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ast cells are derived from bone

marrow cells and are matured in

tissues under the influence of stem
cell factor (SCF). They can be identified by
metachromatic stain or staining of tryptase.
Mast cells (MCs) are a major cell type in-
volved in a number of pathological pro-
cesses, from local cutaneous reactions to
systemic inflammatory responses.' ™ Mast
cells express high-affinity IgE receptor (FceRl)
on the cell surface which can sensitize mast
cells upon IgE binding. IgE-bound mast cells
can then be activated when encountering
the antigens to which the bound IgE are
specific, resulting in a signaling cascade, re-
arrangement of actin cytoskeleton, and a
fusion of performed granule to membrane
called degranulation.'™* Cellular activation
results in production of cytokines, chemo-
kines, and growth factors, and degranula-
tion results in release of performed media-
tors such as histamines, 3-hexosaminidase,
prostaglandins, and leukotrienes. The re-
leased mediators result in characteristic symp-
toms of an allergic reaction.

In-depth investigations of the activation
of mast cells by using model cell lines, such
as bone-marrow-derived mast cell (BMMCQC)
and rat basophilic leukemia (RBL), have
significantly advanced our knowledge of
FceRI receptor-mediated cellular signaling
processes.'* Briefly, activation of mast cells
can be initiated by cross-linking of FceRI-
bound, antigen-specific immunoglobulin E
(IgE) using multivalent antigens. This trig-
gers the phosphorylation of cytoplasmic
immunoreceptor tyrosine-based activation
motif (ITAM) via the Src family kinase, Lyn,
causing further recruitment and activation
of other kinases and substrates.>> After a
series of downstream signaling cascades,
the antigen-IgE-receptor signaling even-
tually leads to mediator release through
degranulation.’
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ABSTRACT

Nanostructures containing 2,4-dinitrophenyl (DNP) as antigen were designed and produced to
investigate antibody-mediated activation of mast cells. The design consists of nanogrids of
DNP termini inlaid in alkanethiol self-assembled monolayers (SAMs). Using scanning probe-
based nanografting, nanometer precision was attained for designed geometry, size, and
periodicity. Rat basophilic leukemia (RBL) cells exhibited high sensitivity to the geometry and
local environment of DNP presented on these nanostructures. The impact included cellular
adherence, spreading, membrane morphology, cytoskeleton structure, and activation. The
highest level of spreading and activation was induced by nanogrids of 17 nm line width and
40 nm periodicity, with DNP haptens 1.4 nm above the surroundings. The high efficacy is
attributed to two main factors. First, DNP sites in the nanostructure are highly accessible by
anti-DNP IgE during recognition. Second, the arrangement or geometry of DNP termini in
nanostructures promotes clustering of FceRI receptors that are prelinked to IgE. The clustering
effectively initiates Lyn-mediated signaling cascades, ultimately leading to the degranulation
of RBL cells. This work demonstrates an important concept: that nanostructures of ligands
provide new and effective cues for directing cellular signaling processes.

KEYWORDS: atomic force microscopy - engineered nanostructures -
self-assembled monolayers - mast cells - antibody-mediated activation -
nanografting

In order to regulate mast cell degranula-
tion, much effort has been devoted to syn-
thetic antigen analogues for the cross-link-
ing of FceRl receptors sensitized with IgE
antibodies, as discussed in recent reviews.® 2
Various antigen mimetics have been ex-
plored including multivalent protein conju-
gates such as 2,4-dinitrophenylated bovine
serum albumen (DNP-BSA),? self-assembled
monolayers (SAMs) tailored with DNP ter-
mini,” flexible bivalent ligands connected
via polymer chains,'® and bivalent and mul-
tivalent ligands connected by relatively
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Figure 1. (A) Schematic diagram illustrating the main steps to fabricate hierarchical micro/nanostructures on gold-coated
coverslips. (B) Bright-field optical image showing the microframes on the gold-coated coverslip. Locations for various
nanostructures are also indicated (P1—P4). (C) AFM lateral force images of the four nanostructures of DNP (P1—P4) produced
by nanografting. Scale bars in panels B and C are 120 um and 500 nm, respectively. Reprinted from ref 17 with permission

from UC Davis.

rigid spacers, such as double-stranded DNA.'"'?
Among these, trivalent ligands with double-stranded
DNA spacers exhibit the most effective stimulation for
degranulation responses and exert variable potency
depending on the spacer length."! This high effective-
ness and spacer length dependency can be rationa-
lized by a critical Lyn-involved transphosphorylation
step, which requires adequate orientation and proxi-
mity, typically nanometers, among cross-linked FceRI.">
Specifically, the Lyn kinase binds to the ITAM of a
receptor in a cross-linked complex and then amplifies
the signaling by phosphorylating the other receptor
located within approximately 10 nm due to cross-
linking.>'* We infer, from these previous studies, that
the needs of polyvalent ligands separated by a rigid
spacer with desired length are due to the required
spatial and time accessibility to the adjacent FceRI
p-chain by Lyn.

By utilizing the knowledge of the activation mechan-
ism above, engineered nanostructures of DNP haptens
should, in principle, provide new and effective mi-
metics of polyvalent antigens. The present study takes
advantage of the current advances in nanotechnology
to produce complex nanostructures with designated
chemical functionalities to match required spatial
arrangement and accessibility. In this work, we have
introduced our newly developed method that combines
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micromachining with atomic force microscopy (AFM)-
based nanografting'>'® to produce nanostructures
terminated with DNP functional groups. These engi-
neered nanostructures have an intrinsic advantage
over prior approaches due to the precise control of
ligand presentation, such as geometry and local sur-
face environment at the molecular level. As revealed in
this work, this advantage is manifested in high efficiency
antibody recognition and receptor clustering and,
therefore, superior efficacy in cellular activation. These
engineered nanostructures provide a complementary
alternative to molecular mimetics reported previously
and, further, have high potential for molecular level
control over antigen presentation in the context of
regulating specific cellular signaling processes.

RESULTS AND DISCUSSION

Production of Hierarchical Micro- and Nanostructures of DNP
Haptens. We utilized micromachining to produce an
array of microframes, within which designed nano-
structures of DNP haptens (referred to as DNP nano-
structures) were created via AFM-based nanografting.
The key fabrication steps are illustrated in Figure 1A
and detailed in the Methods section. These micro-
frames are clearly visible under an optical microscope,
as shown in Figure 1B, and are utilized to define the
position on the surface to perform nanolithography
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TABLE 1. Structure of DNP Domains and Their Local Environment As Characterized by AFM

PO
(€18 SAMs) P1 P2
geometry of DNP domains N/A double-lined double-lined
grid grid

periodicity (nm) N/A 3055 147+ 6
DNP line width/domain N/A 94+ 1.0 10.1 £ 1.9

size (nm)
apparent height (nm) N/A 11+£02 1.1+£02
edge-to-edge N/A 98+ 4 B+6

separation (nm,)
DNP coverage (%) 0 1842 3443

within designated frames.'” After being cleaned, the
top surface is coated with 30 nm gold thin film by
transferring the thermally evaporated thin film from
mica and subsequently soaked in the octadecane thiol
(C18) solution to form a SAM layer which serves as the
matrix for nanografting. As 30 nm gold is optically
transparent,'® we selected microframes, for example,
those labeled as P1—P4 in Figure 1B, and positioned
AFM probes for nanografting as illustrated in
Figure 1A."” For this investigation, the active compo-
nents used in nanografting are thiols terminated by
DNP, that is, [DNPNH(CH,)sCOO(CH,CH,0)4CO(CH,) 15515,
abbreviated as DNP-thiol.

In the areas of P1—P4, four different nanostructure
patterns are produced, each in duplication. These
patterns were characterized via AFM as shown in
Figure 1C,'” and important geometric parameters are
summarized in Table 1. The total size of each nano-
structure pattern is 80 um x 80 um, covering most
areas defined by the microframe. The backbone of the
DNP-thiol is longer than that of C18, and the termini are
more hydrophilic than methyl, thus the DNP nano-
structures exhibit higher contrast than the surrounding
C18 matrix in both topographic and lateral force
images (shown in Figure 1C)."” The four series of
nanostructure patterns shown in Figure 1C are de-
signed to explore the impact of geometry on the
response of RBL cells.'” In nanostructure P1, the pat-
tern is double-lined nanogrids, with designed periodi-
city of 305 & 5 nm (the distance between repeated unit
cells). The line width, defined at the fwhm (full width at
half-maximum) from their AFM topograph, is 9.4 +
1.0 nm. The nearest-neighbor lines are separated by 98
+ 4 nm from edge to edge. The two P2 patterns have
the same geometry as P1 with the periodicity of 147 +
6 nm, as also quantified in Table 1. DNP nanostructures
in P3 and P4 consist of single-lined nanogrids. The lines
are wider than those of P1 and P2, with the width of
19.3+2.5and 17.1 + 1.7 nmin P3 and P4, respectively.
The periodicities of P3 and P4 are 81 + 5 and 39 +
4 nm, respectively. The DNP coverages of P1, P2, P3,
and P4 are 18 & 2, 34 & 3, 49 & 3, and 54 & 2%,
respectively. As will be demonstrated later in this
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mixed pure
P3 P4 DNP/C18 SAMs DNP SAMs
grid grid nanodomains inlaid nanodomains surrounded
in (18 SAMs by defects
81+£5 39+4 N/A N/A
193 £25 171+£17 96+58 6.7 £29
134+03 14403 03 +£0.1 0502
54+£3 2+5 6— 24 4-16
49+£3 542 KR 614

Figure 2. (A) Schematic diagram to illustrate the design of
micro/nanostructures. Locations of nanostructures P1—P4
are indicated on the design. (B) Bright-field optical image
provides an overview of the surface after exposure to RBL-
2H3 cells, where cell population is clearly visible. (C) Nine
AFM images acquired on P1—P4 and the central matrix
region (P0) to provide an overview of cellular morphology
at these regions. (D) Corresponding confocal images of
panel C. Eo—E, and Ey’—E; are magnified views of the
AFM and confocal images shown in panels C and D, respec-
tively. Scale bars: 20 um. Reprinted from ref 17 with
permission from UC Davis.

paper, DNP haptens engineered in P4 induced the
most potent stimulation for RBL cells.

Engineered Nanostructures Impact Significantly the Adher-
ence, Spreading, and Activation of Mast Cells. Exposing RBL
cells to the engineered structures after sensitization'®
with anti-DNP IgE allowed the investigation of the
cellular responses to these surface-bound antigens.
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Figure 3. Activation efficacy as a function of the geometry of DNP nanostructures (P0—P4). As a comparison, previously used
presentation of DNP antigens, such as DNP-BSA layers and mixed DNP/C18 SAMs, was also measured.

As shown in the bright-field optical micrograph in
Figure 2B, significantly different responses of RBL cells
were clearly visible when compared among nanostruc-
tures. First, the number of adhered cells increased from
P1 to P4: 4, 4, 16, and 19, respectively. This trend and
number of cells were highly reproducible among all
three independent experiments using the same design
of engineered nanostructures. We further compared
fabricated nanostructure patterns with SAMs com-
posed of pure DNP-thiols and found that P4 exhibited
almost the same RBL coverage (8.5 cells per 80 x
80 um?) as the pure DNP SAMs (8.0 cells per 80 x
80 um?), despite the higher surface concentration of
antigens on the pure SAMs.

Second, the activation potency, as indicated by the
percentage of activated cells among adhered cells, was
sensitive to the presentation of DNP at the nanometer
level. The identification of activated cells was based
on prior knowledge that activation of mast cells
exhibits a characteristic morphology of membrane
ridges/ruffles,>?%?" with the underlying F-actin rear-
ranging from a relatively homogeneous distribution to
a heterogeneous network.?%?* In this investigation, the
membrane morphology was imaged using AFM on
hydrated cells after 1 h incubation on surface antigens.
After the completion of the AFM study, the cytoskeletal
F-actin distribution was labeled in situ and visualized
using confocal imaging following the known protocol
of fluorophore-conjugated phalloidin assay.>* The 1 h
incubation time was to ensure the capture of dramatic
morphological changes at the membranes before the
granule regeneration process, which could take a
couple of days.?* The characteristic cellular structures
from our combined AFM/confocal microscopy study
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are shown in Figure 2 (middle and right columns), in
which the activated cells can be easily identified.
Taking the left frame of P4 nanostructures (Figure 2A)
as an example, there were a total of nine cells within
the confinement of the microframe. Among them, the
AFM topographic image shown in Figure 2E, indicates
that six cells exhibited membrane ridges (the well-
spread cell in midtop), while the corresponding con-
focal image in Figure 2E,’ revealed a very heteroge-
neous network of F-actin on these cells.'” As a result,
the activation efficiency was quantified as 66.7% (=6/9)
in this specific case. When the same protocol was
followed, from all three experimental groups involving
engineered nanostructures, the activation efficiencies
on C18 SAMs and P1 were both less than 15%, which
could be considered as background activation for RBL
systems; that is, RBL cells could self-activate without
external stimuli. The results for other nanostructures,
P2, P3, and P4, were 54 £+ 11, 64 £ 4, and 69 + 6%,
respectively. By the well-known student t test, the
results indicated that there is no similarity between
P2 and P3 with t = 4.7 and the statistical difference is
99.999% (ot = 8.3 x 10 ~7). For P3 and P4, t = 4.3, the
statistical difference is 99.998% (o = 2.2 x 10 ~°).
Therefore, we can conclude with more than 99.999%
confidence that they are different and follow the
sequence of P1 < P2 < P3 < P4. This high confidence
should be considered solid by any standard of statistics
among in vitro studies. These observations reveal the
multiple functions of AFM: cell count, activation assess-
ment, and high-resolution structure characterization in
vitro.?!

To further compare the activation efficacy of
engineered nanostructures in a proper context, we
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Figure 4. Confocal images acquired at the interface between the ventral membrane and nanostructure surfaces to best
capture the formation and alignment of actin clusters on (A) C18 SAM, (B) P1, (C) P2, (D) P3, and (E) P4. The yellow lines indicate
examples of the aligned actin clusters as guided by the DNP nanolines underneath (insets). Scale bars: 20 um. Reprint from ref

17 with permission of UC Davis.

quantified the activation percentage for all nanostruc-
tures in comparison with pure DNP SAMs and mixed
SAMs with the solution ratio of DNP/C18 = 1:1, as well
as DNP-BSA-coated on coverslips. Both DNP-present-
ing SAMs and surface-coating DNP-BSA have been
used previously as antigen.”® The averaged percen-
tages of activated cells on examined antigen-present-
ing surfaces from all experimental groups under the
same conditions are presented in Figure 3. Total
numbers of cells examined were 143, 107, 70, and 57
for DNP-BSA layers, pure C18 SAMs, mixed SAMs, and
pure DNP SAMs, respectively. The cell counts are 20, 15,
35, and 51 for nanostructures of P1, P2, P3, and P4,
respectively. Among SAM-based systems, P3 and P4
compared more favorably to all others, including the
pure DNP SAMs, despite their lower DNP surface cover-
age. In addition, P3 and P4 both exhibited higher
activation potency than DNP-BSA layers. The fact that
nanostructures stimulated mast cells more effectively
than the pure DNP SAMs and DNP-BSA layers unam-
biguously demonstrates that the high efficacy is not
due to the higher surface antigen concentration. We
therefore infer that the local structure of antigen is
critical. Important structural parameters in the nano-
structure pattern P4 include (a) nanogrids of DNP
haptens; (b) line width and edge-to-edge separation
among DNP nanolines of 17.1 &+ 1.7 and 22 £+ 5 nm,
respectively; and (c) the apparent height of DNP lines
being 1.4 + 0.3 nm.

Third, AFM topographic images can be used to
indicate the extent of activation. Taking advantage
of the high spatial resolution and accuracy in height
measurement, AFM enables imaging of the lateral and
vertical dimensions of RBL cells as well as membrane

DENG ET AL.

ridges on those cells which are activated. From prior
SEM studies, it is well-known that the activation of mast
cells is manifested in the transition of membrane mor-
phology from homogeneous villi to heterogeneous
ridges.”?%?® Taking advantage of the 3D information
revealed by AFM, the threshold of ridges versus villi
among RBL cells is 3 #m long with an apparent height
of 0.5 um.*? The degree of activation pertains to the
number or density of membrane ridges as demon-
strated previously using the combined AFM and con-
focal microscopy investigations.?? The F-actin reorga-
nization is characteristic of the RBL activation as
revealed by previous confocal imaging.®'9?'?? The
membrane ridges observed in AFM images are attrib-
uted to the morphology of lipid bilayer covering the
F-actin network underneath.?” With this criterion, RBL
cells on the nanostructure pattern P4 exhibited the
highest degree of activation. Taking the cell located in
the upper middle region in Figure 2E, as an example,
19 ridges were visible on the cortical membrane with
the length measured from 3.3 to 9.7 um and height
measured from 0.5 to 0.7 um. The distribution of these
membrane ridges matched exactly the pattern of
F-actin as seen from the corresponding confocal
microscopic image (Figure 2E,). The numbers of mem-
brane ridges for other nanostructures are 0, 0, 7, and 9
for PO, P1, P2, and P3 patterns, respectively. In compar-
ison to P4, RBL cells on other antigen-presenting
surfaces possessed fewer and less protrusive mem-
brane ridges.

Finally, the impact of nanostructures on the formation
and alignment of actin clusters on the ventral membrane,
that is, the membrane facing the substrate, and the
pertaining cellular locomotion were also investigated.
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Figure 5. Correlation of RBL intracellular structure (top row) to the molecular level packing of DNP ligands (middle row) as
revealed by high-resolution AFM images. The height profile across the DNP domains as marked in the AFM images is shown at
the bottom row. Scale bars in A—D are 5 um, and 20 nm in E—H. Reprint from ref 17 with permission of UC Davis.

As shown in Figure 4, the cross-sectional confocal
images taken at the interface between the ventral
membrane of RBL cells and nanostructures revealed
a large number of actin clusters (bright spots) on P3
and P4, whereas the amount of these clusters on C18
controls (P0) and P1 was significantly lower."”” Among
all four types of nanostructures (insets in Figure 4), the
highest number of actin clusters was observed on P4,
where a total of 232 actin clusters were counted within
the two microframes. The least number of actin clusters
was observed for RBL cells on C18 SAMs, where only 33
actin clusters were observed on the 15 cells within the
entire microfabricated area (17 frames). In addition, a
visible degree of actin cluster alignment was observed
on nanostructures, as highlighted by yellow lines in
Figure 4."” Specifically, in the case of P4, there were at
least three groups of actin clusters aligned vertically
and two groups of actin clusters aligned horizontally,
following the two main axes of the nanogrids. These
actin clusters formed at the interface, as identified from
previous microscopic investigations, might lead to
formation of podosomes®® which were observed
for RBL cells adhered to substrates.?” ° Since actin
clusters are implicated in podosome formation and
associated with cell locomotion,”” nanostructures of
DNP could provide an alternative means to guide
cellular movement and spreading.

The impact on locomotion can also be seen from
the cell spreading: with the highest cell spreading
observed on P4, followed by P3, P2, and then P1 and
C18. Between P1 and C18, there was no significant
difference in cellular morphology observed, due to the
low biocompatibility of methyl termini and lack of
activation (Figure 2E,E;)."” For a fair comparison (to
deconvolute the impact from cell population on the
cell spreading), in each category, we picked the cell
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with the highest spreading and quantified the spread-
ing area using the AFM images. The measured quan-
tities were 561.9, 608.9, 813.5, 867.0, and 1297.3 um?
for C18, P1, P2, P3, and P4, respectively. This observa-
tion again indicates that the binding between DNP
and IgE-sensitized RBL plays a key role in subsequent
cellular motion. It also clearly demonstrates that the
distribution of the antigens at the molecular level
impacts the arrangement of cytoskeletal components
and leads to variations in locomotion and spreading.
Rationalization of the Observed High Activation Efficacy of
Nanostructures. Since the activation efficiency in RBL
cells strongly correlates to the antigen-presenting plat-
form as shown above, the local structure of DNP
haptens on a surface must play a crucial role in
regulating the IgE-FceRl clustering as well as the
subsequent downstream signaling cascades. High-
resolution AFM images of various forms of DNP pre-
sentations, including nanostructures, pure and mixed
C18-DNP SAMs, and the control C18 SAMs, were taken
and shown in Figure 5."” The AFM topographs clearly
revealed the structural differences of these ligand-
presenting surfaces at near molecular level, as shown
in Figure 5E—H."” Note that the images in Figure 5E—H
represent characteristic structures of these systems as
we have imaged at least 10 representative areas for
each sample, and at least three samples were tested for
each presentation.'” The AFM topograph of C18 SAMs
is shown in Figure 5E, where bright features corre-
spond to closely packed alkanethiols of several nano-
meters in lateral dimension. These domains are sur-
rounded by dark areas or domain boundaries and
other defects such as etch pits. This structure of C18
SAMs observed is consistent with prior reports,3°~32
and the rms roughness measures 0.2 nm. This well-
ordered SAM with methyl termini provides a good
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Figure 6. Rationalization of the superior efficacy of nanostructures in RBL activation. (A) DNP molecules at the edges of
nanstructures present favorable binding sites for IgE due to their 1.4 nm apparent height, adequate flexibility, and availability
for divalent binding. In comparison, pure DNP SAMs have only 0.5 nm apparent domain height, which may not enter the Fab
binding pocket as effectively as the DNP nanostructures. (B) From the prospective of geometry only, the optimal arrangement
of IgE-FccRI complexes is hexagonal with 20 nm separation for the subsequent Lyn binding and downstream signaling
cascade. (C—E) Probability of finding activation dimer for a tyrpical IgE-FceRI binding site (the blue cross at the center of the
circle) within a mixed C18:DNP SAM, and nanostructures P2 and P4, respectively. Radius of the circle is 20 nm. Scale bars:

20 nm.

baseline reference for the comparative study. Mixed
C18-DNP SAMs as exemplified in Figure 5F exhibited
phase segregation, that is, presented tall DNP domains
(bright) and short C18 regions (dark)."” The phase
segregation behavior is characteristic of binary
SAMs.**73¢ Typical domain size of DNP in the mixed
SAMs is 9.6 + 5.8 nm, with the center-to-center separa-
tion ranging from 10.7 to 32.5 nm and the edge-to-
edge separation from 5.6 to 23.6 nm. The DNP domains
were 0.3 £ 0.1 nm above the surrounding C18 matrix.
The surface coverage of DNP domains measured 35 +
5% based on analysis of topography and lateral force
images. Pure DNP SAMs also exhibited lateral hetero-
geneity. The bright contrast represents more densely
packed DNP molecules, whose lateral dimension
measures 6.7 £ 2.9 nm. However, unlike the mixed
C18-DNP SAMs where high DNP domains are segre-
gated by their C18 surroundings, the DNP domains
were mostly connected, as shown in Figure 5G, with
the surrounding being less densely packed DNP
molecules.!”” The DNP domains had apparent height
of 0.5 + 0.2 nm above surrounding molecules. For DNP
nanostructures P4 shown in Figure 5H, the DNP nano-
grids were 1.4 4 0.3 nm taller than the surrounding C18
SAMs. The average line width was 17.1 £+ 1.7 nm, and
the edge-to-edge separation was 22 + 5 nm among
nearest-neighbor lines. The surface coverage of DNP-
thiol molecules on P4 was 54 + 2%.

One would expect different immobilization behavior
if exposing the surface to IgE in solution because,
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conceptually, ligand presentation at a molecular or
nanometer level significantly impacts the subsequent
biochemical reaction.?”*® Previous observations indi-
cated that protein binds to surface ligands more
effectively via long and flexible polymer tethers than
short and rigid ones.3**° Sufficient length and flexibil-
ity afford the ligand to match the protein binding
site’™* In fact, DNP haptens with intermediate
chain lengths of 1.1—1.3 nm exhibited the most potent
binding to an antibody.***> Flatter systems of
synthetic lipid bilayers containing DNP haptens as
surface ligands are more flexible, but high flexibility
does not mean high recognition by antibody. Ade-
quate flexibility is required in antibody—antigen re-
cognition. For specific and stable antibody—antigen
recognition, divalent bindings between the two Fab
domains and antigens (DNP termini) underneath are
preferred, as illustrated in Figure 6A. The DNP terminiin
P4 exhibited the highest apparent height, 1.4 nm
above the surrounding region. AFM height is a collec-
tive measure of density and packing of DNP ligands
and also a measure of the mechanical flexibility of the
ligand. Technology of AFM-based nanografting en-
ables tuning flexibility to match antibody—antigen
recognition. Since only one DNP molecule can enter
a Fab binding pocket of an antibody, DNP molecules at
the edges of nanolines have sufficient flexibility
to reach the two binding sites at the Fab domains
of IgE. Therefore, among all investigated antigen-
presenting platforms, DNP nanogrids P4 provide the
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most favored binding to IgE due to the following
intrinsic advantages: (a) flexibility and high exposure
of DNP domains at the edges of nanografted patterns;
(b) less steric hindrance of taller DNP domains for
antibody—antigen recognition; (c) well-defined edge-
to-edge separation to match the spatial requirements
for the IgE-FceRI dimer and cluster formation.

In this cellular study, IgE molecules are located at
the membrane surface of RBL cells following sensitiza-
tion. Since the presentation of DNP leads to a different
binding situation with IgE molecules, as discussed
above, the recognition events likely result in variations
in receptor clusterization, as each IgE is linked with an
FceRl receptor at the cellular membrane. As described
in the introduction, forming basic activation dimers
and clusters fulfills the critical spatial requirement for
subsequent protein binding, such as Lyn and Syk, and
downstream activation.*®*’ Separation between adja-
cent IgE-FceRl complexes is estimated to be around
20 nm in the dimers or clusters, as illustrated in
Figure 6B. This estimation is based on the size of the
IgE-FceRI complex,*®~>° including recruited Syk®' and
Lyn,>® and is reasonable according to the crystal
structure and corresponding mass weighted volume
of those recruited proteins (IgE, 190 kDa; FceRlgg,o,
76 kDa; Lyn, 56 kDa; Syk, 72 kDa) that compose the IgE-
FceRl complex.*¥7>* Using simple statistical analysis,
we can compare the probability to form dimers and
clusters among the antigen-presenting surfaces by
selecting a typical DNP domain first and then draw a
circle of a 20 nm radius around this typical binding site.
If the circle hits another DNP domain, there is likely an
adjacent IgE-FceRl complex, due to the high affinity of
DNP to anti-DNP IgE.3” If this rationale remains valid,
we project that the optimal design should be the
presentation shown as the inset in Figure 6B, where
DNP nanodots are arranged in hexagonal arrays with
20 nm periodicity, although we fully recognize that the
actual situation could be more complex than offered
by simple statistical analysis. Three examples are given
in Figure 6C—E, representing the scenario on the sur-
face of mixed C18-DNP SAMs, P2, and P4. In the case of
mixed SAMs (Figure 6C), while the center of the DNP
domain is the strongest binding site, the circles hit two
DNP binding sites. On P2, DNP at the edge of nanolines
represents the IgE binding site, and a total of five DNP
binding sites were hit by the circle, but only three
remain viable due to the steric hindrance (Figure 6D).
As for P4 shown in Figure 6E, we selected two repre-
sentative sites for this exercise (center of the two circles
in Figure 6E). The two circles hit four and seven sites,
the initial binding site located in the middle of line or at
the cross section, respectively. However, if one edge is
occupied, spatial hindrance may forbid the other edge
to attract another IgE-FceRI complex. Therefore, among
seven potential IgE-FceRI receptor binding sites, four
were viable, as marked by blue crosses shown in
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Figure 6E. DNP sites in nanogrids exhibit a higher
probability of IgE binding due to the larger apparent
height and induce a higher degree of clustering due to
their matching location at nanometer level. Even
though the edge-to-edge separation of P4 is close to
P2, the highest apparent height and the highest DNP
coverage of P4 nanorods favor binding to IgE, resulting
in higher activation efficiency over P2. These combined
advantages lead to superior activation efficiency for
nanostructure P4.

Given the length scale of signaling clusters, which
are in the range of nanometers, nanofabrication
techniques provide an advantage of positioning
membrane receptor-binding ligands with nanometer
precision for regulation of specific signaling pathways.
In the case of DNP nanogrids, the ligand distribution,
geometry, and local environment can be designed to
optimize antibody binding and cluster formation. This
finding could be extrapolated into generic practice
such that nanoengineered structures with well-defined
geometry and functionalities can serve as a platform to
regulate cellular responses to stimuli and receptor-
mediated cell signaling pathways, as well as down-
stream cellular behaviors. The exquisite spatial preci-
sion defined by AFM-based nanografting'® enables
many polyvalent processes to be investigated system-
atically and with molecular level control. Potential
applications of these nanoarrays could include new
biochips or sensors consisting of designed micro- and
nanostructures of designed functionality, as well new
biomaterials or scaffolds that require accurate micro-
and nanofabrication.

SUMMARY

Combined micromachining and nanolithography
enables hierarchical micro- and nanostructures of
designed functionalities to be produced on surfaces
for a wide-range of biological applications. The combi-
nation of AFM and confocal microscopy allows in situ
structural characterization of before and after fabrica-
tion and in situ monitoring of cellular morphology and
intracellular structure upon exposure of nanostruc-
tures to cells. The specific nanostructures produced
contain DNP nanogrids designed for investigation of
anti-DNP IgE-mediated activation of mast cells. Nan-
ometer precision is attained using nanografting. RBL
cells exhibited high sensitivity to the geometry and
local environment of DNP presented on these nano-
structures. The impact includes cellular adherence,
spreading, membrane morphology, cytoskeleton struc-
ture, and activation. The highest level of spreading and
activation was induced on nanogrids with 17 nm line
width, 40 nm periodicity, with DNP haptens 1.4 nm
above the surroundings. The superiority is attributed to
two main factors. First, DNP termini at the edges of
nanostructures are of adequate exposure and flexibility
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to be recognized by the IgE at the cellular membrane.
Second, the arrangement of these DNP termini at na-
nostructures promotes clustering of FceRl receptors. The
clustering effectively initiates Lyn-mediated signaling

METHODS

Reagents. Octadecanethiol (abbreviated as C18) with a pur-
ity >95% was purchased from Sigma-Aldrich and used without
further purification. [DNPNH(CH,)sCOO(CH,CH,0),CO(CH,) 15515,
(abbreviated as DNP-thiol) with a purity of more than 95% was
purchased from ProChimia (Gdansk, Poland) and used without
further purification. 2-Butanol was purchased from Fisher Scien-
tific (Pittsburgh, PA) and N,N-dimethylformamide (DMF) from
EMD Chemicals (Gibbstown, NJ), and used as received. High-
quality monoclonal mouse-anti-DNP IgE (abbreviated as IgE)
was attained following our protocols developed previously.>®

Preparation of Transparent Ultraflat Gold Films on Microfabricated
Glass Coverslips. Step 1, a carbide scriber (Moody Tools, Inc.,
Warwick, RI) was used to mill the designed micropattern, that
is, microgrids with unit side length of 120 um, on one side of 12
mm glass coverslips (Fisher Scientific, Pittsburgh, PA). The
scriber was mounted on a CNC turret miller (Hardinge Inc.,
Elmira, NY) with a precision of 10 um. In brief, a micrometer-
precision miller is used to sculpture arrays of microframes (120
um x 120 um each) on coverslips. The fine milling grooves are
approximately 10 um in width. The micropattern is located at
the central region on the bottom surface of the coverslip. An
extra line drawn on the top-right corner of the micropattern is
used to register the position of the fabricated nanostructures in
the subsequent cell culture experiments. The prepatterned
coverslips were then sequentially washed by piranha solution,
water, and ethanol, dried in air, and kept for use in step 3 as
described below.

Step 2, gold (99.999%, Alfa Aesar, Ward Hill, MA) was de-
posited in a high-vacuum evaporator (model DV502-A, Denton
Vacuum, Moorestown, NJ) at a base pressure below 2 x 10°°
Torr onto freshly cleaved mica substrates (clear ruby muscovite,
Mica New York Corp.) at room temperature. The typical eva-
poration rates were 3 A/s, and the thickness of the gold films
was controlled at 30 & 1 nm. Immediately after removal from the
chamber, the gold-coated mica substrates were annealed in the
H, flame for 1 min in order to obtain coalesced gold grains on the
mica. Then the gold thin film on mica was cooled in air to room
temperature and kept for use in step 3.

Step 3, a small droplet of epoxy glue (Epo-tek 377, Epoxy
Technology, Billerica, MA) was applied to each of the dried
coverslips from step 1. The coverslips were then placed on the
gold/mica substrate from step 2 with the glue attached side
facing down. The glue was then cured at 150 °C overnight. After
being removed from the oven, the glass coverslips with gold
thin film were peeled off from the mica substrate.

Preparation of Self-Assembled Monolayers. Three types of self-
assembled monolayers (SAMs), including the C18 SAM, DNP
SAM, and binary C18-DNP SAM, were prepared on the gold-
coated coverslips described in the previous section and used as
platforms for investigation of mast cell activation. C18 SAMs
were prepared by immersing gold-coated coverslips into a
solution containing 0.02 mM C18 in secondary butanol for at
least 24 h. DNP SAMs were prepared by dissolving the DNP
compound in DMF first to obtain a stock solution of 0.2 mM and,
subsequently, diluted with secondary butanol to reach a final
concentration of 0.01 mM (DMF/second butanol = 1:19). Since
each DNP disulfide molecule contains two thiol chains, the
effective thiol concentration is also 0.02 mM. Gold-coated
coverslips were then immersed into this DNP solution for at
least 24 h to form SAMs. The binary SAM composed of C18 and
DNP was prepared by first mixing C18 and DNP compounds in
DMF at a 2:1 molar ratio to reach a total effective thiol con-
centration of 0.4 mM, and then the DMF solution was diluted by
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cascades, ultimately leading to the degranulation of
RBL cells. This work demonstrates the important concept
that nanostructures of specific ligands provide new and
effective cues for directing cellular signaling processes.

secondary butanol to reach a final concentration of 0.02 mM
(DMF/2-butanol = 1:19). Gold-coated coverslips were then im-
mersed in the thiol mixture for at least 24 h to form SAMs. The
mixed solvent of 5% DMF in secondary butanol produced the
best packing of DNP molecules on gold substrates, based on our
investigation of the solvent dependence of the SAMs.

Preparation of DNP-BSA-Coated Silicon Substrates and SEM Imaging.
Thin coatings of 2,4-dinitrophenylated bovine serum albumin
(DNP3o-BSA, abbreviated as DNP-BSA in the paper) were pre-
pared by soaking an oxidized silicon substrate in PBS buffer
containing 20 ug/mL protein for 1 h following previously re-
ported protocols.?’?** The immobilization is of physical ad-
sorption in nature, as previously reported.”®~>8 DNP;,-BSA was
purchased from Invitrogen (Carlsbad, CA) and used without
further purification. The substrate used for protein adsorption
was Si(111) (Virginia Semiconductor Inc., Fredericksburg, VA).
Before use, the Si(111) substrates were cleaned by immersion in
piranha solution, which is a mixture of sulfuric acid and hydro-
gen peroxide (EMD Chemicals, Gibbstown, NJ) with a (v/v) ratio
of 3:1. Substrates were then rinsed copiously with deionized
water and dried with nitrogen. The cleaning protocols using
piranha solution and copious washing exposed silicon oxide
(SiO,) often with hydroxyl termini at the surface of the wafer.
These clean SiO, surfaces are less toxic to proteins than pure
Si(111) surfaces and allow for chemical modification such as
siloxane SAMs with designated termini.

For SEM characterization, 1% osmium tetroxide (OsO,,
Sigma-Aldrich, St. Louis, MO) in deionized water was used as
the secondary fixative and treated with cell samples for 30 min
at room temperature. Cell samples were then dehydrated fur-
ther in an ethanol/water mixture of 25, 50, 75, 90, and 100% for
10 min each. Dehydration in 100% ethanol was performed three
times. Dehydrated samples were treated with hexamethyldisi-
lazane (HMDS, Sigma-Aldrich, St. Louis, MO) for drying biologi-
cal samples as previously reported.>*~®' Samples were immersed
twice for 30 s in pure HMDS followed by 10 min of air-drying.
The morphology of activated RBL cells was observed with a
Hitachi S-800T FE-SEM (Hitachi High Technologies America, Inc.,
Pleasanton, CA) with the routine accelerating voltage of 2.5 kV.

Culture of RBL Cells. Rat basophilic leukemia cells (RBL-2H3,
purchased from ATCC, Manassas, VA) were maintained at 37 °C
and 5% CO, in RPMI 1640 medium (GIBCO-BRL, Grand Island,
NY) containing 10% fetal bovine serum (HyClone, Logan, UT)
and supplemented with L-glutamine (GIBCO-BRL, Grand Island,
NY), penicillin-streptomycin (GIBCO-BRL, Grand Island, NY),
sodium pyruvate, and HEPES buffer.'® Cells were first sensitized
with 0.5 ug/mL anti-DNP IgE overnight and then washed with
phosphate buffered saline (PBS, D8662, Sigma-Aldrich, St. Louis,
MO) to remove excess IgE. Activation of the sensitized cells was
triggered by plating them onto the SAMs and nanostructure
patterns containing DNP haptens. Stimulation was terminated
after 1 h incubation by adding 3.7% formaldehyde. The 1 h
incubation time was chosen to ensure most of the cells, when
activated, reached an activation stage at which dramatic mor-
phological change would occur because it is known that activa-
tion of mast cells does not occur in a synchronized manner.5

AFM-Based Nanografting. AFM was used for the characteriza-
tion of SAMs and fabrication of DNP nanostructures. The AFM
(MFP-3D-SA, Asylum Research, Santa Barbra, CA) has a scanning
range of 90, 90, and 16 um in X, Y, and Z directions, respectively.
Each of the X, Y, Z scanners has a closed-loop configuration with
the precision of 0.6, 0.6, and 0.3 nm, respectively. Sharpened
SisN4 microlevers (Veeco Metrology Group, Santa Barbara, CA)

VOL.5 = NO.11 = 8672-8683 =

ACH AN

WWww.acsnhano.org

8680



with a force constant of 0.1 N/m were used for fabrication and
characterization.

In addition to high-resolution imaging of surface topogra-
phy, the high scanning range and high movement precision of
the Asylum AFM enable fabrication of nanostructures with a
large patterning area for cellular studies and high precision
for individual antibody binding. The fabrication method used
was an AFM-based nanografting technique developed by our
group.'® Briefly, a SAM layer was immersed and imaged in a
solution containing a different thiol. Upon scanning by the AFM
probe above the displacement threshold, the matrix thiols were
removed and replaced by the new absorbates in solution. In this
study, C18 was used to form the matrix, whereas DNP molecules
were used as the replacement molecules to construct the
desired nanostructure patterns. Sharpened SizsN; microlevers
(Veeco Metrology Group, Santa Barbara, CA) with a force con-
stant of 0.58 N/m were used for all nanografting experiments.

Combined AFM and Laser Scanning Confocal Microscopy for Character-
ization of Nanostructures and RBL Cells. A combined laser scanning
confocal microscopy (LSCM) and AFM system was used to
image the cells on SAMs and nanostructures. The AFM's X, Y,
and Z scanners have the same configurations as those de-
scribed in the previous section except the stand-alone base is
replaced by the stand of the LSCM (Olympus Fluoview 1000,
Olympus America, Central Valley, PA). The XY scanning of LSCM
was performed with a pair of galvanometric mirrors, yielding a
wide scanning range that images both individual cells and cell
colonies. All confocal images were acquired using a Plan Apo N
(60%, NA = 1.42) oil immersion bright-field objective with a
working distance of 0.15 mm.

The integration of AFM and LSCM was achieved by modify-
ing the LSCM's sample stage to accommodate the AFM scanner.
The AFM scanner was designed in such a way that it has a
window at the center to allow the alignment of the AFM tip with
the laser beam. This enables concurrent imaging of desired cells
by both microscopes. An in-house constructed sample holder
was utilized for simultaneous AFM and LSCM imaging in the
same media.

For AFM imaging, cells were fixed with 3.7% formaldehyde
for 30 min and maintained in PBS after incubation on SAMs and
nanostructure patterns. Contact mode AFM was used to image
the morphology of the whole cell or cell colonies. Silicon
cantilevers with a spring constant 0.03 N/m (CSC38 lever B,
MikroMasch, San Jose, CA) were used, and the imaging force
was controlled to be less than 1 nN, as determined by force—
distance curves.

After AFM imaging, cell samples were labeled in situ follow-
ing standard protocols of phalloidin assay from the vendor
(Invitrogen). The PBS in the sample holder was replaced by 0.1%
Triton-X 100 (21123, Invitrogen, Carlsbad, CA) to permeabilize
the cell membrane for 5 min at room temperature. After
washing twice with PBS, cells were stained with 0.1 uM of Alexa
568 phalloidin (A12380, Invitrogen, Carlsbad, CA) for 20 min.
Upon washing twice with PBS again, cells were immediately
imaged by the LSCM under the buffer. The LSCM images were
collected between 555 and 630 nm under the excitation of
543 nm.

All AFM images of various forms of DNP presentations were
acquired and analyzed using Asylum MFP3D software devel-
oped on the Igor Pro 5.04 platform. The display of AFM topo-
graphic images for cells needs to consider the range of cellular
height (2—10 um). While the 3D geometry is quantified using
topographic images, deflection images (collected simulta-
neously with topograph) are displayed to allow clear visualiza-
tion of structural features on the cell membrane in a wide
dynamic range. The coverage of DNP ligands was calculated
using the masking function built in the manufacturer's software,
taking advantage of the clear contrast between DNP and methyl
termini, in both topographic and lateral force images.

All confocal fluorescence images were acquired and ana-
lyzed using the Olympus Fluoview 1.6 software. To visualize the
F-actin network beneath the cortical membrane, 3D stacking
images of phalloidin were displayed using Z-projection to
present the 3D spatial distribution of dye in one frame. To
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visualize the actin at the ventral membrane, 2D cross-sectional
view was taken at the interface between the cell and substrate.
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