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Morphology of CD4" T Lymphocytes Bound on Nano-Patterened
Substrates for Sensing the Size of Nanoholes
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Abstract

We report on direct finding of how the morphology (i.e. filopodia width) of CD4* T lymphocytes correlates with the size of the quartz
nanohohole arrays (QNHAs, 140, 200, 270, and 550 nm in diameter) via scanning electron microscopy (SEM). This research exhibits that
the filopodia of CD4+ T-lymphocytes extended on the QNHA substrates were observed to increase in width by increasing the size of
QNHA in diameter from 140 to 550 nm. This strong linear response (R?=0.988, n = 6) in filopodia’s width of surface-bound CD4+ T-
cells with topographical structures of QNHA can be explained by contact guidance between the cells and solid-state substrates.
Furthermore, this research suggests that the protruded filopodia of surface-bound T-lymphocytes can be used as a biosensor for sensing

the topographical information of the nano-patterned substrates.
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1. INTRODUCTION

In last decades, the application of nanotechnology in the
fields of electronic and optical engineering was well
established [1-3]. Furthermore, nanostructures have been
increasingly used for studies on cell interaction with solid
nanostructures because unique properties of nanostructured
surfaces enable a variety of novel functions of immobilized
cells on the nanostructured surfaces [4, 5]. To date, these
nanostructures were prepared by various methods
including the polymeric templating method [6], vapor-
liquid-solid (VLS) growth [7], dry-etching process using
nanosphere lithography technique [8, 9]. Recently, we
have also demonstrated a novel platform for separating
CD4" T lymphocytes from mouse splenocytes using
streptavidin (STR)-functionalized and vapor-liquid-solid
(VLS)-grown silicon nanowire (SiINW) [7] as well as
transparent quartz nanopillar (QNP) arrays [8, 9] having a
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higher separation efficiency of 93-95.3%. However, there
is no study on how the various size and shape-matched
nanostructures and nanomaterials interact in the primary
cells on the nanostructured substrates. Herein, we bring to
direct investigation of how filopodia, which are tiny
hairlike folds in the plasma membrane that extend from the
surface of many T-lymphocytes, morphologies (e.g. width
etc.) of T-lymphocytes, react to the different size of quartz
nanohole arrays (QNHAS). In addition, we investigate the
how regular nanohole structures (ranging of 140 to 550
nm) influence the formation of the filopodia of CD4" T-
lymphocytes bound on the QNHA substrates. On the basis
of our results, the morphology of surface-bound CD4* T-
cells was highly related to the size of the QNHA
structures. In addition, we found that the primary live T-
cells could be a good biosensor to detect the size of the
underneath nanostructures.

According to recent studies, cell adhesion is significantly
affected by surface chemical composition and
nanotopography, providing the cell adhesion can be
increased or decreased depending on the materials and
geometry of the substrate underneath the cell [10]. Based
on previous researches, we have found the proper
condition of QNHA by analysis of the cell adhesion
morphologies on various QNHA, then confirmed that it is
available to develop the sensor of disease diagnosis (i.e.
AIDS [11], cancer [12], Alzheimer’s disease [13] etc.)
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Fig. 1. (a-e) Schematic diagrams outlining the fabrication of quartz nanohole arrays (QNHAs). (f) SEM image of as-prepared QNHAs using

750-nm polystyrene nanoparticles.

using optimal QNHA substrate by detection of target cell
with high yield and purity. Especially, the diagnosis of
cancer using circulating tumor cells (CTCs) detection by
nanostructure has been reported predominantly promising
technologies including immunomagnetic bead and cell size
based separation and microfluidics technology for
capturing the targeted CTCs [14].

2. EXPERIMENTAL

2.1 Quartz nanohole array (QNHA) fabrication

Figs. 1a-f show the schematic view of the several QNHA
fabrication processes including polystyrene (PS)
monolayer deposition (Fig.1a), PS size reduction (Fig. 1b),
Ni metal deposition as an etching mask (Fig. 1¢), PS bead
removal (Fig. 1d), and reactive ion etching of quartz
substrates (Fig. 1e). The detailed processes are as follows.
To fabricate the QNHA structures on quartz substrates,
colloidal PS suspension containing different sizes of PS
nanoparticles NPs) (200, 300, 430, and 750 nm in
diameter) was first carefully deposited on the QNHA
substrate using a modified self-assembly technique we
improved previously (Fig. 1a) [9]. To create space between
the spin-coated PS NPs, their sizes were first reduced by O,
plasma etching for 5 s (O,/Ar=35/10 sccm, RF power of
100 W and bias power of 50 W). 25-nm Ni metallization
onto the coated surface of PS NPs was performed (Fig. 1c)
and the PS NPs were subsequently removed by
ultrasocication in N-methyl-2-pyrrolidone (Fig. 1d).
Second RIE process was then performed for 40 s
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(CF4/Ar=40/5 sccm, RF power of 100W, and bias power
of 50 W) to create the QNHA on the substrates (Fig. 1e).
Finally, the remnant of Ni metal layer was completely
removed using wet-chemical etching process (Fig. 1f).

2.2 QNHA surface functionalization

QNHA substrates (7 mm <7 mm) were carefully
cleaned with H,O, : H,SO, (1:1) for 10 min to remove
all of the organic materials and impurities on the
surface. We then washed the substrates using a three-
step cleaning process (acetone, isopropyl alcohol, and
distilled water) and dried them with air. The QNHA
surface was first treated with O, plasma for 20 s to
confer the hydroxyl groups on the QNHA surface after
piranha cleaning process (96%H,S0,:30%H,0,=1:1) for
10 min. Next, the surface was applied by a three-step
surface functionalization process using 1% (v/v) (3-
aminopropyl)-triethoxysilane (APTES) in ethanol for 30
min at room temperature, 12.5% (v/v) glutaraldehyde
(GA) in distilled water for 4 hr on a 3D-rocker, and 50
«g/mL streptavidin (STR) solution in phosphate
buffered saline (PBS) overnight in an incubator (37°C,
5% CO,). The QNHA samples are ready to collect
incoming cell suspension containing primary mouse
CD4 and CD8 T-lymphocytes, natural killer (NK),
natural killer T (NKT), and B cells. We used this surface
functionalized method to separate targeting specific
cells (in our case CD4+ T-lymphocytes) among different
kinds of cells via novel STR-biotin conjugation
technique to capture the incoming targeting cells in PBS
solution as we reported previously [8, 9]. More detailed
information can be found in previous reports [8, 9].
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Fig. 2. (a-d) SEM images of QNHAs with different diameters (140,
200, 270, and 550 nm) prepared with four different sizes of
PS nanoparticles (200, 300, 430, and 750 nm in diameter).
(e-g) SEM images of the QNHAs with different period of
BOE etching (10, 60, and 100 sec). For this experiment,
550-nm QNHAs were used. Scale bar is 0.5 zm.

2.3 Cell preparation

In this study, T-lymphocytes were selected because they
are an important immunocyte in the human body and have

fundamental functions in the immune response to various
diseases. These splenocytes were prepared from the
spleens of C57BL/6/mice as described previously [7]. Prior
to loading the cell suspension containing certain quantity of
cells (~10° cells/mL) in the culture medium onto the
QNHA substrates, the cell population with a final volume
of ~30 nlwas first reacted with biotinylated anti-CD4 mAb
and incubated at 4°C for 20 min. Following incubation for
20 min, which is at the very early stage of cell adhesion on
the substrates, with STR-conjugated QNHA substrates at 4
°C, unbound cells were removed by rinsing with phosphate
buffered saline (PBS), while separated CD4" T cells could
bind to STR-QNHA surfaces due to adhesion enabled by
strong STR-biotin interaction. This process was repeated at
least three times for 10 min on a 2-D rocker to completely
remove non-specifically unbound cells from the QNHA
substrate.

2.4 Morphology observation of surface-bound cells
on QNHA substrate

To verify the morphologies of the captured CD4'T
lymphocytes bound on STR-conjugated QNHA substrates,
a field effect scanning electron microscope (FE-SEM)

Top view

Tilt view

" Enlarged Image

| Dia. 550 nm || Dia 270 nm ][ Dia 200 nm ][ Dia140nm ]

Scale bar : 2 um, 500 nm

Fig. 3. (a-]) SEM images of surface-bound CD4 T-lymphocytes on four different sizes of QNHs (a-¢ 140 nm, d-f 200 nm, g-i 270 nm, and j-1
550 nm in diameter) with top, tilt and enlarged views. All of surface-bound T-lymphocytes were highlighted in blue for easy

differentiation.
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observation was performed. For SEM observation of the
captured cells on QNHA substrate, several cell-fixing
processes are required as follows. The T-cells were first
fixed with 4% GA in the refrigerator for 2 hr, followed by a
post-fix process using 1% osmium tetroxide for 2 hr. The
captured T-lymphocytes were then dehydrated through a
series of ethanol concentrations (25, 50, 75, 95, and 100%)
and slowly dried at vacuum-connected desiccators for 24
hr [7, 9]. Once the samples were dry in the desiccators, the
surface-bound T-lymphocytes were sputter-coated with
platinum before performing the FE-SEM measurement.

3. RESULTS AND DISCUSSIONS

Figs. 2a-d show scanning electron microscope (SEM)
images, showing the tilt-views of QNHAs prepared with
four different sizes of PS nanoparticles. The diameters of
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Fig. 4. (a) The space between the nanoholes as a function of the
diameters of prepared QNHA (140, 200, 270, and 550 nm),
indicating strong linear relationship between them. (b) The
distribution of filopodia width of surface-bound T-cells on
the four different sizes of QNHAs.
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QNHA using four PS NPs (200, 300, 430, and 750 nm in
diameter) were to be 140, 200, 270, and 550 nm,
respectively as determined by SEM. As shown in Figs. 2a-
d, all of the QNHA were well defined on the quartz
substrates. To further exhibit a flexibility of the size and
structures of QNHA, the further wet-chemical etching was
performed for 10 up to 100 s using buffered oxide etchant
(BOE) solution. As shown in Figs le-g, these results
suggest that the QNHA structures can be easily fabricated
in the different size formation using both RIE dry and
further wet-chemical etching process. We also believe
these different kinds of QNHA structures provide more
information platform that provides valuable information
about adhesion and migration of the captured cells to
nanostructured substrates. Figs. 3a-1 show FE-SEM
images, showing top, tilt and enlarged views of CD4" T
lymphocytes, bound on the surface of STR-functionalized
QNHA with four different size of diameters (140, 200,
270, and 550 nm). The detailed morphologies of the
captured T-cells on STR-QNHA substrates were examined
by quantitative FE-SEM analysis (Figs. 3a-1). These results
exhibit that the captured T-cells were well bound on the
surface with different morphologies of filopodia or
lamellipodia. Interestingly, these images indicate that the
morphology of microvilli including filopodia or
lamellipodia of the capture T-cells is highly correlated with
the size of QNHA in diameter from 140 to 550 nm or
space between the nanoholes of QNHA. As shown in Fig.
4a, we found that the higher QNHA substrates in diameter
produces the higher space between the each hole of QNHA
with almost unit of R? value (R?>=0.987, n=10, Fig. 4a). To
verify the results, more than 6-10 cells were selected and
analyzed on the same QNHA substrates. Fig. 4b exhibits
that the extended filopodia of the captured CD4" T-cells
were observed to increase in width by increasing the
diameter of QNHA from 140 to 550 nm, resulting in a
good linear response between the width of T-cells and
diameter of QNHA (R?=0.959, n=10). These results
suggest that the microvilli (filopodia or lamellipodia) of
CD4" T-cells closely react with the QNHA substrates via
high-affinity STR-biotin conjugation [7] as we proved
previously and extend filopodia of different lengths or
widths depending on the diameter of the QNHAs as an
alive sensor system to detect the size of the structures
underneath of the cells using microvilli (Figs. 3a-l). This
strong linear response in filopodia extending from the T-
cells bound on the solid-state surfaces with the nanohole
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size (e.g. diameter) of the surface could be explained by a
contact guidance phenomenon, which is normally used to
explain the behavior of fibroblast filopodia on
nanostructured substrates with a long incubation [15-17].
According to contact guidance phenomenon, the T-cells
extend filopodia to recognize and sense the surface features
of nanotopography substrates when they are bound on the
surface at the early state of the adhesion, and then form
themselves on the substrates with a similar size of the
nanostructure underneath the cells. Similar results were
reported by Dalby et al.[18, 19]. They observed that
filopodia increased in thickness with an increase in the size
of the island topography from 13 to 95 nm, which is in
good agreement with our results in Fig. 4b even they used
epithelial cell-line instead of T-cells.

4. CONCLUSIONS

In conclusion, we first utilized surface-bound live T-cells
via STR-biotin conjugation method as a biosensor to sense
the size of the nanostructures (in our case, nanoholes). We
observed that the higher QNHA substrates in diameter
produce the higher space between the each hole of QNHA.
Furthermore, the extended filopodia of the captured CD4*
T-cells were observed to increase in width by increasing
the diameter of QHNA from 140 to 550 nm, resulting in a
good linear response between the width of T-cells and
diameter of QNHA. This strong linear response in
filopodia extending from the T-cells bound on the solid-
state surfaces with the nanohole size (e.g. diameter) of the
surface could be explained by a contact guidance
phenomenon.
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