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Abstract

The rational design of chemical coatings is used to control surface interactions with small molecules,
biomolecules, nanoparticles, and liquids as well as optical and other properties. Specifically,
micropatterned surface coatings have been used in a wide variety of applications, including biosensing,
cell growth assays, multiplexed biomolecule interaction arrays, and responsive surfaces. Here, a
maskless photopatterning process is studied, using the photocatalyzed thiol-yne “click” reaction to
create both binary and gradient patterns on thiolated surfaces. Nearly defect-free patterns are
produced by first coating glass surfaces with mercaptopropylsilatrane, a silanizing agent that forms
smoother self-assembled monolayers than the commonly used 3-mercaptopropyltrimethoxysilane.
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Photopatterning is then performed using UV (365 nm) or visible (405 nm) light to graft molecules onto
the surface in tunable concentrations based on the local exposure. The technique is demonstrated for
multiple types of molecular grafts, including fluorescent dyes, poly(ethylene glycol), and biotin, the
latter allowing subsequent deposition of biomolecules via biotin—avidin binding. Patterning is
demonstrated in water and dimethylformamide, and the process is repeated to combine molecules
soluble in different phases. The combination of arbitrary gradient formation, broad applicability, a low
defect rate, and fast prototyping thanks to the maskless nature of the process creates a particularly
powerful technique for molecular surface patterning that could be used for a wide variety of
micropatterned applications.
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1. Introduction

The precise and selective deposition of molecules on substrates, known as molecular printing, has
developed extensively in recent years. *® Modifying the chemical properties of surfaces tunes their
interactions with molecules and nano- and microscale objects, "® including cells. ®% Patterned surfaces
are of particular importance in biological applications such as biosensors, ¥ bioelectronics, **'”) and
cell growth assays. >°*8) Molecular printing also enables the generation of multiplexed arrays to explore
the behavior of cells and biomolecules in a wide variety of microenvironments. ® Surface gradients,
such as of hydrophobicity or the concentration of specific binding sites, are used to study cell adhesion
and migration. 129 Surface gradients also allow for the transport of droplets via a ratchet

mechanism 222 and the generation of solvent flows in microfluidic systems. ?® The accelerating
development of responsive surfaces and surface-based chemical reactions will particularly benefit from
a robust gradient patterning ability. 242>

There are a wide variety of molecular printing techniques combining various elements in creative ways,
so it is difficult to categorize them. One common category is direct write methods, such as direct laser
writing, ?® droplet spotting, “?”) and dip-pen nanolithography, %¥?° which offer high resolution but slow
rates; the rate limitation is partially alleviated by the use of polymer pen lithography, where arrays
containing up to millions of individual tips simultaneously generate identical patterns. ?® Tip arrays have
also been used for photopatterning, where tips with small apertures % or even aperture-less

tips Y serve as near-field probes to produce arrays of subwavelength features. ?® More recently, beam
pen arrays were used to photochemically generate patterns of polymer brushes, creating 3D

structures. (¢3233)

The other major category is of parallel methods such as microcontact printing ** and mask-based
photolithography, (1¢2635-38) hoth of which allow fast replication but require the time-consuming and
expensive production of a master stamp or mask and do not allow for the creation of complex gradients.
Maskless photolithography, which uses computerized image projection systems, is quickly becoming a
highly capable technique in the molecular printing field. ® Notably, maskless photopatterning has been
demonstrated for proteins, relying on their ability to bind nonspecifically to deprotected

surfaces, “9 and for creating complex 3D polymer structures. *Y To enable the specific binding of a wide
range of molecules, a particularly promising tool is the photocatalyzed thiol-ene/yne click

reaction, *? as alkyne functionalities are commonly added to biomolecules and other functional



materials. The specificity to terminal alkenes and alkynes means that the reaction is considered to be
bio-orthogonal. ?® Thiol-ene/yne reactions have been demonstrated with mask-based
photopatterning, ?¢3>43-45) heam pen lithography, ®? or microcontact printing “¢*”) to deposit a variety
of molecules in binary (monochrome) patterns, confirming their broad applicability. The quality of the
obtained patterns was limited, however, by the surface-modification agent employed. Flaws in patterns
result in unpredictable surface concentrations, which restrict the applicability of the surface for
guantitative applications and limit the performance of functional surfaces.

Here, we demonstrate a general technique for photopatterning surfaces with molecular gradients of
arbitrary molecules, producing high-quality patterns using maskless photolithography for fast and easy
prototyping. Patterning is based on the thiol-yne click reaction, which is widely applicable for
biomolecules, with easily obtained reagents and standardized alkylation procedures. To obtain high-
quality patterns, we utilize a recently developed surface modification agent, mercaptopropylsilatrane
(MPS). 48 MPS has been shown to produce a smoother surface with fewer defects compared to the
commonly used 3-mercaptopropyltrimethoxysilane (MPTMS; see structures in Figure 1A) and is less
prone to spurious polymerization. *8) We use a digital micromirror device (DMD) to project patterns of
UV (365 nm) or visible (405 nm) light and to control the exposure at each pixel individually, enabling fine
control over the concentration of patterned molecules. The use of visible light is crucial for the
deposition of UV-sensitive biomolecules. Each pattern is deposited in minutes, and the technique is
demonstrated for molecules soluble in water or dimethylformamide (DMF), even deposited
subsequently on the same sample. This powerful, additive photopatterning technique expands the
capability to produce accurate patterns of finely controlled densities and will support the studies of
biomolecule interactions, responsive surfaces, and surface-based reactions.
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Figure 1. (A) Overview of the synthetic procedure. (B) Chemical structures of the two dyes. (C)
Fluorescence intensity above the background vs the 365 nm dose on MPTMS, normalized to the highest
intensity of each dye. (D—F) Fluorescent images of (D) a monochrome pattern of FAM in the shape of the
lithograph version of The Scream by Edvard Munch, patterned with 365 nm light. (E) Gradient pattern of
FAM in the shape of Girl with a Pearl Earring by Johannes Vermeer, patterned with 405 nm light. (F)
Monochrome patterns of FAM and perylene dyes in the same field of view, where the brighter pattern is



FAM and the dimmer is perylene. Panels D-F were patterned on MPS and imaged dry. Scale bars
represent 100 um.

2. Results and Discussion

2.1. Photopatterning Process

We developed and applied the photopatterning process for four species, demonstrating the broad
applicability of this method: (i) the fluorescent dye 3-ethynyl perylene (henceforth called “perylene”) in
the organic solvent DMF; (ii) the fluorescent dye FAM alkyne, 5-isomer (“FAM”, a fluorescein derivative)
in water; (iii) biotin-PEGs-alkyne (“biotin”) in water, to which we then bind the protein avidin, labeled
with fluorescein; and (iv) methoxy poly(ethylene glycol)-alkyne 5 kDa (“PEG”) in water. We
photopatterned with 365 nm light using the radical photoinitiator 2-hydroxy-4'-(2-hydroxyethoxy)-2-
methylpropiophenone and with 405 nm light using the radical photoinitiator lithium phenyl-2,4,6-
trimethylbenzoylphosphinate. The photopatterning system includes three main parts: (i) a light source,
consisting of a 48 W, 365 nm LED or a 50 W, 405 nm LED; (ii) a computer-controlled pattern projector,
based on a digital micromirror device (DMD); and (iii) an inverted fluorescence microscope. Light travels
through a liquid light guide from the LEDs to the pattern projector, and the light pattern is then focused
by the microscope objective onto the substrate, which is coated with several drops of photopatterning
solution. A simplified diagram of the experimental setup is shown in Scheme 1A. The chemical process is
provided in Figure 1A, and the structure of the fluorescent dyes is shown in Figure 1B; note that the
patterned molecule may bind to two sulfur groups on the surface. To form monochrome patterns,
where each pixel is either exposed, and therefore coated with molecules, or is not, we projected a static
image onto the glass substrate for the desired duration. To produce grayscale patterns, where the
surface density of the patterned monolayer was individually controlled at each pixel, we first selected a
desired range of doses based on dose—response tests (Figure 1C). We then processed a grayscale image
to assign a desired exposure time for each pixel. (The computer script for generating image sequences is
provided as Supporting Information.) We then projected a series of images (stack) onto the substrate,
and in each image, different pixels were illuminated such that the overall light dose was individually
controlled per pixel (Scheme 1B). The image stack was corrected for a vignetting effect in our optical
setup (the dose decreases from the center of the projected image toward the edges) so that each pixel
receives the intended UV dose (see the Supporting Information). This control allows us to form complex
gradients of monolayer density.

A UV-vis B s - it=1
* source
Solution p A=
Sample —— = 2
Microscope pa— a3

k i "l Overall
Patterned light /ﬁor A

Digital micromirror dose
device (DMD) Substrate

Scheme 1. (A) Simplified Schematic of the Experimental Setup and (B) Formation of Grayscale Patterns?
Light is directed toward a DMD, focused through the objective of an inverted fluorescence microscope,
and focused onto the top surface of a glass slide coated with a photopatterning solution. To form
grayscale patterns, a series of monochrome images are projected such that the total dose at each pixel
is finely controlled.



2.2. Preparation of Thiolated Substrates

Our patterning method relies on reactions between thiols and terminal alkynes. We chose to locate the
thiols on the surface because functionalizing molecules with alkynes is somewhat easier than with thiols,
and a wide range of alkyne-terminated molecules are available commercially. **) To produce a thiolated
surface, cleaned glass coverslips (henceforth referred to as “slides”) were silanized with either MPTMS
or MPS; we synthesized MPS following a literature procedure. “8 MPTMS was deposited following a
common literature procedure, and we optimized the deposition of MPS. The thiolated surface is more
hydrophobic than the clean glass, so the extent and reproducibility of the deposition were evaluated
using the advancing water contact angle (WCA) method and also by the quality of the subsequent
photopatterning for samples possessing the expected WCAs. A full list of experimental conditions and
resulting WCAs can be found in Table S1 in the Supporting Information, and the optimal conditions used
for the images presented here are listed in the Experimental Section. WCA values (means and standard
deviations of eight samples each, three points per sample) were 61.0 + 2.2° for MPTMS and 50.2 + 2.3°
for MPS, within the expected 50-70° range reported in the literature for full thiol monolayers. 0-52)

2.3. Photopatterning Produces Both Monochrome and Grayscale Images

We first demonstrate the generation of a monochrome pattern, Figure 1D, a black and white version of
Edvard Munch’s The Scream, which we exposed for 3 min (365 nm, 430 mJ/mm? at the center of the
image; the dose decreases toward the edges because of a vignetting effect in the optical setup) using
FAM on an MPS-coated substrate. The resulting fluorescent image demonstrates the sharpness and high
contrast achievable with this technique. The smallest features visible in the image (e.g., the vertical lines
to the right of the person) are approximately 5 um wide. The image was produced and imaged using a
10x objective, for which the projected pixels from the DMD would be approximately 0.7 um wide (per
the specifications). Factors limiting the resolution include scattering at several interfaces and the
diffusion of excited photoinitiator radicals and/or dye molecules. We patterned images of similar quality
using perylene (Figures S3 and S4). For FAM, PEG, and biotin deposition, a photoinitiator was included in
the photopatterning solution to absorb the UV or visible light and produce a radical. Curiously, we found
that no photoinitiator was needed to pattern perylene. It has been shown in the literature that at least
some dyes form radicals upon irradiation and catalyze bond formation, a process typically used for
proteins and termed “protein adsorption by photobleaching” (PAP). 3°) We speculate that this is the
cause of our experimental results due to perylene’s relatively strong absorption at 365 nm (Figure S5).

To generate grayscale (variable density) patterns, we determined the relationship between exposure
time and the extent of deposition. We projected a standard test pattern (Figure S8) onto the slide for
different durations with 365 nm light, for both perylene and FAM, and then quantified the resulting
fluorescence intensity, which acts as a proxy for the concentration of dye at the surface (Figure 1C).
There is a steady but nonlinear increase in fluorescence intensity with an increase in exposure time up
to a dose of approximately 4.0 J/mm? (at around 30 min of exposure); longer exposures led to a
decrease in fluorescence intensity. During the long exposure, it is likely that the UV light degrades some
already-attached dye molecules at a rate exceeding additional attachment at high surface coverage.
Additionally, it is possible that self-quenching, known to occur for fluorescein-based dyes at high
concentrations, is involved, consistent with the fact that the decrease is more prominent for FAM. &3 As
a compromise between the patterning time and the resulting intensity, we chose to use doses in the
hundreds of mJ/mm? (durations of a few minutes) for most patterns in this study. Conveniently, the
intensity—dose curve in this region was approximately linear (Figure S9), making it easier to design



gradients. A gradient pattern (Girl with a Pearl Earring by Johannes Vermeer) is shown in Figure 1E,
patterned using 405 nm light with a maximum dose of 455 mJ/mm?, with FAM on an MPS-coated
substrate; the exposure took a little over a minute. The image displays a range of fluorescence
intensities, indicating different monolayer densities. Additional images produced using different dyes,
surfaces, and irradiation wavelengths are provided in the Supporting Information, Figures S3, S4, and
S10-S12.

2.4. A Surface Can Be Patterned More Than Once to Deposit Different Molecules
An important goal in photopatterning is to combine multiple molecules on the same substrate. This
requires the first patterning step and subsequent cleaning to avoid damaging any unexposed areas so
that they remain receptive to further depositions. Similarly, the second deposition process and
subsequent cleaning must not damage the previously deposited dye. Figure 1F shows a pattern
composed of the two dyes. The order of deposition of the two dyes makes no difference to the final
image, proving neither step significantly damages the attached dyes or the exposed thiol surface. This
result demonstrates the robustness of the sulfur—carbon bond formed in the patterning as well as that
of the thiol monolayer on the glass surface.

2.5. MPS Provides Higher-Quality Patterns and Is More Resistant to DMF but
Produces Lower Dye Densities Compared to MPTMS

In this study, we used two silanizing agents—the commonly used MPTMS and the more recently
developed MPS. The latter has been shown to produce smoother films and is less prone to
polymerization, which is common for MPTMS depositions. “!Figure 2 provides representative images of
perylene and FAM on the two coatings (see additional images in the Supporting Information). When
using MPTMS (Figure 2A,C), we observed two types of defects—dark spots, likely holes in the film, and
bright spots, which we interpret as polymerization of the MPTMS, which provides a large number of
thiol groups available to bind to the fluorescent dye. Deposition of the DMF-soluble dye perylene, which
is followed by sonication in DMF, appears to be especially damaging to the MPTMS film. When
patterning the same dyes on MPS (Figure 2B,D,E), we observed far fewer defects of both types; the
small bright spots in Figure 2B are likely the result of dye aggregation, as we have observed previously,
rather than coating defects. However, the MPS images display a lower intensity; for similar UV doses,
the MPTMS film provided 6-fold the fluorescence intensity (Figure 2F). This result implies that while MPS
likely forms a smoother and more robust film, MPTMS provides a higher density of available thiol
binding sites, which may simply be the result of MPTMS forming multiple layers rather than a
monolayer. When the same pattern is deposited with FAM on MPS using 405 nm light (Figure 2E),
particularly good contrast and detail are achieved.
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Figure 2. (A-D) Photopattern in the shape of The Cardsharps by Caravaggio demonstrating the
comparison between the silanization agents MPTMS and MPS for the two dyes, perylene and FAM,
patterned using 365 nm light. Panel C was patterned with one-third the maximal dose of panel D and
imaged under lower power (30 vs 100%). (E) The same pattern, deposited with FAM on MPS using 405
nm light. (F) Intensity above the background level of test patterns of FAM on MPTMS and MPS using 365
nm light. All patterns were imaged in air; images were shaded differently to account for varying
intensities between dyes and coatings. Scale bars represent 100 um.
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2.6. Patterning of Biotin-PEG,4-Alkyne Allows Immobilization of the Avidin Protein
The binding between biotin and the protein avidin (or the related streptavidin) is one of the strongest
known noncovalent interactions ©* and is very commonly used for bioconjugation, as biotin groups are
readily and routinely added to biomolecules. Each avidin protein can bind four biotin groups and so is
often used in a sandwich configuration, with an avidin connecting two or more biotinylated species.
Indeed, biotin—avidin chemistry has often been used in the surface patterning of

biomolecules. (26353%55-57) \We photopatterned biotin-PEGs-alkyne and then incubated the slide in a
solution of fluorescein-labeled avidin (Figure 3A). We observe a clear fluorescent image in the shape of
the pattern used for biotin deposition, indicating successful biotin patterning (Figure 3B); the image
shows typical MPTMS defects. This pattern of avidin may later be used to bind biotinylated
biomolecules, as amply demonstrated in the literature. 435 Using a sandwich configuration means that
the immobilized molecules, aside from the initial alkyne-biotin layer, are never exposed to the strong
patterning light, which may damage their function.
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Figure 3. (A) Structure of biotin-PEG4-alkyne, with biotin in blue and alkyne in red, and scheme of biotin—
avidin patterning. (B) Fluorescence microscopy image of the patterned fluorescently labeled avidin. (C)
Structure of PEG-alkyne (mean molecular weight 5 kDa), with alkyne in red, and scheme of PEG surface
protection. (D) Fluorescence microscopy image and intensity profile (of the region marked with the red
box) of the PEG-protected surface (gradient with a maximum dose of 4 J/mm? at the right edge of the

image) after incubation in fluorescein. Scale bars represent 100 um.
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2.7. Patterned Poly(ethylene glycol) Reduces Nonspecific Adsorption

When patterning surfaces, we may wish not only to deposit molecules but in some cases to prevent
their deposition in selected regions. Surfaces are often protected from nonspecific binding using
poly(ethylene glycol). ®4% We patterned a gradient of alkyne-terminated poly(ethylene glycol) (5 kDa
mean molecular weight) and then incubated the slide in a solution of fluorescein followed only by
rinsing, without lengthy incubation or sonication (Figure 3C). The resulting image (Figure 3D) shows a
strong contrast between the patterned region (dark gradient) and the background and thus
demonstrates the ability of PEG to reduce nonspecific binding.

2.8. Patterned FAM Alkynes Act as a pH Sensor

The intensity of fluorescence emission from fluorescein and its derivatives is known to vary on the basis
of solution pH, with acidic conditions nearly quenching the emission. *® We envision using a patterned
patch of FAM to report on the local pH, which might be affected by a reaction occurring at the surface,
which is an application previously demonstrated using microcontact printing. *® We imaged the same
pattern under the same conditions, changing only the pH of the buffer with which the patterned
substrate was wetted, ranging from a pH of 3.87 to 10.19 (Figure 4A-D). The patterned FAM (a
fluorescein derivative) still responds to pH, despite immobilization, interaction with adjacent dye
molecules, and exposure to strong UV light during deposition. To quantify the response, we also imaged
a standard exposure pattern (Figure S8), and the results are shown in Figure 4E. The different FAM
surface concentrations, resulting from different patterning doses, all respond similarly to the pH. This
result demonstrates that interactions between the FAM and the surface and between nearby FAM
molecules do not impair FAM’s ability to sense and report on pH.



1} pH 6.50

pH 7.52

Intansity (normali

387 680 752 10.19
pH

Figure 4. (A-D) The same pattern (FAM/MPS, 365 nm) imaged under different buffer solutions: (A)
citrate, pH 3.87; (B) phosphate, pH 6.50; (C) PBS, pH 7.52; and (D) carbonate, pH 10.19. (E) Comparison
of intensity from an exposure test (Figure S8) imaged in the same buffers. The order of evaluation was
citrate, carbonate, phosphate, and then PBS to verify that the loss in emission intensity was primarily
due to the change in pH rather than bleaching. See Figure S13 for observed bleaching as a result of
repeated imaging of the sample. Scale bars represent 100 um.

3. Conclusions

The ability to localize molecules on surfaces is highly valuable to multiple fields and enables progress
toward capable surface-based devices. In this study we developed, for the first time, the ability to use
the thiol-yne click reaction to create complex gradient patterns of a variety of alkynated molecules. The
alkynation of biomolecules is a common and straightforward procedure, making this a widely applicable
method. Even more ubiquitous is the biotinylation of molecules for biotin—avidin binding, so we
demonstrated the deposition of biotin, which, when coated with avidin, enables the attachment of
biotinylated species. The use of visible light further assists the deposition of biomolecules, which tend to
be sensitive to UV light, and will particularly help sequential deposition in the same or nearby regions.
Using the biotin—avidin route will allow the deposition of biotinylated molecules without ever exposing
them to strong light. The deposition of a PEG layer demonstrates selective protection of the surface
from nonspecific attachment. Our maskless process using a DMD eliminates the need to produce costly
masks or stamps and enables per-pixel dose control to produce gradients. Our use of the recently
developed silanizing agent MPS resulted in high-quality patterns, greatly improving upon previous
demonstrations. We have demonstrated the reusability of the surface and the robustness of the thiol
film by subsequently depositing two dyes in the same pattern. Materials localized on the surface need to
be functional, and we verified that our deposited FAM maintains its well-known and reversible
sensitivity to pH; a patch of FAM monolayer is therefore able to act as a reporter for local pH. Overall,



we have developed a flexible approach for depositing a wide range of molecules in high-quality patterns
with finely controlled surface concentrations. We expect that this approach will enable the development
of capable and innovative devices based on functional monolayers.

4. Experimental Section
4.1. Materials

Microscope cover glasses (22 x 22 mm?), no. 2 thickness (VWR) and no. 4 thickness (ORSAtec). Solvents:
chloroform (HPLC grade, J.T. Baker); dichloromethane (“DCM”, ACS, VWR); dimethyl sulfoxide (“DMSQ”,
ACS, J.T. Baker); dimethylformamide (“DMF”, ACS, Macron Fine Chemicals); sulfuric acid (Macron Fine
Chemicals); hydrogen peroxide 30% (Baker Analyzed, J.T. Baker); methanol (ACS, Fisher Scientific); n-
pentane (HPLC grade, Alfa Aesar); reagent alcohol, absolute (Macron Fine Chemicals); and toluene (ACS,
Macron Fine Chemicals). Salts: citric acid monohydrate (ACS, Alfa Aesar); PBS buffer tablets that each
produce 100 mL of 10 mM solution (VWR); potassium carbonate (Baker Analyzed, J.T. Baker); potassium
hydrogen phosphate, dried (98+%, Alfa Aesar); potassium phosphate, monobasic (ACS, LabChem);
sodium bicarbonate (ACS, Macron Fine Chemicals); sodium carbonate (ACS, LabChem); sodium citrate
(USP, Sigma); sodium dodecyl sulfate (Baker Analyzed, 95%, J.T. Baker); and sodium hydroxide (Acros
Organics). Surface modification and patterning: biotin-PEG4-alkyne (“biotin”, Broadpharm); 3-ethynyl
perylene dye (“perylene”, Lumiprobe); FAM alkyne, 5-isomer dye (“FAM”, Lumiprobe); fluorescein
disodium salt hydrate (Beantown Chemical); Fluorescein Avidin D (Vector Laboratories); 2-hydroxy-4'-(2-
hydroxyethoxy)-2-methylpropiophenone (“UV photoinitiator”, TCI); lithium phenyl (2,4,6-
trimethylbenzoyl) phosphinate (“visible photoinitiator”, TCI America); 3-
mercaptopropyltrimethoxysilane (“MPTMS”, 95%, TCI); methoxy poly(ethylene glycol)-alkyne, 5 kDa
(“PEG”, Nanosoft Polymers); and triethanolamine (98+%, Alfa Aesar). All materials were used as
received. Milli-Q water was produced in-house. Stock solution vials (of the deposition molecules,
photoinitiators, or MPS) were covered in aluminum foil and stored at 4 °C.

4.2. Methods

4.2.1. Synthesis of MPS

Mercaptopropylsilatrane (MPS) was synthesized *® and purified “®¢° on the basis of literature
procedures. In-depth procedures are provided in the Supporting Information. The MPS product had the
following proton NMR data (see Figure S14): *H NMR (400 MHz, DMSO) 6 4.33 (t, J = 5.6 Hz, 1H), 3.57
(t,J=5.9Hz, 6H), 2.75 (t, J = 5.9 Hz, 6H), 2.52 (t, /= 6.1 Hz, 2H), 2.33 (q, /= 7.5 Hz, 2H), 1.97 (t, J = 7.7 Hz,
1H), 1.51 (p, J = 7.7 Hz, 2H), 0.24-0.15 (m, 2H).

4.2.2. Substrate Preparation and Cleaning

Microscope cover glasses were cut into two separate 9 mm x 22 mm pieces using a diamond scribe. The
glass coverslip halves (slides) were then numbered and marked with a diamond scribe to aid in orienting
and focusing on the slide. A PTFE holder with prepared slides was submerged in a freshly prepared
piranha solution consisting of a 3:1 ratio of sulfuric acid to 30% hydrogen peroxide. (Caution!Piranha
solution is extremely corrosive and boils upon mixing. It continues to outgas for days and so should be
kept in an open or vented container before neutralization or disposal.) After a 1 h treatment, the holder
was removed from the piranha solution and the solution was removed and placed in a waste container.
The holder was subsequently placed back into the cleaned, empty jar, and the holder, glass slides, and
jar were washed three times with Milli-Q water and three times with methanol. If the slides were to be



silanized with MPS, then they were dried with a stream of N,. If the slides were to be silanized with
MPTMS, then they were also rinsed three times with toluene.

4.2.3. MPTMS Silanization

The slides in the holder were then lowered into a 1% v/v solution of MPTMS in toluene to submerge the
slides in the silanization solution. The jar was then purged with N, and sealed. The slides were incubated
in the silanization solution for 2 h. The slides were then rinsed three times with toluene, three times
with methanol, and dried under an N, stream. While trace amounts of water are necessary for the
silanization process, excess water will result in polymerization, which appears as white solids on the
slide. To alleviate this problem, a fresh bottle of toluene, or dry toluene, may be used. A very wide range
of deposition conditions are found in the literature in terms of solvent, concentration, duration, and
more, and we did not extensively optimize this step.

4.2.4. MPS Silanization

We explored a variety of procedures, listed in the Supporting Information section. Following an
optimization process, the patterns shown in this article result from one of two procedures, which
produce similar results: (1) Shell vials were prepared with 2.925 mL of toluene and 0.075 mL of 200 mM
MPS in DMSO (final concentration of 5 mM), and the vial was capped and vortex mixed for 10 s. The
slide was added, the air above the solution was gently purged with N3, and the vial was capped for a 24-
h incubation. Following incubation, the slides were inserted into a PTFE holder, and the entire holder
and slides were rinsed three times in ethanol by submerging the holder in a fresh beaker of ethanol.
After drying under an N, stream, the slides were cured at 80 °C for 1 h; “®) the curing step promotes the
formation of Si—O-Si bonds by condensation, which likely increases stability via cross-linking of the
silanes. *8% The slides were removed from the oven and allowed to cool to room temperature on the
counter. A more gradual cooling step was found to decrease the final image quality. The hydrophobicity
of the slides was measured using the advancing water contact angle method with an Ossila contact
angle goniometer. (2) Alternatively, the cleaned glass slides were treated for 20 min with an Ossila UV
ozone cleaner (an oxygen plasma treatment was previously found to assist silanization *®)). The slides
were placed in a PTFE holder and then into a jar containing a 5 mM solution of MPS in ethanol. The jar
was covered with aluminum foil and heated to 60 °C. The slides were incubated for a total of 4.5 h,
following which the slides were rinsed three times with ethanol and dried with an N, stream. The
advancing WCA result for an average of four slides, with three spots measured on each, was 48 + 1°;
when the UV ozone treatment was omitted, the average was 37 + 12°, indicating a nonuniform and
incomplete coating. The slides were not further cured. The second procedure was found to be more
reliable and less prone to polymerization or a nondeposition (indicated by hydrophilic WCAs), which did
occur occasionally with the first procedure.

4.2.5. Photopatterning

A single glass slide was placed in a glass-bottomed Petri dish (WillCo Wells) and placed above the
objective on a movable stage of an Olympus IX81 fluorescence microscope with a Mightex Polygon
1000-G system (1300 pixels x 800 pixels, 7.6 um pixel size) and a 10x/0.30 UPlanFL N objective. Different
high-power LEDs (Mightex; 365 nm, 48 W; 405 nm, 50 W; 455 nm, 3 W; and 505 nm, 12 W) are
combined with a series of beam combiners and connected to the Polygon unit via a liquid light guide.
Micro-Manager software 2 was used to set the x—y—z coordinates of planned photopatterning locations
on the top surface of the slide. The slide was covered with a few drops of the photopatterning solution,



and a cover was put on the glass Petri dish to reduce evaporation. The previously set stage coordinates
were used to move the stage so that the patterned beam of light would be in focus when projected onto
the surface of the slide. The Polygon and the LEDs were coordinated and triggered using a TTL signal
train generated by a Pulser unit (Prizmatix). UV—vis absorbance spectra (collected using a Jasco V-570
spectrophotometer) for 3-ethynyl perylene and FAM alkyne, 5-isomer are provided in Figure S5, and
fluorescence emission and excitation spectra (collected using a Photon Technology Fluorimeter) are
provided in Figures S6 and S7, respectively.

For patterning 3-ethynyl perylene, 3 drops of a 2 mM solution in DMF were used. Following exposure,
the slides were sequentially rinsed with methanol and DMF to remove the dye solution, followed by
three sonication steps of 10 min each in DMF. The slides were then rinsed three times with methanol
and dried with an N, stream.

For patterning FAM alkyne, 5-isomer, 100 pL of a 1:1 ratio of 0.2 mM solution of the dye to 4 mg/mL
photoinitiator (either the UV or visible-light photoinitiator) in a 10 mM carbonate buffer at a pH of 10.19
was used (final concentrations of 0.1 mM and 2 mg/mL, respectively). Following exposure, the slides
were rinsed with ethanol and then sonicated three times for 10 min each in ethanol. After a final rinse
with ethanol, the slides were dried with an N, stream.

For patterning biotin-PEG,-alkyne, a 10 mM solution was prepared in Milli-Q water and filtered through
a 0.22 um PTFE syringe filter. The photopatterning solution was 100 uL of a 1:1 ratio of 10 mM biotin-
PEG;-alkyne to 4 mg/mL UV photoinitiator (final concentrations of 5 mM and 2 mg/mL, respectively).
After photopatterning, the slide was rinsed with Milli-Q water before two sonications in Milli-Q water
for 15 min each. The slide was rinsed in buffer (in this paragraph, “buffer” refers to 1x PBS buffer with
0.5 mg/mL sodium dodecyl sulfate, adjusted to a pH of 8.20) before incubating in a 100 nM solution of
fluorescein avidin D in buffer for 15 min. After rinsing with fresh buffer twice, the slide was stored in
fresh buffer in a shell vial overnight at 4 °C. The slide was then incubated in fresh buffer at room
temperature for 4.5 h and then again for an additional 3 h. After a final rinse in buffer, the slide was
rinsed three times with Milli-Q water before drying with an N, stream, following which the slide was
imaged. Note that the incubation durations were chosen arbitrarily and were not optimized.

For patterning methoxy poly(ethylene glycol)-alkyne 5 kDa (PEG-alkyne), a 10 mg/mL solution was
prepared in Milli-Q water and filtered through a 0.22 um PTFE syringe filter. The photopatterning
solution was 100 pL of a 1:1 ratio of 10 mg/mL PEG-alkyne to 4 mg/mL UV photoinitiator (final
concentrations of 5 and 2 mg/mL, respectively). After photopatterning, the slide was sonicated in
ethanol three times for 10 min each, followed by drying with an N, stream. The slide was then incubated
in a 0.1 mM solution of fluorescein in PBS buffer for 15 min, followed by rinsing sequentially with PBS
buffer and Milli-Q water. After the slide was dried with an N, stream, the slide was imaged.

4.2.6. Imaging of a Photopatterned Slide

Patterned slides were imaged using the fluorescence microscope equipped with a pco.edge 4.2LT
monochrome CMOS camera (PCO, Germany) and using a 10x/0.30 UPlanFL N objective. Fluorescent
images were collected with an exposure of 2000 ms per frame, 4 frames per image, in a sequence of 25
images, equaling a total of 200 s. Each sequence was averaged in MATLAB and then shaded using the
“levels” tool in the GIMP photoediting software. Slides photopatterned with 3-ethynyl perylene were
excited at 405 nm using a filter cube containing an AT405/30x excitation filter (Chroma), a dichroic



mirror with a cutoff wavelength of 450 nm (Edmund Optics), and a 475/42 nm emission filter (Semrock)
or a cube containing the same excitation filter but a dichroic mirror with a cutoff of 435 nm (Edmund
Optics) and a 448/25 nm emission filter (Edmund Optics). Slides photopatterned with (1) FAM alkyne, 5-
isomer; (2) fluorescein-labeled avidin; or (3) PEG stained with fluorescein were excited at 455 nm using a
filter cube containing a 451/106 nm excitation filter, a dichroic mirror with a cutoff wavelength of 510
nm, and a 534/30 nm emission filter, all from Semrock.
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