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M
embrane nanotubes provide
membrane continuity among con-
nected cells and enable intercel-

lular exchange of both membrane-carrying
molecules and cytoplasmatic content.1,2

The communication via membrane nano-
tubes plays an important role in many phy-
siological processes including immune
defense,3,4 tumorigenesis,2,5�7 transmission
of pathogens,8,9 and cell differentiation.10,11

Membrane nanotubes have been observed
in many cell types, including neuronal cells
such as the neuron-like pheochromo-
cytoma cell line (PC12)12 and immune cells
such as NK cells,13 dendritic cells,3 macro-
phages,14 and T cells.9

Our team has been investigating immune
processes involving mast cells,15�17 which
are best known for their antigen-induced acti-
vation and involvement in immediate-type

hypersensitivity.17�29 Mediators released
upon activation can initiate immediate vas-
cular responses and modulate acquired- and
innate-immune reactions.18,30�32 Prior stud-
ies have also shown that cytoneme-like nano-
tubes could form among bone-marrow-
derived mast cells (BMMCs).33 Unlike anti-
body-mediated activation, which requires
clustering or stimulation of the high-affinity
immunoglobulin E (IgE) receptor (FcεRI), re-
ceptorsmediated by IgE nanotube formation
are triggered by the co-stimulation of FcεRI
and chemokine receptor (CCR1) by antigen
and ligand, such as human serum albumin
containing 2,4-dinitrophenyl (DNP-HSA)
and macrophage inflammatory protein 1R
(MIP-1R), respectively. Within 5 min of co-
stimulation, nanotubeswouldappear that link
the nearest neighboring cells to enable long-
distance intercellular communication.1,18,33
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ABSTRACT A recent finding reports that co-stimulation of the high-affinity immunoglobulin E (IgE)

receptor (FcεRI) and the chemokine receptor 1 (CCR1) triggered formation of membrane nanotubes among

bone-marrow-derived mast cells. The co-stimulation was attained using corresponding ligands: IgE binding

antigen and macrophage inflammatory protein 1R (MIP1R), respectively. However, this approach failed to

trigger formation of nanotubes among rat basophilic leukemia (RBL) cells due to the lack of CCR1 on the cell

surface (Int. Immunol. 2010, 22 (2), 113�128). RBL cells are frequently used as a model for mast cells and

are best known for antibody-mediated activation via FcεRI. This work reports the successful formation of

membrane nanotubes among RBLs using only one stimulus, a hapten of 2,4-dinitrophenyl (DNP) molecules,

which are presented as nanostructures with our designed spatial arrangements. This observation underlines

the significance of the local presentation of ligands in the context of impacting the cellular signaling cascades. In the case of RBL, certain DNP

nanostructures suppress antigen-induced degranulation and facilitate the rearrangement of the cytoskeleton to form nanotubes. These results

demonstrate an important scientific concept; engineered nanostructures enable cellular signaling cascades, where current technologies encounter great

difficulties. More importantly, nanotechnology offers a new platform to selectively activate and/or inhibit desired cellular signaling cascades.

KEYWORDS: membrane nanotubes . rat basophilic leukemia (RBL) cells . mast cells . atomic force microscopy (AFM) .
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In contrast to BMMCs, rat basophilic leukemia (RBL-
2H3) cells, another frequently used model for mast
cells, do not form cytoneme-like structures using the
co-stimulations approach.33 The lack of the chemokine
receptor CCR1 on the surface of RBLs was inferred
as the cause. Even after being transfected with CCR1,
anti-DNP IgE-sensitized RBL cells form cytoneme-like
structures only in low frequency after co-stimulation of
DNP-HSA and MIP-1R.33

Our prior work demonstrated that nanotechnology
offers a new means to present antigens and to impact
cellular signaling cascades.16 For example, arrays of
nanogrids of antigen could activate mast cells to a
higher degree than using soluble forms of antigen.16

Using RBL cells, this work investigates if nanotechnol-
ogy could facilitate cellular signaling cascades that are
otherwise extremely difficult to activate, e.g., formation
of membrane nanotubes. Our results indicate that
arrays of nanorings lead to the formation ofmembrane
nanotubes among RBL cells. The length and preva-
lence of membrane nanotubes appear to vary with the
spatial distribution of hapten nanostructures.
It is known that mast cells vary widely in their

responses to stimuli, mediator content, differentiation
status, and receptor expression.18 It is inferred that
mast cells could utilize a variety of pathways and
mechanisms to regulate immune responses.33 The
enabling of membrane nanotube formation among
mast cells using nanotechnology offers a new platform
to impact and to perhaps regulate mast-cell-based
immune processes. These results demonstrate an im-
portant scientific concept: engineered nanostructures
enable cellular signaling cascades, where current tech-
nologies encounter great difficulty. More importantly,
nanotechnology provides a new and very promising
approach to selectively activate desired cellular signal-
ing cascades.

RESULTS AND DISCUSSION

Presenting Haptens Using Nanolithography. We utilized
particle lithography combined with surface chemistry
to attach 2,4-dinitrophenyl (DNP) to silicon surfaces.
The geometry of the individual features and the per-
iodicity of nanostructures are dictated by the packing
and the diameter of template particles. The step-by-
step protocol is detailed in the Methods section. Six
polystyrenemicrospheres were used as templates with
diameters of 1000, 800, 500, 300, 240, and 200 nm,
respectively. The resulting DNP nanostructures were
referred to as Nano1, Nano2, Nano3, Nano4, Nano5,
and Nano6, respectively. All six DNP nanostructures
were characterized using atomic force microscopy
(AFM). Figure 1 shows the topographic images of
representative nanostructures from each category. In
Nano2, as shown in Figure 1A, each DNP feature is
presented as a nanoring. The height of a typical ring
measures 1.2 nm above the surroundings and 119 nm

wide (full width at half-maximum, FWHF, in topo-
graphs). The inner ring diameter is 148 nm, with the
center-to-center distance of 802 nm. Among tens of
nanorings measured from AFM images, the periodicity
(center-to-center distance), inner ring diameter, width,
and height of the ring frame are measured and sum-
marized in Table 1. The array of DNP rings covered the
entire silicon surface (1 � 1 cm2). The surface DNP
coverage in Nano2 is 20 ( 1%. The individual features
for all six nanostructures are rings of varying geom-
etry. The feature size, geometry, and periodicity for
Nano1�Nano6 were also characterized using AFM, as
shown if Figure 1 and summarized in Table 1. From
Nano1 to Nano6, periodicities decrease from 1001 (
11 nm to 207 ( 6 nm, while the DNP coverage
increases from 15% to 72%.

Hapten Nanostructures Lead to Membrane Nanotube Forma-
tion among RBL-2H3 Cells. Upon sensitizing RBL cells with
anti-DNP IgE, the cell morphology was monitored after
exposure to Nano2 for 1 h. Membrane nanotubes
appeared, as shown in Figure 2A: 6.75 μm long with a
diameter of 76 nm. The zoom-in views (Figure 2B1
and B2) clearly reveal that the origins of themembrane
nanotube were above the contact plane of the sub-
stratum. This observation is consistent with the pre-
viously seen membrane nanotubes among PC12
cells.12 The above criteria are important to distinguish
membrane nanotubes from filopodia. The PC12 mem-
brane nanotubes, also characterized by SEM,measured
in diameter from 50 to 200 nm and in length ranging
from 10 to 150 μm. The RBL membrane nanotubes
are of a similar diameter, but shorter in length than
those among PC12 cells. In a typical SEM scan (400 �
300 μm2), over 70 RBL cells were visible; among them,
nine cells were involved in membrane nanotube for-
mation, yielding a prevalence of 12.5%. From four sets
of experiments, containing over 1000 RBL cells, the
prevalence of membrane nanotubes was found to be
12 ( 3%.

Figure 1. AFM topographs of six DNP nanostructures: (A)
Nano1, (B) Nano2, (C) Nano3, (D) Nano4, (E) Nano5, and (F)
Nano6. Inset in (D) shows a zoom-in view. Scale bars are
2 μmand 200 nm for images and inset, respectively. All AFM
images were acquired under contact mode in ambient
condition, with imaging force ranging from 15 to 25 nN.
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In addition to the most commonly known situation,
a single membrane nanotube bridging two neighbor-
ing cells, a single cell forming multiple nanotubes
was also observed, as shown in Figure 3. In Figure 3A,
five RBL cells were sequentially connected with four
membrane nanotubes, forming an RBL “necklace”. In
Figure 3B, one RBL cell in the center formed multiple
intercellular membrane nanotubes connected with
three surrounding cells. Two of the RBL cells were
connected to the center cell by single nanotubes.
The third cell is connected by two membrane nano-
tubes with the center RBL cell. These intercellular
membrane nanotube networks were also observed
among other cell lines, such as PC12,12 human lung
carcinoma A549 cells,34 and rat cardiac myoblast
(H9c2) cells.35 Our observations represent the first
found in RBL-2H3 cells. These complex networks of
membrane nanotubes could provide a structural base
for intercellular communication and transport among
RBL cells.2,36 In addition, this outcome suggests a high
possibility for mast cell�T cell communication via

membrane nanotubes.2,37�39

Spatial Arrangement of Hapten Nanostructures Impacts
Formation of Membrane Nanotubes. When reducing the
periodicity of DNP nanorings from Nano1 to Nano6,
both the nanotube length and formation prevalence
changed accordingly. Typical examples are shown in
Figure 4, where the nanotube lengths measure 10, 8.1,
6.2, 5.7, 5.6, and 3.5 μm in the six hapten nanostruc-
tures, respectively. Among hundreds of membrane

nanotubes measured, the trend of decreasing lengths
as a function of the periodicity of the nanorings
remains valid, as shown in Figure 5. The length varies
within each type of nanostructure, and Figure 5B sum-
marizes all the measurements to reveal the value and
deviation. The prevalence of formation of membrane
nanotubes increases mildly from 11% to 12% from
Nano1 to Nano2, then decreases mildly from 12% to
9% from Nano2 to Nano4, then drops to 5% on Nano5,
and finally rapidly drops to below 3% on Nano6, as
shown in Figure 5A.

In attempts to rationalize the trends, we measured,
as indicated in the previous section and Table 1, the
size, periodicity, and coverage of DNP for all nano-
structures. To check if the trend is due to the increase in
DNP coverage, the nanotube prevalence and length are
plotted as a function of DNP coverage, which increases
from Nano1 to Nano6 (Figure 5). As a comparison,
we investigated RBL cells on self-assembled mono-
layers (SAMs) with similar DNP coverages. For example,

TABLE 1. Structural Characterization of DNP Nanostructures from AFM Topographs

ring width (nm) inner diameter of ring (nm) apparent height (nm) periodicity (nm) DNP coverage (%)

Nano1 137 ( 9 169 ( 7 1.1 ( 0.3 1001 ( 11 15 ( 1
Nano2 127 ( 7 153 ( 6 1.2 ( 0.3 807 ( 10 20 ( 1
Nano3 107 ( 7 117 ( 5 1.3 ( 0.3 507 ( 9 34 ( 2
Nano4 77 ( 8 92 ( 4 1.1 ( 0.4 305 ( 7 51 ( 3
Nano5 67 ( 8 81 ( 5 1.2 ( 0.3 241 ( 6 62 ( 5
Nano6 63 ( 7 71 ( 4 1.2 ( 0.4 207 ( 6 72 ( 6

Figure 2. (A) SEM image of two RBL cells connected by a
membrane nanotube. (B1) Zoom-in view of frame 1 indi-
cated in (A). (B2) Zoom-in view of frame 2 indicated in (A).

Figure 3. (A) SEM image of five RBL cells connected in series
by membrane nanotubes. (B) SEM image of one RBL cell
forming multiple membrane nanotubes with neighboring
cells.

Figure 4. SEM images revealing RBL membrane nanotubes
after a 1 h interaction with designated nanostructures of
haptens in culture media: (A) Nano2, (B) Nano3, (C) Nano4,
and (D) Nano6.
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SAM1 has a DNP coverage of 22.6%, similar to that of
Nano2 (20%). SAM2 has a DNP coverage of 34.1%,
similar to Nano3 (34%), while SAM3 has a DNP cover-
age of 89.5%, similar to Nano6 (72%). Despite similar
coverage, the probability of forming membrane nano-
tubes in SAMs is much lower than the periodic nano-
structures. Upon nanotube formation, the length
seems to be similar for SAMs and their nanostructure
counterparts. This comparison strongly suggests that
local presentations are critical formembrane nanotube
formation.

Next, we measured cellular coverage and nearest
neighbor cellular separation. From Nano1 to Nano6,
cellular coverage increases and the nearest neighbors
are located closer. In a typical SEM topograph of 400�
300 μm2, the number of cells decreases mildly from
74 to 70, for Nano1 and Nano2, and then increases
from 70, 109, 175, 179, and 182 for Nano2, 3, 4, 5,
and 6, respectively. The average nearest neighbor
cellular separation increases mildly from 39 μm to
42 μm from Nano1 to Nano2 and then decreases from
42, 21, 20, 18, and 10 μm, respectively, from Nano2 to
Nano6. In the cases of Nano1�Nano5, the nanotube
lengths are much smaller than that of the nearest
neighbor separations, also summarized in Table 2. In
the case of Nano6, the two cellular separations (10 μm)
correspond with the nanotube length (2.4�3.5 μm).
These observations suggest that cellular separation is
not the key factor that dictates either the nanotube
formation or the nanotube length, but the local pre-
sentation of haptens is important to the formation.
These comparisons also partly explain the observed
low prevalence of the membrane nanotube formation;
for example, the geometry of hapten in Nano2 facil-
itates nanotube formation for individual cells, but the

intercellular separation may be too far for all popula-
tions to bridge.

Possible Mechanism of the Nanostructure-Induced Formation
of Membrane Nanotubes among RBL Cells. Important and
pertinent information is summarized below to rationa-
lize the formation ofmembrane nanotubes among RBL
cells. Prior work indicated that the formation of cyto-
neme-like nanotubes among BMMCs occurred 5 min
after co-stimulation of FcεRI and CCR1, by DNP-HSA
and MIP-1R, respectively.33 Due to lack of CCR1 recep-
tors at cell membranes, it was found unlikely to induce
cytoneme-like nanotubes among RBL cells. Cytoneme-
like nanotube formation was attributed to CCR1 activa-
tion and Ca2þ accumulation, with a possible origin of
hydrostatic pressure to drive pseudopod extensions of
internal membranes.33

FcεRI at the cellular membrane are known to med-
iate various signaling cascades among mast cells, such
as antigen-induced degranulation,18,40,41 cytokine
production,41 eicosanoid production,19 phagocytosis,
and cell migration and adhesion.40 The most well-
known signaling pathway is the IgE-specific antigen
induced degranulation.15,17 Soluble multivalent anti-
gens were utilized to induce activation with high
efficacy, because these ligands cross-link FcεRI and
trigger downstream signaling pathways leading to
degranulation.17,18,42,43 Our prior work revealed that
surface-bound antigens, when positioned at a match-
ing geometry of closely packed FcεRI protein mol-
ecules, exhibit high potency in activating mast cells.16

This evidence, collectively, suggests that the presenta-
tion of the antigen or hapten at the nanometer level
dictates the arrangement of cellular receptors and thus
impacts signaling pathways. Specifically, clustering (in
20 nm periodicity) of antigen such as DNP hepten is
known to activate antibody-FcεRI-mediated activation
among mast cells, while lack of or significant reduc-
tion of clustering hampers the activation signaling
cascades.

As illustrated in Figure 6A and B, upon presenting
DNP on a nanogrid, FcεRI proteins cluster into an
almost 2D close-packed fashion.16 This spatial arrange-
ment brings FcεRI and Lyn into proximity. Lyn plays a
positive role in this signaling pathway,40 leading to
phosphorylation of tyrosine residues within ITAMs
in FcεRI.16,17,20 Phosphorylated ITAMs then serve as
docking sites for Syk.20,40 The binding of Syk results in
activation of Syk and leads to downstream signaling
pathways resulting in degranulation and F-actin
reorganization.18,20,40 The membrane ridges are char-
acteristic of this antigen-induced activation of mast
cells.41,44

In the design of Nano1�Nano6, we purposefully
deviate from the 20 nm hexagonal arrangement.
Instead, our nanorings allow FcεRI dimers to form,
but the separation among dimers is significantly larger
than 20 nm, therefore discouraging the formation of

Figure 5. (A) Membrane nanotube prevalence and (B)
length are plotted as functions of DNP coverage.
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2D clusters. From SEM images shown in Figures 2, 3, 4,
and 7F, few ridges were observed among RBL cells
bridged by membrane nanotubes. Only microvilli are
visible, as seen in Figure 7F. In contrast, membrane
ridges are clearly observed on activated RBL by pure
DNP SAMs, as shown in Figure 7E.

Therefore, under this design guide as shown in
Figure 6C and D, the hapten arrangements enable
binding with FcεRI proteins, which in turn recruit Lyn.
Since this arrangement significantly deviates from the
optimal arrangement (20 nm closely packed cluster-
ing), Lyn could have a negative regulation effect on

TABLE 2. Presentation of DNP Hapten at the Nanometer Level in Correlation with Membrane Nanotube Formation

Efficacy

DNP presentation local strucutures of DNP (nm) DNP coverage (%) nanotube length (μm) nanotube prevalence (%)

Nano1 nanoring periodicity 15 ( 1 5.0�11.2 11 ( 2
1001 ( 11

Nano2 nanoring periodicity 20 ( 1 4.6�12.7 12 ( 3
807 ( 10

Nano3 nanoring periodicity 34 ( 2 3.7�8.2 10 ( 3
507 ( 9

Nano4 nanoring periodicity 51 ( 3 3.5�7.9 9 ( 3
305 ( 7

Nano5 nanoring periodicity 62 ( 5 3.2�7.6 5 ( 2
241 ( 6

Nano6 nanoring periodicity 72 ( 6 2.4�3.5 0�3
207 ( 6

SAM1 domain size 8�28 22.6 N/A 0
separation 46 ( 10

SAM2 domain size 7�24 34.1 5.2 0�0.2
separation 24 ( 9

SAM3 strips width 17�65 89.5 4.3�6.6 0�0.5
separation 10�33

Figure 6. Schematic diagram to illustrate DNP nanostructure-induced signaling processes among RBL cells. (A) From the
perspective of geometry only, the optimal arrangement of IgE-FcεRI complexes for degranulation. (B) AFM topographic
image of DNP nanostructures produced using nanografting.45�53 The periodicity of this DNP grid nanostructure is 39( 4 nm,
and the edge-to-edge separation is 22 ( 5 nm.16 (C) From the perspective of geometry only, arrangements of IgE-FcεRI
complexes for discouraging degranulation and facilitating nanotube formation. (D) AFM topographic image of Nano2. Scale
bars are as follows: (B) 100 nm; (D) 800 nm.
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degranulation cascades54�58 through various negative
regulators, such as SHIP and SHP.40,58 Lyn-mediated
negative regulation is consistent with our observations
that at least one of the two mast cells when bridging
does not exhibit membrane ridges, a characteristic
structure for degranulation. In the meantime, the
spatial arrangement supports downstream activation
of PI3K, which is a key factor in regulating F-actin
reorganization in mast cells.59 On the basis of previous
investigations,60,61 activated PI3K may trigger M-Sec-
mediated membrane nanotube formation. To comple-
tely unveil the optimal arrangement and signaling
pathways, a systematic knockout of the signaling
proteins needs to be performed.

To further reveal the significance of the spatial
arrangement of hapten, a mixed DNP/C18 SAM (SAM1)
with the same DNP coverage as Nano2 was used, as
shown in Figure 7A. After 1 h interaction with SAM1, as
shown in Figure 7D, one could observe hardly any
membrane nanotubes. Similarly, two other SAMs,
SAM2 and SAM3, with similar DNP coverage to Nano3
and Nano6, respectively, were tested. Near zero pre-
valence was observed. The measurements are also

summarized in Table 2 and Figure 5. In all SAMs tested,
there were no periodic arrangements of DNP domains,
in contrast to the four nanostructures. The local
presentations of DNP in SAMs are defined by the
DNP domains (full width at half-maximum, FWHF, in
topographs) separated by defects or alkanethiol
areas.62�66 Separations are quantified from AFM topo-
graphic images. While the DNP domains in SAMs are
sufficiently large to enable FcεRI dimer formation, the
interdomain distance varies; as such, the presentation
does not facilitate large 2D receptor clusters or main-
tain sparse separations.

CONCLUSIONS

Using RBL cells as a mast cell model, this work
reports an important finding; membrane nanotubes
can form upon interactionwith hapten nanostructures.
This finding was a surprise at first glance, because RBL
should not formmembrane nanotubes by simple FcεRI
stimulation, due to the lack of CCR1 on the cell surface.
Formation of membrane nanotubes among BMMCs is
known by co-stimulation of FcεRI and CCR1 via antigen
and MIP-1R, respectively. Our study demonstrates that
a key factor for selective activation of a cellular signal-
ing cascade is the local presentation of ligands, in this
case, hapten. The arrays of DNP nanorings with hun-
dreds of nanometer separation discourage the cluster-
ing of FcεRI receptors, which therefore hampers
the antigen-induced degranulation. As such, RBL cells
rearrange their cytoskeleton structure to form nano-
tubes following this stimulation. These results demon-
strate an important scientific concept; nanotechnology
offers a new platform to selectively activate desired
cellular signaling cascades. This finding is of general
importance, and we envision more practice of this
approach utilizing other ligand�receptor interactions
and their corresponding cellular signaling processes,
such as regulation of cancer cell proliferation and
migration, stem cell differentiation, and impacting
tissue engineering.

METHODS
Reagents. Reagents were used without further purification

unless described specifically. Organosilanes, including N-(6-
aminohexyl)aminopropyltrimethoxysilane (AAPTMS) and octa-
decyltrichlorosilane (OTS), were purchased from Gelest
(Morrisville, PA, USA). Polystyrene microspheres were pur-
chased from Thermo Scientific (Waltham,MA, USA). The spheres
were suspended in their original concentration of 2% (w/v,
aqueous) until usage. Polished silicon wafers, Si(111) doped
with boron, were purchased from Virginia Semiconductor Inc.
(Fredericksburg, VA, USA). Gold slugs (99.999%)were purchased
from Alfa Aesar (Ward Hill, MA, USA). Hapten molecules,
[DNPNH(CH2)5COO(CH2CH2O)4CO(CH2)15S]2 (DNP-thiol), with a
purity of >95% were purchased from ProChimia (Gdansk,
Poland). 2-Butanol was purchased from Fisher Scientific
(Pittsburgh, PA, USA), and ethanol (EtOH, 99.99%) was pur-
chased from Gold Shield Chemical Co. (Hayward, CA, USA).
Sulfuric acid (95.0%), hydrogen peroxide (30% aqueous

solution), ammonium hydroxide (30% aqueous solution), and
N,N-dimethylformamide (DMF) were purchased from EMD
Chemicals (Gibbstown, NJ, USA). Fetal bovine serum (FBS),
Dulbecco's modified Eagle medium (DMEM), and penicillin/
streptomycin were purchased from Gibco by Life Technologies
(Grand Island, NY, USA). HEPES buffer solution (1 M) and
phosphate-buffered saline (PBS) (1�) were purchased from
Cellgro by Mediatech Inc. (Herndon, VA, USA). High-quality
monoclonal mouse-anti-DNP IgE was attained following pro-
tocols developed by our team, previously.67 Nitrogen gas
(99.999%) and hydrogen gas (99.95%) were purchased from
Praxair, Inc. (Danbury, CT, USA). Octadecanethiol (C18SH),
N-succinimidyl N-(2,4-dinitrophenyl)-6-aminocaproate (DNP-NHS
ester), dimethyl sulfoxide (DMSO), 37% formaldehyde solution,
25% glutaraldehyde solution, 4% osmium tetroxide (OsO4)
solution, and hexamethyldisilazane (HMDS) were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Toluene and 2-butanol
were purchased from Fisher Scientific (Pittsburgh, PA, USA).

Figure 7. AFM topography images of (A) SAM1, (B) pure
DNP SAMs, and (C) Nano2. SEM images of RBL cells after a
1 h interaction with (D) SAM1, (E) pure DNP SAMs, and
(F) Nano2. Scale bars are as follows: (A, B) 25 nm; (C) 800 nm;
(D�F) 10 μm.
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Rat basophilic leukemia cells (RBL-2H3) were purchased from
ATCC (Manassas, VA, USA). Deionized and ultrapure water was
attained from a Milli-Q water system (EMD Millipore, Billerica,
MA, USA). Mica sheets (clear ruby muscovite) were purchased
from Mica New York Corp.

Preparation of Hapten Nanostructures on Silicon Substrates. Particle
lithography followed by vapor deposition was used to produce
AAPTMS nanopatterns on silicon surfaces, following previously
reported protocols.68�71 Polished silicon wafers were cleaned
by immersion in piranha solution for 1 h and subsequently in
basic solution at 70 �C for 1 h. Piranha solution was prepared by
mixing sulfuric acid and hydrogen peroxide at a volume ratio of
3:1. It is highly corrosive and should be handled carefully. Basic
bath was prepared bymixing NH4OH, H2O2 solution, and H2O at
a volume ratio of 1:1:5. Wafers were then rinsed copiously with
water and dried in N2. Polystyrene microspheres were washed,
then separated from solvent by centrifugation to remove
additives such as charge stabilizers or surfactants. After clean-
ing, polystyrene microspheres were resuspended in aqueous
solutions by sonication and used immediately afterward. A drop
(20 μL) of the microsphere solution was deposited on the clean
Si(111) surfaces and allowed to spread and dry to produce a
mask of closely packed microspheres. Next, the wafer was
placed into a sealed Teflon container (100 mL) containing
200 μL of AAPTMS, then heated in an oven at 70�80 �C for
6 h. During heating, AAPTMS molecules from vapor attached to
uncovered interstitial areas. The polystyrene microsphere
masks were removed by a 10 min sonication in both ethanol
and deionized water, sequentially.

The AAPTMS nanopatterns formed were immersed in 1 mM
OTS solution (toluenebased) for 4 h, in order tofill the voidon the
Si surfaces. Afterward, the samples were cleaned by sonication in
ethanol for 15 min. The DNP functionalization was achieved by
cross-linking theDNP-NHS ester (1mg/mL in1MHEPESbuffer) to
primary amine termini of theAAPTMSnanopatterns. The reaction
took 12 h to complete at room temperature. Finally, these DNP
nanostructures were rinsed with DMSO, then ethanol, to remove
nonreacted residues and then dried with N2.

Preparation of Self-Assembled Monolayers on Gold Thin Films. Gold
thin films on mica were produced following previous
protocols.72�76 Briefly, gold was deposited onto freshly cleaved
mica surfaces in a high-vacuum evaporator (model DV502-A,
Denton Vacuum, Moorestown, NJ, USA) at a base pressure
below 2 � 10�6 Torr. The typical evaporation rates were 3 Å/s,
and the thickness of the gold films was controlled at 150 nm.
Immediately after removal from the vacuumchamber, themica-
supported gold films were subject to H2 flaming to remove
combustible contaminants and to improve Au(111) terrace size.
The thin gold film on mica was cooled in air to room tempera-
ture and kept for the fabrication of SAMs.

Two pure component SAMs, C18SH SAMs, DNP-terminated
SAMs, and threebinary SAMsconsistingof C18SHandDNP-thiol at
designated compositions were prepared on Au(111) surfaces
following previously reported protocols.16 C18SH SAMs were
typically prepared by immersing mica-supported gold films in a
0.02 mM C18SH solution in 2-butanol for 24 h. DNP-terminated
SAMs followed a similar protocol, except the solventwas amixture
of DMF/2-butanol (1:19). The three binary SAMs were prepared
similarly, except for the thiol solutions, mixing DNP-thiol and
C18SH stock solutions to reach designated molar ratios of 1:20,
1:1, and 20:1, referred to as SAM1, SAM2, and SAM 3, respectively.

AFM Characterization. An atomic force microscope (MFP-3D,
AsylumResearch Corp., Santa Barbara, CA, USA)was used for the
structural characterization of DNP nanostructures, SAMs, and
cells. All AFM images were acquired under contact mode with
imaging forces of 15�25 nN. Silicon cantilevers with a spring
constant of 0.1 N/m were purchased from Bruker (MSNL,
Camarillo, CA, USA). The AFM images were acquired and
analyzed using Asylum MFP3D software developed on the Igor
Pro 6.12 platform.

Calculation of DNP Coverage of Nanostructures. The DNP coverage
of each nanostructure is calculated by the following formula:

DNP coverage ¼ πW2 þπDW

a2 sin 60�

where W represents ring width, D represents inner diameter,
and a represents periodicity for each nanostructure.

Culture of RBL-2H3 Cells. RBL-2H3 cells were thawed by gentle
agitation in a 37 �Cwater bath upon receipt. RBL cells were then
maintained at 37 �C and 5% CO2 in DMEM cell medium contain-
ing 20% FBS and 1% penicillin/streptomycin, following estab-
lished protocols.15 Cells were first sensitized with 0.5 μg/mL
anti-DNP IgE overnight and then washed with PBS to remove
excess IgE. The sensitized RBL-2H3 cells were then utilized to
study membrane nanotube formation upon contacting desig-
nated surfaces such as hapten nanostructures and/or SAMs
mentioned.

SEM Imaging of RBL-2H3 Cells. Sample preparation for SEM
characterization followed known protocols.16 Briefly, a 1:1
mixture of 25% glutaraldehyde and 37% formaldehyde was
diluted 10-fold with deionized water and used as a primary
fixative. The silicon wafers containing RBL cells were taken out
from the culture medium and rinsed with PBS. Then, the wafers
were immersed in primary fixative for 1 h. The 4%OsO4 solution
was diluted with deionized water into a 1% solution for sample
preparation. After 1 h immersion in primary fixative, the samples
were rinsed with deionized water three times followed by
soaking in 1% OsO4 solution for 30 min. Cell samples were then
subjected to a sequential 10 min immersion�removal of etha-
nol/water mixtures with an increasing ethanol content of 25, 50,
75, 90, and 100%, respectively. The final step of dehydration in
pure ethanol was repeated three times, followed by addition of
HMDS, the drying agent for biological samples as previously
reported.77�79 The surface-support cells were then mounted to
the SEM sample holder and transported to the vacuum cham-
ber. Themorphology of RBL-2H3 cells was imagedwith aHitachi
S-4100T FE-SEM (Hitachi High Technologies America, Inc., Plea-
santon, CA, USA), under an accelerating voltage of 2 kV at 10 μA.
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