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Abstract

Single-molecule nanodot arrays, in which a biomolecule of choice (protein, nucleic acid, etc.) is
bound to a metallic nanoparticle on a solid substrate, are becoming an increasingly important tool
in the study of biomolecular and cellular interactions. We have developed an on-chip measurement
protocol to monitor and control the molecular occupancy of nanodots. Arrays of widely spaced
nanodots and nanodot clusters were fabricated on glass surfaces by nanolithography and
functionalized with fluorescently labeled proteins. The molecular occupancy was determined by
monitoring individual fluorophore bleaching events, while accounting for fluorescence quenching
effects. We found that the occupancy can be interpreted as a packing problem, and depends on
nanodot size and binding ligand concentration, where the latter is easily adjusted to compensate
the flexibility of dimension control in nanofabrication. The results are scalable with nanodot
cluster size, extending to large area close packed arrays. As an example, the nanoarray platform
was used to probe the geometric requirement of T-cell activation at the single-molecule level.
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Single-molecule nanoarrays, in which individual molecules are presented on a surface, have
become an important tool for a broad range of studies and applications, including
genomics,12 proteomics,3# protein-DNA interactomics,>6 and biodiagnostics’ based on
DNA-DNA 82 protein—protein,19 antigen—antibody, 1112 or aptamer-protein1314 binding.
Miniaturization from conventional microassays to single-molecule nanoarrays leads to
significant improvements in sensitivity, specificity, speed and throughput.1® Various
approaches have been taken to create single-molecule nanoarrays. The most straightforward
is the simple deposition from a dilute solution onto bare glass'6-17 or polyethylene glycol
(PEG) coated glass, 1819 relying on the sparse distribution of molecules on the surface to
achieve single-molecule resolution. A more sophisticated technique uses zero mode
waveguides (ZMWs),2 nanoaperturesZ? or nanogrids,2! which restricts the imaging volume,
so that, on average, only a single molecular interaction is probed at each site. Nanoarrays
with more orderly arrangements have been made by direct patterning of biomolecules by
dip-pen nanolithography (DPN)%2-24 or surface chemistry patterning by electron beam
lithography (EBL) or nanoimprint lithography (NIL).2526

A particular type of single-molecule nanoarray that is seeing increasing utility has a
biomolecule of choice immobilized on a surface-bound metallic nanoparticle or nanodot,
typically ~2— 10 nm in diameter. By tuning the nanodot surface chemistry relative to the
background, very high selectivity can be achieved. The most common approach involves the
formation of a stable self-assembled monolayer (SAM) of alkylthiol on a variety of metals,2’
among which Au, AuPd, and Ag1? have been the most widely used. These nanodot arrays
are finding increasing application in a variety of cellular studies, providing insight into the
crucial role of geometric organization of ligands for transmembrane receptors involved in
critical cellular functions, such as adhesion and spreading,28-31 differentiation,32
apoptosis,33 immune recognition,3*-37 and the maintenance of healthy tissue.38:39 (They
have also been used for the directed assembly of a variety of functional nanomaterials,
including quantum dots (QDs),*° carbon nanotubes,*! and DNA origami.#2:43)

The basic assumption in the use of these nanoarrays is that each nanodot is occupied by a
single molecule (ligand or receptor, whichever is larger), as the nature of the individual
interactions being probed is generally sensitive to stoichiometry. For large receptors, for
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example, integrins (the head is ~8-12 nm), single-molecular occupancy is assured as long as
the nanodot is smaller than the receptor, even if each nanodot presents multiple ligands.28-31
For small receptors, for example, the T-cell receptor (TCR, a heterodimer with two ~40-50
kDa chains*4), single ligand occupancy is more critical, whereas a rough control probably
contributes to a great variation in probing the T-cell activation among different
platforms.34-36 This is a challenging task, requiring ultrahigh resolution techniques to image
at the single-molecule level. Transmission electron microscopy (TEM) has been used to
directly image protein-bound QDs on gold nanoparticles (AuNPs) of different size created
by dip pen nanolithography,*> showing that the number of bound QDs scales with the
nanoparticle size.46 This sort of measurement requires the use of electron microscopy and is
not compatible with surface based nanoarrays, especially in the context of biological
experiments. Other strategies based on super-resolution fluorescence microscopy such as
photoactivated localization microscopy (PALM) have been applied to gold nanoarrays, but
the measured functionalization efficiency in those studies was very low38 (possibly as a
result of fluorescence quenching).

In this work, we demonstrate an on-chip technique for determining the molecular occupancy
of single-molecule nanoarrays based on the observation of individual fluorescence
photobleaching events using common epifluorescence microscopy, and we describe how the
occupancy can be controlled. The key to the technique is the fabrication of ordered arrays of
nanodots spaced apart sufficiently so that the intensity signal and discrete bleaching events
from each one can be clearly distinguished. Equally important is highly selective
functionalization of the nanodots, in order to minimize the background signal. This approach
is based upon our previous work in which we monitored DNA cleavage by a restriction
enzyme® and single QD blinking events“ on similar nanoarrays. Here, smaller nanodots in
the range of ~5-15 nm were used so that this platform could be optimized to ensure true
single-molecule control.

A variety of technologies have been developed to create metallic nanoarrays, from bottom-
up approach such as block copolymer micelle nanolithography (BCML),29-36:43.47-50 g
self-assembled nanosphere lithography (NSL),%-11:51-53 to topdown approaches, including
photolithography,>* DPN,4546 EBL, and NIL.5:28:37.40-42,55 The so-called top-down
approaches enable heterogeneous arrays on the same surface, with arbitrary geometry and
various dot sizes. This is important for both the molecular occupancy analysis and cell
assays, because the integration of various patterns on the same sample enables direct
comparison between them, avoiding the variations from sample to sample. As a
demonstration of the efficacy of this technique, our nanoarray platform was used to
determine the geometric requirement of T-cell activation. It not only ensures on-chip single-
molecule control but also provides a uniform surface background among various patterns,
which is essential as the T-cell activation is affected by adhesion.%®

RESULTS AND DISCUSSION

Molecular Occupancy Measurement by Photobleaching

The process for creating the nanoarray platform used in this work is outlined in Supporting
Information Figure S1. The final step in the process is a thermal anneal of ultrathin metallic
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films at the patterned sites, transforming them into spherical nanoparticles with a smaller
diameter and a high degree of uniformity (Figure 1a). Next, a SAM mixture (alkylthiol and
biotin-alkylthiol) is formed on the nanodots, where the mole fraction could be adjusted. This
is followed by passivation of the background unpatterned glass surface with PEG-silane to
prevent nonspecific binding and improve the signal-to-background ratio (SBR). For this
study, AuPd was used instead of pure Au (as discussed in the Supporting Information). A
fluorescently labeled streptavidin was bound to the biotin in the SAM. We chose streptavidin
because it is commonly used to attach a wide variety of molecules to metallic nanoparticles
owing to its reliable binding to any moiety that can be biotinylated.>28:37:40 The results,
however, can be generalized to other molecular species bound to the nanoparticles, either
directly or through a streptavidin (or other molecular) bridge. We developed a molecular
model based on protein data bank (PDB) files according to the functionalization process
(Figure 1b). When the nanoarray is under constant exposure to excitation light, the
fluorophores bleach over time, thus providing a signal for measurement (Figure 1c).

A typical nanodot array, with an interdot spacing of 1 4m, is shown in Figure 1d. Scanning
electron microscopy (SEM) of the mold used to fabricate the nanodot arrays shows both
single nanodots and nanodot clusters (Figure 1d, upper). The atomic force microscopy
(AFM) scan in Figure 1d (lower) shows an example of an AuPd nanoarray with a uniform
height profile of ~7.5 nm. Because the nanodots are spherical, this is also their lateral size.5®
In order to achieve a sufficiently high SBR per site, multiple fluorophore/protein (F/P) ratio
and nanodot clusters, such as the 1 ym-spaced heptamers interspersed with 10 ym-spaced
registration arrays (inset), were used for continuous fluorescence imaging. We used a
standard epi-fluorescence microscope with high magnification coupled to an EM-CCD
camera that was able to detect single bleaching events. Figure 1le shows the fluorescence
signal from a functionalized nanodot array, where two types of regions of interest (ROIs) are
selected: nanodots (inset) and background. By plotting the fluorescence intensity vs time,
and then subtracting the background from the nanodot signal, a typical bleaching curve is
obtained, where discrete steps represent bleaching events of individual fluorophores (Figure
1f). Given the F/P ratio, the molecular occupancy could be determined from the number of
steps for each site (heptamer, in this case). Since the initial fluorescence intensity is linear
with the number of fluorophores,®’ it is unnecessary to count step numbers for the entire set
of bleaching curves in order to efficiently obtain statistical results. Alternatively, the average
molecular occupancy can be estimated by

where Nis the molecular occupancy, that is, the number of molecules per nanodot; /is the
initial intensity of the nanodot cluster; /is the bleaching step size, that is, the intensity of a
single fluorophore signal; ris the F/P ratio of the labeled molecule, that is, the number of
fluorophores per molecule; and cis the cluster size, that is, the number of nanodots per
cluster.
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Figure 1g shows a histogram of step sizes for 7.5 nm nanodots, derived from the bleaching
curves (e.g., Figure 1f); this histogram was fitted to a set of Gaussian distributions. The
center of the second peak is approximately twice the value of the first, which indicates
simultaneous bleaching events (observed especially in the early stages of the bleaching
curves), and must be taken into consideration in determining the average value. The
overlapping area of the two Gaussians was determined by numerical integration, assuming
equal probability of one or two fluorophores, which is not necessarily the same as the
probability of bleaching steps. It indicates that the probability of ambiguous fluorophore
number (one or two) at the same intensity is only 5.72%. However, this probability increases
with increased fluorophore number because the variances of individual fluorophore
intensities are added, which is a common problem in quantitative fluorescence
microscopy.®’ Therefore, a large sample size is required for reliable measurements using eq
1. Our method provides sufficient sample size by monitoring thousands of sites in parallel.
In addition, the intensity distribution of a single fluorophore or molecule was used to fit the
histogram of the initial cluster intensity and to estimate the probability distribution of
molecular occupancy, which is more accurate than merely calculating average values.

Fluorescence Quenching Effects

It is well known that the fluorescence from a molecule in close proximity to a metal
nanoparticle is affected by radiative and nonradiative energy transfer, leading to excited-state
enhancement, or quenching, which depends on the material, shape, structure, and
dimensions of the metal nanoparticle, as well as the distance from the fluorophore to the
particle surface.>8-60 Figure 1h shows typical bleaching curves and the average step sizes for
nanodots with diameters up to 15 nm, which are different in the absence of quenching effect.
Dielectric materials (e.g., metal oxides) could eliminate the quenching effect and simplify
the bleaching measurements, but the binding chemistry (e.g., alkyl phosphate SAMS1) for
these materials is not sufficiently selective for single-molecule resolution.

In this study, streptavidins were used in which the fluorophores bind to the primary amines
on lysine residues. The molecular model in Figure 2a shows the nitrogen atoms on primary
amines, which are used to approximate the fluorophore locations. The distance histogram
from these locations to the nanodot surface, considering all four binding sites of biotin,
indicates that 69% of the fluorophores are within 4.3-6.6 nm of the nanodot. Other possible
positions are closer, but the fluorophores are unlikely to locate there because this would
block the biotin binding in the first place. Recently, both theoretical and experimental works
have determined that the fluorescence quenching efficiency increases with the AuUNP size in
the range of our interest.52 A size-dependent nanometal surface energy transfer (NSET)
model was developed by Breshike et al.%3 to explain the dependence of quenching efficiency
on both distance and nanodot size. Figure 2b shows schematic curves based on this model.
In light of the fourth power dependence on distance, a narrow distribution of fluorophore
distances from the nanodot is essential for the step size measurement. The experimental
results of quenching efficiency (Figure 2b inset) were obtained by normalizing bleaching
step sizes with that of nonspecifically bound fluorophores on the background (as in Figure
1h). Within the same distance range, the quenching efficiency increases and the dispersion
decreases with the nanodot size, which is in agreement with the model.
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Because the intensity of nonspecifically bound fluorophores on the background is much
larger than for the nanodots in the absence of quenching, control of nonspecific binding on
the glass substrate (i.e., noise) is critical for these measurements. PEG passivation is widely
used in single-molecule studies, but it is typically most effective at low (nanomolar)
concentrations,54 which is suitable for deposition from a dilute solution (20-100 pM18).
Single-molecule nanoarrays, on the other hand, require a much higher concentration (50
nM46-10 1M28) to ensure functionalization efficiency, therefore making the passivation
more challenging. We used a 15 nm thick layer of cured hydrogen silsesquioxane (HSQ) to
cover common impurities found on glass coverslip surfaces, thereby reducing the defects
and nonspecifically bound proteins in the PEG passivation layer. As a result, the
nonspecifically bound streptavidin density was counted as only 0.42 + 0.08 molecules/tm?,
ensuring not only sufficient SBR for 1 zm spaced nanoarrays, but also biological inertness
for most applications.

Factors Affecting Molecular Occupancy

Figure 3a shows an example of a heterogeneous array with nanodots ranging from 7.5 to
17.5 nm. Its fluorescence intensity profile indicates the dependence of molecular occupancy
on nanodot size (Figure 3b). A statistical analysis based on eq 1 indicates that the occupancy
increases with both the nanodot size and the biotin-alkylthiol concentration (Figure 3c). This
could serve as a guide for the functionalization of nanodot arrays using streptavidin—biotin
binding. It introduces a degree of flexibility and alleviates the need to produce nanodots at
the same size as the molecule in order to achieve single-molecule occupancy with a pure
SAM of biotin-alkylthiol (mole fraction 100%).46 Instead, nanodots with a diameter of 7.5
or 12.5 nm at a mole fraction of 50% or 25%, respectively, could also yield single-molecule
occupancy, albeit with increased dispersion (see the error bars in Figure 3c).

The dependence of molecular occupancy on nanodot size can be interpreted as “the optimal
packing of circles on a sphere”.%5 Molecular models and scanning tunneling microscopy
(STM) measurements indicate that streptavidin has a two-dimensional size of ~5.4 nm x 6.
nm,56 so the circle diameter is approximated as 6.5 nm. Additionally, the nanodots are
surrounded by the protein-repellent PEG layer (MW = 5000), whose thickness (Gaussian
chain length) is estimated as 4.5 nm.%7 For the dot size of interest (~5-15 nm), the
streptavidins tend to bind only on the top hemisphere of the nanodot. Therefore, the model is
further simplified as “the packing of circles on a hemisphere” 68 as plotted in Figure 3d,
whose trend line shows good agreement with the molecular occupancy normalized by the
mole fraction. Thus, the molecular occupancy can be estimated by an empirical equation

N=x-p(d/D) (d<D<d+2t) (2)

where xis the mole fraction of binding ligands in the mixed SAMs, d'is the diameter of the
target molecule which binds to the ligands, D is the diameter of the nanodot, p(dl D) is the
optimal packing number of circles of diameter ¢ on a hemisphere of diameter D (Supporting
Information Table 1), and ¢is the thickness of the passivation layer. This estimation may be
generalized for other functionalization schemes using mixed SAMs on metallic nanodots
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surrounded by protein-repellent surfaces. Equation 2 can also be used to determine the mole
fraction x required to achieve a single-molecule occupancy for a given nanodot size, as
adjusting the reagent concentration is much easier than controlling the nanodot size in
practice.

In the given range of interest (d< D < d+ 21), the molecular occupancy appears to scale
linearly with the mole fraction of biotin-alkylthiol. This can be explained by the phase
separation of the mixed SAMs,59 that is, they tend to be segregated into nanometer scale
domains with and without biotin ends, respectively, rather than forming a uniform mixture.
The streptavidin molecule only binds to the domains with biotin ends, so the occupancy is
linear with the area percentage, approximately equal to the mole fraction. When the nanodot
is larger and the mole fraction is lower, there may be a larger portion of biotin domains too
small to merge with each other and support the streptavidin binding. This could explain the
lower occupancy and larger dispersion when d=12.5, 15 nm, x= 25%. When D> d+ 2 ¢,
the molecular occupancy would be higher, due to an increased chance of binding on the
lower hemisphere, but molecules there are not as effective for further applications. Planar
nanostructures, discs or apertures, would probably be preferable in this case. On the other
hand, when Dis close to or below 4, the nanodot sphericity is highly underestimated by the
packing model, which could accommodate more molecules than predicted by eq 2.

Scalability and Single Nanodot/Molecule Array

The results presented up to this point were obtained on arrays of heptameric clusters, as in
the inset of Figure 1d. In order to verify its scalability for different cluster sizes, we created a
heterogeneous array comprising clusters containing 1-19 nanodots with a diameter of 12.5
nm (Figure 4a). A biotin fraction of 25% was used to achieve approximately single molecule
occupancy on each nanodot, as per Figure 3c. A profile of the fluorescence image shows that
the intensity increases essentially monotonically with cluster size (Figure 4b). The nanodots
in each cluster were in hexagonal arrangement with 60 nm spacing, which is robust in
fabrication and ensures that the fluorescence is not quenched by adjacent nanodots. But the
total fluorescence intensity of a cluster is also affected by the interdot spacing, for a given
ROI (Supporting Information Figure S3). Therefore, a spatial correction based on the
measured point-spread function (PSF) and 1D approximation was applied (Supporting
Information Table 2). The corrected measurement leads to an average molecular occupancy
per cluster that scales approximately linearly with the cluster size (Figure 4c) and is in good
agreement with a single molecule per nanodot for all cluster sizes.

For the smaller clusters (¢ < 4), the signal was quite low and insufficient for reliable
statistics. This is why heptamers were chosen for the analysis, rather than a single nanodot,
particularly in the presence of quenching effect. Despite this, the fluorophore occupancy
histogram for a single dot array (Figure 4d) was analyzed in addition to a heptamer array
(Figure 4e). It is commonly accepted that, at low and moderate probe to protein ratios, the
number of probes within the protein follows binomial distribution.”? With an average of
three fluorophores (r= 3) on 28 binding sites (the average of 24-32 lysines for each
homotetramer), the fluorophore numbers per streptavidin should follow a binomial
distribution B(28, 0.1071). Based on this, a mixed Gaussian fit was applied to the

ACS Nano. Author manuscript; available in PMC 2017 March 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Caietal.

Page 8

fluorophore occupancy histogram to estimate the probability of molecular occupancy (inset).
This analysis revealed details of the molecular occupancy distribution with an average N ~
0.9: Nearly 60% of the single nanodots had one bound molecule, nearly 20% had two bound
molecules, and about 20% had none. This distribution has a smaller dispersion than the
Poisson distribution Poi(1), which is generally found in other forms of single-molecule
arrays such as nanoapertures29 and nanogrids.?! The actual functionalization efficiency may
be higher, considering a small portion of unlabeled molecules, as well as initial bleaching
that might not have been captured in the videos. This loss is negligible for the measurements
based on heptamers, given the large number of fluorophores and their slow average
bleaching rate (Supporting Information Figure S2b). The molecular occupancy distribution
per heptamer P,z is in good agreement with the seventh convolution power of the single dot
distribution 21", which further confirms the scalability of our platform.

T-Cell Stimulation by Single-Molecule Nanoarrays

In the immune recognition process, a T-cell engages with an antigen presenting cell (APC),
forming an elaborate arrangement of signaling, adhesion and costimulatory molecules
organized into a stereotypic geometric structure, known as the immunological synapse
(1S).71 A central cluster of TCR and antigenic peptide bound to major histocompatibility
complex (pMHC) is surrounded by a ring of leukocyte function-associated antigen 1
(LFA-1) and intercellular adhesion molecule 1 (ICAM-1). This specific geometric structure
has inspired major research efforts to probe the minimum geometric requirements for T-cell
stimulation (at the single-molecule level). This has clear potential applications in adoptive
immunotherapy.34-37 Due to the small dimension of the TCR, controlling the molecular
occupancy of its ligands bound to nanodots is critical to accurately assessing the spatial
and/or density threshold for activation. We used a biotinylated UCHT1 Fab’ (a single
binding site of TCR) as the secondary molecule bound to the streptavidin linker. The
surrounding surface was functionalized with a his-tag ICAM-1 linked to a PEG-silane via a
nickel-NTA bridge to facilitate binding of LFA-1, which enhances cell adhesion.3 Figure 5a
schematically shows a live T-cell on this bifunctional surface. Bleaching analysis of 1 g/m
spaced heptamer arrays revealed that nanodots (D= 7.5 nm, x = 50%) had a Fab’ occupancy
of ~1 (Aktreptavidin = 0.92 + 0.28; Ngap' = 0.98 + 0.58, Supporting Information Figure S4),
albeit with a higher coefficient of variation (CV) than streptavidin. Although the streptavidin
has three binding pockets available for the Fab’, the actual binding may be limited by the
streptavidin orientation on the nanodots and/or possible interactions between Fab’
molecules. We have already shown that the molecular occupancy is scalable to larger cluster
sizes (Figure 4c), and indeed, we find the fluorescence intensity of both streptavidin and Fab
" to be linear with the nanodot density, as shown in Figure 5b. Note again that the Fab” has
larger CVs than streptavidin (Figure 5b inset). This is especially useful for cellular assays,
which frequently utilize dense patterns such as extended hexagonal arrays (Supporting
Information Figure S5a).

Primary human CD4* T-cell response to the nanoarrays was assessed by monitoring the
phosphotyrosine (pY) intensity using total internal reflection fluorescence microscopy
(TIRF) 5 min after plating. For hexagonal arrays with different spacing from 60 to 300 nm,
the average pY intensity decreased with increasing spacing to a threshold of ~100 nm
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spacing (corresponding to a density of ~115 TCR binding sites/zm?), at which point the
signal drops to nearly that of cells on the PEG passivation background (outside the pattern
area, a negative control) (Figure 5¢). This trend is similar to that reported previously,34-36
but verified single binding sites with refined spacing ranges result in a more accurate
threshold (Supporting Information Table 3). The variation among different platforms is not
observed in integrin mediated adhesion, probably because the larger size of the extracellular
head of the integrin (Supporting Information Table 4).28-31

In addition to hexagonal arrays, our platform also included cluster arrays, which allowed us
to decouple the effects of local interdot spacing and global density (Figure 5d). This is not
generally doable with arrays made by BCML. Heptamer arrays at a constant density of 50 /
4m2, but with spacings ranging from 60 to 90 nm (Supporting Information Figure S5b)
showed a negative response (i.e., pY signal equal to the negative control), as shown in Figure
5d, implying that in the absence of sufficient ICAM-1 (the density was <50 /zm? in our
experiments, due to a low grafting yield of nitrilotriacetic acid (NTA) on the PEG
background), costimulatory, and other factors, it is global density, and not local spacing that
determines TCR stimulation, with a threshold ~115 TCR binding sites/zm?. This
requirement is much higher than stimulation by APCs’2 or artificial APC surfaces.?! We
speculate that without sufficient ICAM-1 density, the TCR serves a dual role of antigen
recognition and adhesion receptor, which requires additional TCR molecules. This is in
agreement with the finding that adhesion mediated by TCR requires a high density of TCR
agonist.”3 Meanwhile, 60 nm heptamer arrays at a global density from 100 to 250 binding
sites/um? (Supporting Information Figure S5¢) had a lower response than hexagonal arrays
with a similar density, suggesting a secondary effect of local spacing and cluster size. The
interdot spacing within each heptamer was kept at 60 nm, but some of the spacings between
nanodots from adjacent clusters are larger than the spacing threshold of 100 nm. This
implies that, at a similar level of TCR-mediated adhesion, a larger cluster size (>7) is
preferable in stimulation.

CONCLUSION

In conclusion, we have developed a technique to determine the molecular occupancy of
metallic nanodot arrays by observing discrete steps in the intensity time profiles, which
represent individual fluorophore bleaching events. The technique takes into account both the
nanodot size and the binding ligand concentration. The quenching efficiency of single
fluorophores on a single nanodot of various size was also determined in the measurement.
The technique employs conventional epifluorescence microscopy and is compatible with on-
chip, in situ measurement, so that it can be incorporated into real single-molecule
experiments. A thin layer of thermally cured HSQ before conventional PEG-silane
passivation reduced the background noise of nonspecific binding effectively.

For streptavidins on AuPd nanodots ranging from 5 to 15 nm, the histogram of occupancy
was obtained for different mole fractions of biotin-alkylthiol. Nanodots with a diameter of
7.5 or 12.5 nm at mole fractions of 50% or 25% will yield single-molecule occupancy,
respectively. The occupancy distribution with ~80% functionalization efficiency was
narrower than the Poisson distribution on similar platforms. The results are scalable for
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various cluster sizes and can be reasonably extended to dense close packed arrays. We found
that the molecular occupancy depends on the spatial packing and scales approximately
linearly with the binding ligand concentration. This can be generalized to other molecular
species bound to the nanoparticles, either directly or through a streptavidin (or other
molecular) bridge. Biotinylated UCHT1 Fab’ through a streptavidin bridge was shown as an
example. Since the binding ligand concentration of the mixed SAMs can be easily adjusted,
it introduces great flexibility in creating single-molecule arrays. Photobleaching analysis is
also a general method for the on-chip measurement of molecular occupancy on nanodot
arrays.

Finally, single-molecule occupancy was demonstrated to be crucial to improving the
accuracy of cellular assays. Our platform also provides arbitrary geometries and better
comparison between different patterns on a same chip. A density threshold of ~115 TCR
binding sites/zm? has been determined for human T-cell stimulation (with low ICAM-1
concentration), possibly because the TCR has to play dual roles of both immune activity and
adhesion. Overall, nanoscale geometric organization affects T-cell activation and behavior,
which has potential applications in adoptive immunotherapy. Further investigation would
require an improved presentation of ICAM-1, in order to better mimic the APC surface.

METHODS

Nanoarray Fabrication

The choice of AuPd alloy over pure Au is discussed in the Supporting Information. AuPd
nanodot arrays were fabricated on standard glass coverslips (22 x 22 mm, no. 1.5, Corning)
using EBL or NIL, with self-aligned pattern transfer,37:55 which is shown schematically in
Supporting Information Figure Sla. In brief, PMMA (MW 495 K, Microchem) was
patterned by direct EBL (NanoBeam nB4), with a thin conductive layer of Aquasave, which
was rinsed by DI water before development in MIBK/IPA 3:1 at 4 °C and ultrasonication for
1 min. Alternatively, PMMA (MW 35K, Micro Resist Technology) was used for thermal
NIL (Nanonex BX-200) at 500 psi and 180 °C for 5 min, in order to improve the throughput.
NIL templates were made of ~25 nm HSQ (Dow Corning XR-1541) on Si substrate,
developed in MFCD-26 for 4 min, then annealed on hot plate at 540 °C for 1 h, followed by
antiadhesion coating (Nanonex Ultra-100). In both cases, the PMMA thickness was ~60 nm.
After lithography, a 12 nm Ti hard mask was evaporated (Semicore SC2000) at an angle of
30°, which protects the thin PMMA layer in oxygen plasma (Oxford PlasmaLab 80),
exposing only the nanodot regions. AuPd (60/40) with Ti adhesion layer was evaporated,
forming nanodot arrays after lift-off in boiling acetone for 5 min. An annealing step at

540 °C for 2 h caused the nanodots to agglomerate into spheres whose size was coded by the
lithography. The samples were inspected by SEM (Hitachi 4700) and AFM (Park XE-100).
In order to reduce the background noise caused by nonspecific binding, a 15 nm HSQ layer
was spun on the glass coverslips and thermally cured at 540 °C for 2 h before the nanoarray
fabrication.
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Functionalization

The functionalization process is shown in Supporting Information Figure S1b. First of all,
nanoarray samples were cleaned by immersion in 1.5 h-aged piranha solution (3:1
H,S04:H,0,) for 3 min, followed by exposure to an oxygen plasma for 5 min. This process
also activates the glass surface for binding of PEG-silane by creating hydroxy! groups.
Samples were immediately immersed in a freshly prepared 1 mM mixture of HS-C11-EGg-
Biotin and HS-C11.EG3—OH (ProChimia Surfaces) solution in ethanol for ~18 h (overnight).
The biotin concentration on the SAM formed on AuPd nanodots was thereby adjusted by the
mole fraction of biotin-alkylthiol. The thiolated samples were rinsed by ethanol, dried and
then incubated in a solution of 2 mg mPEG-Silane (MW 5000, Laysan Bio) in 25 mL
anhydrous toluene with 30 4L acetic acid (as a catalyst) for 48 h. The long PEGylation time
was found to improve the passivation against nonspecific binding. Samples were rinsed with
acetone then ethanol and blew dry. They were incubated for 2 h in 10 pg/mL streptavidin
(Streptavidin, Alexa Fluor 555 Conjugate, F/P 3:1, Life Technologies) solution in 1.5 mL
Phosphate-buffered saline (PBS, Gibco DPBS 1 x) with 1 mg/mL Albumin. In this way,
streptavidin molecules bind to AuPd nanodots, whose occupancy can be adjusted by both
dot size and mole fraction of biotin-alkylthiol.

In the case of T-cell assays,3” 1 mg silane-PEG-NHS (MW 5000, Nanocs) solution in 25 mL
anhydrous methanol with 1 mM NTA-L-lysine was incubated overnight to synthesize silane-
PEG-NTA, which was used in place of mMPEG-silane. After PEGylation, samples were first
incubated in 40 mM aqueous NiSO4 for 1 h to adsorb Ni(ll) to the NTA groups, followed by
1 mg/mL His-tag ICAM-1 solution in PBS for 2 h. Then the samples were incubated in
streptavidin solution in PBS for 30 min, followed by 2 pg/mL biotinylated UCHT1 Fab-568
(F/P 0.45) for another 30 min.

Microscopy and Cell Assays

Nanoarray samples were mounted in a chamber for replaceable coverslips (CSC-22 x 22,
Bioscience Tools) and covered with buffer solution (PBS). For molecular occupancy of
streptavidin-555, the measurements were done by conventional epi-fluorescence microscopy
(Olympus 1X81) using a DSRed filter for excitation and emission. The nanoarray
fluorescence was collected by an oil-immersion objective (100 x, 1.49NA, Olympus) with
an additional 2x magnification, and recorded by an EM-CCD camera (Cascade Il 512,
Photometrics) at 50 frames per second for 210 s.

Fresh human CD4* T-cells (108 cells per mL) were plated on the nanoarrays and incubated
for 5 min at 37 °C and 0% CO». Cells were fixed (warm 2% paraformaldehyde in PHEMO
buffer (10 mM EGTA, 2 mM MgCl,, 60 mM Pipes, 25 mM HEPES, pH 7.2), 10 min) and
permeabilized (0.1% Triton in PBS, 3 min). Cells were then stained with the pY binding
monoclonal antibody 488-PY20 (Biolegend) and imaged using TIRF (100x, 1.49NA, Nikon
Eclipse Ti) with a back illuminated EM-CCD camera (AndorDU897).

Data Analysis

The FIJI software package was used for image processing and data analysis. Both the signals
of nanodot array and the background noises of nonspecific bound fluorophores were
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detected by the “Mosaic” plug-in,”* and then separated by a self-written macro according to
the nanodot geometric arrangement (Supporting Information Figure S3a). A 3 x 3 pixel ROI
was used based on the PSF (Supporting Information Figure S3b). The noises were counted
in a 1600 un? area of five random locations in order to measure the density of nonspecific
bound fluorophores. The signals on nanoarrays were used for the bleaching analysis.

A step detection algorithm for molecular motors’® was adopted to fit the bleaching curves,
so that the total number of step and the size of each step were extracted using Matlab. The
histogram of step size with double peaks was fitted by a mixed Gaussian distribution using
expectation maximization algorithm. The fluorescence average over the first 1 s exposure
was used as the initial intensity. A set of single Gaussians (/th convolution powers) based on
the fitted single fluorophore intensity (bleaching step size) distribution was used to fit the
continuous histogram of intensity. The resulted discrete probability distribution provided an
estimation on the fluorophore occupancy (Supporting Information Figure S4b). Similarly, a
Gaussian approximation to the binomial distribution of the fluorophore number per
streptavidin was used to estimate the molecular occupancy (Figure 4d,e). This method
provides important details on the occupancy distribution, and is more accurate than merely
calculating average values with eq 1, due to the large intensity variance of a single
fluorophore/molecule.

For the T-cell assays on various nanoarrays (200 x 200 zm? for each pattern), the average
pY intensity was measured for the ROI of each cell, with subtraction of a surrounding
background ROI. The integration of various patterns on the same sample enables direct
comparison. For the comparison between samples, the data was normalized based on the
positive control with nonspecifically bound Fab” and ICAM-1 on bare glass, and negative
control on PEG passivation background. The density of his-tag ICAM-1 linked to the PEG
background was estimated by comparing its fluorescence intensity with a supported lipid
bilayer containing ICAM-1 of known density, assuming a linear relationship between the
fluorescence intensity and molecule density.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.

Schematic diagram of the metallic nanodot array: (a) annealing, (b) functionalization, (c)
excitation and photobleaching of the fluorophores labeled on a streptavidin (only the SAM
in the cross-section is shown for clarity). (d) SEM image of the NIL mold and AFM image
of the AuPd nanodot (D= 7.5 nm) array. (e) Fluorescence (Alexa Fluor 555) image with
ROIs of both nanodot (heptamer) and background. (f) Fluorescence intensity vs time. The
bleaching curve was obtained by subtracting the background from the signal on nanodots.
The size of the steps is close, indicating the each step represents the bleaching of a single
fluorophore. (g) Bleaching step size histogram of 7.5 nm nanodot. (h) Average bleaching
step size vs AuPd nanodot size. The insets show typical bleaching curves for corresponding
nanodot size.
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(a) Molecular model showing the distance distribution from the fluorophores (approximated
by the nitrogen atoms on primary amine of lysine) on streptavidin to the nanodot surface. (b)
Schematic curves of quenching efficiency vs separation distance for various nanodot size.
The inset shows the experimental results of quenching efficiency based on bleaching step

size from Figure 1h.
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Figure 3.
Heterogeneous nanoarray with various dot sizes: (a) AFM image and (b) fluorescence

image. (c) Histogram of the average molecular occupancy vs nanodot size (n > 1500). (d)
Molecular occupancy normalized by the mole fraction of biotin-alkylthiol. Data for mole
fractions of 50% and 25% from (c) on AuPd nanodots, data for 100% from ref 46 on AuNPs
(error bars removed for clarity). Theoretical trend line is given by the optimal packing
model. Gray dash lines show the range of validity.
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Heterogeneous nanoarray with various cluster sizes: (a) AFM image and (b) fluorescence
image. (c) Histogram of the molecular occupancy per cluster vs cluster size. Fluorophore
and molecular occupancy distributions for (d) single dot and (e) heptamer arrays. A mixed
Gaussian fit was applied to the fluorophore occupancy histogram to estimate the probability
of molecular occupancy. The set of single Gaussians are the sth convolution powers based
on the Gaussian approximation of the binomial distribution (fluorophore number per

streptavidin with an average of F/P ratio r= 3).
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(a) Schematic diagram of the bifunctional nanoarray surface with a live T-cell. (b)
Fluorescence intensity of both streptavidin-647 and UCHT1 Fab’-568 for hexagonal arrays
with various spacings. Normalized pY intensity after 5 min stimulation: (c) plot against

nanodot spacing, individual cells shown as dots, *** = p<

0.001, ** = p< 0.01 (Wilcoxon

rank sum test); positive control, nonspecifically bound Fab” and ICAM-1 on bare glass

(maximum concentration); negative control, PEG passivati
concentration). (d) Plot against nanodot density, individual
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experiments shown as dots.
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