human
CD62P-Alexa 647 mAb (Serotec, USA) for 2 h. An Olympus 1X-81
microscope with Cooke Sensicam QE camera and IP Lab software
were used to record the fluorescent images under TRITC mode.
Image analysis was performed using ImageJ (NIH) and Excel (Mi-
crosoft). The background fluorescence of the tube was sub-
tracted from each reading.

AFM Analysis. AFM images were taken of both NP and control
(adhesive only) surfaces. Both surfaces were prepared by steps
shown previously on glass slides and washed thoroughly with
distilled water.

www.acsnano.org

NP-coated surfaces confirmed that the enhance-
ment is only observed when P-selectin is present. In
addition, the immunofluorescence quantification in-
dicated significantly higher presence of P-selectin
compared to the control tube. Taken together, these
results suggest that adhesive-immobilized NP coat-
ings can significantly improve applications to isolate
or sort cells using adhesive molecules under flow.

Data Analysis. Videos from DVD+RW discs were reformatted
to 640 X 480 pixels at 29.97 fps with ffmpegX software. Rolling
velocities of cells in the tubes were acquired using ImageJ, Excel,
and Matlab R2007a (Mathworks). For statistical analysis, paired t
test (e = 0.05 level of significance) was used to analyze the data
where applicable. Each experimental condition was repeated
twice and reported as mean = SEM values. Immobilized or roll-
ing cells were considered captured. The definition of rolling and
the method of estimating the number of cells captured in 50 cm
long tube were as previously described.>* Rolling cells were de-
fined as cells rolling at <50% of the calculated hydrodynamic
free stream velocity, and cells that remained stationary for more
than 10 s were not classified as rolling.
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