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A B S T R A C T   

Patterned polymeric coatings are broadly relevant for all areas of bioengineering: anti-biofouling, controlled 
protein adsorption, guided cell growth, and many more. This contribution describes a robust topographical and 
chemical patterning platform that combines an LED digital light projector with oxygen-tolerant light-mediated 
polymerization to design advanced surfaces on the micron scale and in mild ambient conditions. The user- 
friendly nature of this approach is targeted towards bringing complex chemical patterning abilities based on 
surface-tethered polymers into the hands of non-experts and enabling both fundamental and applied studies 
related to patterned surfaces in bioengineering.   

1. Introduction 

Chemical surface patterning with polymers allows for the fabrication 
of advanced and multi-functional coatings that are relevant for a 
plethora of applications: organic light-emitting diode displays [1], 
microfluidic devices [2], and flame-retardant coatings [3–9]. Examples 
for biological and biomedical applications include anti-biofouling [10], 
protein adsorption [11,12], the study of DNA [11–13], directed neuron 
[14] and cell growth [15,16], and the preparation of biomedical devices 
[17]. 

To address patterning limitations and other drawbacks of phys
isorbed coatings (e.g., delamination and leaching) [18], the covalent 
attachment of polymers has emerged as a viable strategy. Approaches 
towards such polymer brush surfaces include grafting polymers to, or 
growing them from a surface via surface-initiated (SI) polymerization 
[8,19]. Generally, the patterning of polymer brushes can be completed 
using either a “bottom-up” [10,12,20–23] or a “top-down” [24,25] 
approach. The former involves pre-patterning of initiator monolayers and 
subsequent amplification using SI polymerization. We refer the reader to 
excellent reviews [9,26–29] that describe related techniques, including 

microcontact printing (μCP) [27,30,31], ink-jet printing [27], e-beam 
lithography [28], laser-based lithography [27], scanning probe lithog
raphy [27], UV lithography [9,28], interference lithography [9], and 
dip-pen nanolithography [9]. 

In recent years, externally regulated SI polymerizations have emerged 
as mild and potent alternatives for the direct patterning of surfaces using 
polymer brushes [4–37]. Popular approaches include free-radical (SI- 
FRP) [32–34] and reversible deactivation radical polymerizations (SI- 
RDRPs), including nitroxide mediated (SI-NMP) [35], atom transfer 
radical (SI-ATRP) [36–38], and reversible addition-fragmentation chain 
transfer (SI-RAFT) polymerization [39]. Light in particular has been 
identified as an attractive external stimulus [40,41] that affords 
spatiotemporal control from uniform initiating layers through the use of 
binary or gradient photomasks [10,42]. With improved oxygen toler
ance, an increasingly broad monomer scope, and the ability to topo
graphically and chemically pattern surfaces with little effort, polymer 
brush photolithography is now on the verge of industrial adoption. 

The use of photomasks for polymer brush patterning [38,43–47] is 
compatible with most photoredox chemistries, and allows for reliable 
reproduction of features with micron resolution. However, the need to 
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manufacture an individual photomask for every desired pattern is 
expensive, time-intensive [48], and limited to flat substrates to assure 
good contact with the mask. This intimate contact with the reactants 
requires the photomask itself to be chemically resistant. Accidental 
movement of the photomask during polymerization can result in blurred 
images, and direct contact between the photomask and reaction solution 
can cause unwanted sticking to the substrate – especially during poly
merization [47]. Finally, multi-step photomask patterning, requiring in- 
situ switching of photomasks, can result in misaligned reproduction of 
features. 

Alternatives to conventional photomasks include inkjet-printed 
photomasks [43,49] and digital projection by digital micromirror de
vices (DMDs) or liquid crystal display (LCD) projectors, all of which have 
been used for the patterning of polymer brushes [50–53]. While effec
tive, inkjet-printed mask approaches cannot be digitally modified, DMDs 
are costly, and LCD projectors feature ubiquitous white backlight which 
can lead to small amounts of polymer growth in regions not intentionally 
being patterned. 

In this contribution, we describe a robust light emitting diode (LED) 
digital light projector (DLP)-based advanced manufacturing platform for 
push-of-a-button surface patterning. Leveraging recent advances in light- 
mediated, surface-initiated polymerization, this approach addresses 
the above limitations for surface patterning and combines the benefits of 
(i) digital projection and (ii) reduction lithography with (iii) the ability 
to perform multiple reactions both sequentially and simultaneously. The 
high contrast of the LED light source eliminates backlighting while 
providing a cost-effective approach to maintaining the simplicity of in- 
situ pattern modification and projection by external computer control. 
As an outcome, this provides a continuous time- and cost-efficient 
platform for advanced manufacturing of horizontally and vertically 
patterned surfaces with micron-scale resolution and significant chemical 
versatility. 

2. Results and discussion 

The LED DLP approach engineered in this work, consisting of the 
projector itself and an array of lenses that affords size-reduced projec
tion of light onto a functionalized substrate for photoredox chemistry at 
the surface, is illustrated in Fig. 1a. A computer-generated image can be 
projected and reproduced in the form of a topographical polymer brush 
feature on a silicon substrate (see Fig. 1b). Furthermore, the use of 

oxygen-tolerant polymerization and a simple substrate stage provides 
opportunities for rapid and facile micron-scale chemical patterning of 
surfaces. The substrate is placed on a stainless-steel platform and pressed 
up against three pins, with heights shorter than the thickness of a typical 
silicon wafer (d(SiO2) = 500 mm, Fig. 1c). A Pac-man shaped magnet is 
then used to fixate the substrate securely in place against the pins. The 
magnet, though not essential for single component patterning, is 
instrumental when patterning multiple components on the same surface. 
By holding the substrate securely in place against the raised pins, the 
magnet allows intermediate steps to be performed without disruption of 
the substrate position. This includes coverslip removal, surface rinsing 
and drying, deposition of new polymerization solution, and addition of a 
new coverslip. As such, high-resolution patterning of multiple compo
nents on a single surface is facilitated (see Fig. 4). Given the mobility of 
the magnetic anchor, this mechanism provides broad versatility with 
respect to substrate size and shape. Subsequently, the surface can be 
coated with reactant solution, covered with a coverslip to guarantee 
uniform spreading, and irradiated using the LED DLP (1080p resolution, 
10,000:1 contrast ratio, 7500 lx). 

Fig. 2b shows a representative optical micrograph of resulting 
micron-scale patterned polymer brushes. N,N-dimethylacrylamide 
(DMA) was polymerized using surface-initiated photoinduced electron 
transfer-reversible addition–fragmentation chain transfer polymeriza
tion (SI-PET-RAFT) [43] from SiO2 substrates that were previously 
functionalized with 2-(dodecylthiocarbonothioylthio)-2-methyl
propanoic acid (DDMAT) chain transfer agents (CTAs). Using 
5,10,15,20-tetraphenyl-21H,23H-porphine zinc (ZnTPP) as a photo
redox catalyst (PC), polymerizations were performed at molar ratios of 
[Monomer]:[CTA]:[PC] = 500:1:0.025. Optical contrast results from 
distinct heights of the p(DMA) polymer brushes in separate areas as a 
result of different levels of photon flux, i.e., light intensity, from the LED 
projector. As evident from the optical and atomic force micrographs, no 
polymer growth was observed in the dark. In contrast to LCD projectors, 
LED DLPs provide improved contrast (10000:1, “true black”) that 
eliminates possible patterning limitations introduced by ubiquitous LCD 
backlighting. Atomic force microscopy (AFM) was used to verify topo
graphical patterning (see Fig. 2c) with brightness of regions within the 
patterned film directly related to the polymer brush thickness. X-ray 
photoelectron spectroscopy (XPS) was used to verify the chemical 
fingerprint of p(DMA): C1s, O1s, and N1s peaks were observed at 
binding energies BEC1s = 285, BEO1s = 532 eV, and BEN1s = 400 eV, 

Fig. 1. (a) Schematic setup of LED digital light projection (DLP) of a computer-generated image onto a functionalized substrate for spatiotemporally controlled 
photochemistry. (b) Schematic of light-mediated polymerization of N,N-dimethylacrylamide (DMA) polymer brushes from a DDMAT functionalized substrate using a 
ZnTPP photoredox catalyst. (c) Side and top view of the substrate holder: three pins and a magnet are used to fix the substrate in place before it is covered by 
polymerization solution and a glass coverslip. 
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respectively (see Fig. 2d). The measured ratio of carbon to nitrogen from 
the XPS survey scan (C:N ≅ 5.0) also closely matches the theoretical 
value of C:N = 4.3 based on the molecular repeat unit, with the carbon % 
elevation likely due to minor organic surface contaminations. Silica Si2s 
and Si2p peaks result from the underlying substrate and are to be ex
pected: the probing X-ray footprint exceeds the size of the pattern fea
tures. The high-resolution carbon C1s scan provides additional support 
for the presence of p(DMA), showing three distinct components 
matching the three major carbon environments: the amide carbonyl 
(Me2N–(C––O)), –C–N–(C––O), and aliphatic C–C bonds. 

Significantly, this process is fully oxygen-tolerant (vide infra) and allows 
for polymer brush patterning without prior degassing and in ambient 
environment and temperatures. 

The experimental setup consists of an LED projector with an internal 
lens of focal length fproj. = 190 mm, followed by an array of four lenses: 
f1 = 100 mm, fcond. = 60 mm (condenser lens), f2 = 500 mm, and 
f3 = 100 mm. At a native resolution of 1920 × 1080 px2, one pixel on the 
computer screen is reproduced at a size of approximately 25 μm2 on the 
substrate, with the individual pixels visible in the projected pattern (see 
Fig. 2b). The obtainable resolution of this setup is diffraction-limited and 
hypothetically affords patterns on the order of half the wavelength of 
light that is used for photoredox catalysis. As such, improved optics and 
focusing is anticipated to provide sub-micron features (approximately 
d = λmax/2 ~ 210 nm with λmax(ZnTPP) = 425 nm) [54]. The impact of 
diffusion on resolution is negligible due to the short excited state life
times of common PCs (e.g., τ(ZnTPP) = 2.3 ps [55,56], τ(Ir 
(ppy)3) = 50 ns) [22]. With diffusion constants of the PC species on the 
nanoscale per second (e.g., D = 2.3 × 10− 9m2 s− 1 for Ir(ppy)3) [22], 
excited state PC diffusion is limited to a few nanometers. Consequently, 
PC diffusion from the projected beam path into dark areas is not antic
ipated to adversely influence pattern resolution. 

Previous studies on O2-tolerant polymer brush photolithography 
approaches [57–59] often describe edge effects. Limited patterning ca
pabilities at the outer boundaries of projected patterns and related ar
tifacts (edge effects) are related to O2 permeation. Oxidation of the PC 
(rendering it ineffective) [57] and decreasing efficacy of RDRP in the 
presence of O2 are two possible contributing factors that are both 
inherently more pronounced at the edges of the projected patterns 
[58,59]. 

The described LED DLP platform can be used to avoid such edge 
artifacts by creating an effective photocatalytic “oxygen barrier” (see 
Fig. 3). The chemistry employed in these patterning experiments con
sists of a stock solution of ZnTPP photocatalyst dissolved in DMSO, 
which is added to a mixture of monomer and free RAFT CTA to make the 
complete polymerization solution [43]. The use of DMSO is essential to 
allow for oxygen tolerance through the PET-RAFT mechanism [60], 
wherein the unique interaction between ZnTPP and DMSO establishes 
oxygen-tolerance. Upon irradiation, ZnTPP rapidly converts 3O2 (triplet 
oxygen) to 1O2 (singlet oxygen) that is chemically quenched by the 
solvent, dimethyl sulfoxide (DMSO), to form dimethyl sulfone (DMSO2) 
[60]. By projecting a white border around the desired pattern (see 
Fig. 3b, inset), this chemical transformation can be leveraged to intro
duce an oxygen barrier to “protect” the main patterning area. Using this 
approach, reactive oxygen species that are diffusing into the solution 
(from the edges and between the substrate and coverslip) are therefore 
removed and cannot have adverse effects on the SI-PET-RAFT equilib
rium and performance. The resulting optical micrograph (see Fig. 3b) 
represents the entirety of the desired pattern without any edge artifacts. 
In comparison, Fig. 3c shows the result of a patterning attempt without 
this “white frame” oxygen barrier: the optical micrograph clearly shows 
significant patterning errors at the edges of the projected image (shown 
in the inset). 

For more complex surface engineering, this approach allows for 
multicomponent patterning in a user-friendly manner and in ambient 
atmosphere. After an initial polymerization is completed, the glass 
coverslip can be removed, the surface rinsed and dried with a stream of 
air/nitrogen, and subsequently covered with another (same or different) 
polymerization solution without moving the substrate during the pro
cess. Recently, the concept of stop-flow chemistry was introduced to 
perform micron-scale patterning using light-mediated SI-ATRP [49]. 
While this work also allowed the continuous exchange of reactants, 
limitations remained regarding oxygen tolerance (sparging was 
required), and the use of inkjet-printed masks, while cost-effective, was 
limiting in the ability to perform sequential reactions in close vicinity on 
the surface without edge artifacts. Here, these limitations are circum
vented by leveraging the oxygen tolerance of SI-PET-RAFT. Combining 

Fig. 2. (a) Schematic of chemical surface patterning using p(DMA) and LED 
DLP, (b) micrograph of p(DMA) brush pattern of original jellyfish photograph 
(inset) using the projector setup, and (c) atomic force micrograph of a portion of 
the patterned region boxed in pink in (b) showing the variation in polymer 
brush thickness across the area. (d) X-ray photoelectron survey and high- 
resolution carbon C1s spectra of the resulting pattern. 
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the advantages of the SI-PET-RAFT technique and the projector setup, a 
multicomponent pattern consisting of a poly(ethylene glycol) methyl 
ether methacrylate (PEGMA)/pentafluorophenyl methacrylate (PFPMA) 
copolymer, p(PEGMA-co-PFPMA), and p(DMA) in separate regions was 
prepared (see Fig. 4) on an SiO2 substrate functionalized with 4-Cyano- 
4-[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid (CDTPA) 
CTAs. A photograph of a city street was edited digitally to isolate the 
street lines, which were first polymerized using a 80:20 mixture by mol. 
% of PEGMA:PFPMA in a total solution ratio of [Monomer]:[CTA]: 
[PC] = 500:1:0.1. Following patterning of these copolymer brushes in 
the street line region and subsequent surface cleaning, the remaining 
features of the image were projected and patterned in p(DMA) brushes 
using a solution of [Monomer]:[CTA]:[PC] = 500:1:0.025 to give the 
final, complete multicomponent pattern (see Fig. 4c). Despite the low 

signal in scanning electron microscopy, energy dispersive X-ray spec
troscopy (EDX) was used to verify the presence of nitrogen from p(DMA) 
and fluorine from p(PEGMA-co-PFPMA) in alternating street lines (see 
Fig. 4d). Despite the weak signal in the F K series due to only 20% 
incorporation of PFPMA in the copolymer, the overlay of the N K series 
and F K series highlights distinctive regions of p(DMA) and p(PEGMA- 
co-PFPMA). Additional support for the p(PEGMA-co-PFPMA) copolymer 
region is provided by analysis of the O K series, since the PEGMA 
component of the copolymer contributes significant oxygen to the re
gion. A higher photocatalyst concentration was utilized in the case of the 
methacrylic copolymer growth to compensate for the slower methac
rylate polymerization. The additional photocatalyst served to increase 
radical concentration and accelerate polymerization [61]. The use of 
PFPMA as a co-monomer also allows the possibility for post- 
functionalization of the patterned polymer brushes. As demonstrated 
in Fig. 4e, an amine-containing fluorescent dye (Alexa Fluor 488) was 
able to be selectively attached to polymer brushes in the p(PFPMA)- 
containing regions. This further highlights the advantages of this sys
tem to allow not only selective patterning of polymer materials but also 
the potential to selectively post-modify specific regions after initial 
patterning is completed. 

3. Conclusions and outlook 

The described LED DLP setup provides a user-friendly and robust 
platform for complex topographical and chemical patterning. 
Leveraging oxygen-tolerant surface-initiated polymerization techniques 
in a sequential manner on a fixed substrate provides a facile approach to 
exchanging chemistries in-situ to afford complex micron-scale 
patterning. This work highlights the benefits of digital image process
ing (e.g. addition of a white border to eliminate edge effects) on the 
precise reproduction of desired patterns using polymer brush photoli
thography. Further, it demonstrates the ability to combine polymer 
species of various functionalities on a single surface, opening the door to 
advanced material production and post-modification. Future work will 
include expansion to substrates of larger sizes and of different mor
phologies. With only slight modifications, e.g., the use of translational 
stages and additional digital image processing, such patterning can be 
made accessible. 

Further, we will target high-resolution, multicomponent sequential 
patterning that leverages LED DLP projection as a variable wavelength 
light source. This is anticipated to allow for wavelength orthogonal re
actions to move beyond many of the current methods for fabrication of 
patterned and mixed brush surfaces. In addition, we aim to employ this 
photolithography method for the patterning of additional classes of 
polymers both individually and in combination to impart surface 
properties relevant to various biological applications. An initial target 
will be multicomponent patterning of poly(ethylene glycol) methyl 
ether methacrylate and 2,2,2-trifluoroethyl methacrylate, a combina
tion of species that we have previously demonstrated to be effective as 
an anti-biofouling coating [10]. Finally, we intend to expand to addi
tional oxygen-tolerant polymerization systems, targeting aqueous po
lymerizations as a further improvement in not only the user-friendliness 
but also the eco-friendliness of this system. 

4. Materials and methods 

4.1. General material information 

N,N-dimethylacrylamide (DMA), poly(ethylene glycol) methyl ether 
methacrylate (PEGMA), pentafluorophenol, methacryloyl chloride, 
triethylamine, 2-(dodecylthiocarbonothioylthio)-2-methylpropionic 
acid (DDMAT), cyano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl] 
pentanoic acid (CDTPA), 5,10,15,20-Tetraphenyl-21H,23H-porphine 
zinc (ZnTPP), (3-aminopropyl)triethoxysilane (APTES), N-(3-dimethy
laminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC HCl), sodium 

Fig. 3. (a) Reactive oxygen species can be photocatalytically quenched (con
verting DMSO to DMSO2) at the far edges of the projection area to prevent 
artifacts. The resulting optical micrographs of p(DMA) patterns: (b) with and (c) 
without projection of a protective outer white border as an effective “oxygen- 
barrier,” resulting in (b) complete and (c) incomplete image reproduction, 
respectively. 
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bicarbonate, magnesium sulfate, tetrahydrofuran (THF), dimethyl sulf
oxide (DMSO), and ethyl acetate were purchased from Sigma-Aldrich 
and used as received (unless otherwise noted). Dichloromethane 
(DCM), toluene, isopropyl alcohol, acetone, and hexanes were pur
chased from Fisher Scientific and used as received. Alexa Fluor 488 
cadaverine dye was purchased from Thermo Fisher and used as received. 
Silicon wafers with a 100 nm thermal oxide layer were purchased from 
WaferPro, LLC (San Jose, CA). A WiMiUS S1 Native 1080p LED projector 
was purchased from Amazon, and all other lenses and apertures utilized 
in the setup were purchased from Thorlabs. 

4.2. Surface characterization 

Nuclear magnetic resonance (NMR) spectra were recorded using a 
Bruker AVIII-HD-500 MHz instrument. All 1H NMR experiments are 
reported in δ units, parts per million (ppm), and were normalized to the 
signal for the deuterated solvent CDCl3 (7.26 ppm). X-ray photoelectron 
spectroscopy (XPS) measurements were performed using a Physical 
Electronics PHI VersaProbe II Spectrometer with a monochromatic 
Aluminum Kα X-ray source (1486.6 eV) under a vacuum of 10− 8 Torr. 
Spectra were analyzed using CasaXPS software (Casa Software Ltd.). 
Atomic Force Microscopy (AFM) was performed using a Bruker Bio
Scope Resolve Bio-AFM using ScanAsyst® mode. The measurement was 
conducted using a silicon nitride cantilever with a silicon tip. Scanning 
electron microscopy, energy dispersive X-ray spectroscopy (SEM-EDX) 
was performed using a Thermo Fisher Scientific Apreo S SEM. Optical 
micrographs of polymer brush patterns were captured using a Carl Zeiss 
Axio Scope A1 equipped with an Axiocam 305 color camera. Fluores
cence micrographs were captured using a 10× air objective on a Nikon 
Eclipse Ti-E inverted fluorescence microscope equipped with a Photo
metrics CoolSNAP HQ2 CCD camera. 

4.3. Synthesis of DDMAT and CDTPA surface initiators 

DDMAT and CDTPA surface initiators were synthesized according to 

established procedures [43], and characterized via 1H NMR spectros
copy. DDMAT surface initiator: 1H NMR (500 MHz, CDCl3, 25 ◦C, δ, 
ppm): 0.61 (t, 2H), 0.90 (t, 3H), 1.24 (t, 9H), 1.30 (m, 18H), 1.59 (m, 
2H), 1.65 (m, 2H), 1.71 (s, 6H), 3.22 (q, 2H), 3.26 (t, 2H), 3.82 (q, 6H), 
6.65 (t, 1H); CDTPA surface initiator: 1H NMR (500 MHz, CDCl3, 25 ◦C, 
δ, ppm): 0.66 (t, 2H), 0.90 (t, 3H), 1.26 (t, 9H), 1.32 (m, 18H), 1.41 (m, 
2H), 1.69 (m, 4H), 1.91 (s, 3H), 2.40 (m, 1H), 2.50 (m, 3H), 3.28 (q, 2H), 
3.35 (t, 2H), 3.75 (q, 1H), 3.85 (q, 5H), 7.28 (s, 1H). 

4.4. Surface-functionalization 

Silicon wafers were broken into pieces of ~1 cm × 1 cm and soni
cated for 10 min in toluene followed by 10 min in isopropyl alcohol to 
remove any pre-existing residues. Substrates were then dried with a 
stream of nitrogen and arranged in a petri dish, avoiding overlap. In the 
uncovered petri dish, substrates were treated with an air plasma cleaner 
(PDC-001, Harrick Plasma) under 300 mTorr vacuum for 10 min. During 
this time, a dilute (0.05% v/v) solution of DDMAT or CDTPA surface 
initiator (20 μL) in dry toluene (40 mL) was prepared. This solution was 
distributed into two 24 mL syringes and, promptly after removing sub
strates from the plasma cleaner, pushed into the petri dish through sy
ringe filters. The petri dish was then covered and allowed to sit for ~48 h 
at room temperature, after which time the substrates were rinsed with 
toluene followed by isopropyl alcohol and dried under a stream of ni
trogen. To maintain surface initiator integrity, substrates were stored in 
an inert nitrogen glovebox prior to use [62]. 

4.5. General method of surface-initiated photopatterning using projector 

Stock solutions containing 1 mg of photocatalyst (ZnTPP) in 1 mL 
DMSO and 2 mg of photocatalyst (ZnTPP) in 1 mL DMSO were prepared 
in vials and stored in the dark. Monomers that contained inhibitor upon 
purchase were purified through a basic alumina column to remove the 
inhibitor prior to use. The inhibitor-free monomers, RAFT CTA, and 
ZnTPP/DMSO stock solution were mixed with a molar ratio of 

Fig. 4. Multicomponent patterning of first (a) street lines in p(PEGMA-co-PFPMA) (80:20 PEGMA:PFPMA by mol %) followed by (b) remaining features in p(DMA) 
brushes to give a final, multicomponent pattern (c) characterized by (d) EDX, highlighting the presence of nitrogen and fluorine in the boxed p(DMA) and p(PEGMA- 
co-PFPMA) regions in (c), respectively. An overlay of the N K (blue) and F K (purple) series highlights the contrast between the two individual channels shown below. 
The O K series further supports the more oxygen-dense p(PEGMA-co-PFPMA) regions. (e) Post-functionalization of p(PFPMA) brushes with Alexa Fluor 488 fluo
rescent dye characterized by fluorescence microscopy for the region overlayed in (c). 
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[Monomer]:[CTA]:[ZnTPP] = 500:1:0.025 (DMA, 1 mg/mL ZnTPP/ 
DMSO stock solution) or 500:1:0.1 (80:20 PEGMA/PFPMA, 2 mg/mL 
ZnTPP/DMSO stock solution) to form the reaction mixture. A CTA- 
functionalized thermal oxide silicon wafer was placed on top of the 
projector platform and secured in place by pressing up against the three 
raised pins with the Pac-man magnet applying pressure from the final 
corner. The reaction mixture was then dropped onto the wafer until 
completely covered. A glass coverslip was placed on top of the wafer to 
form a thin layer of solution in between the coverslip and wafer. The 
sample was then irradiated with a black and white pattern displayed 
from a computer attached via HDMI. The wafer was irradiated for the 
desired amount of time, then removed from the wafer platform and 
thoroughly rinsed with toluene, DCM, and isopropyl alcohol, then dried 
under a nitrogen stream. Final patterned surfaces were imaged by op
tical microscopy. 

4.6. Synthesis of pentafluorophenyl methacrylate (PFPMA) monomer 

A 100 mL round-bottom flask was charged with pentafluorophenol 
(5.83 g, 0.032 mol) and triethylamine (6.5 mL, 0.047 mol) in 25 mL of 
tetrahydrofuran (THF) and began to stir. The flask was placed in an ice 
bath at 0 ◦C. Methacryloyl chloride (MAC) (3 mL, 0.031 mol) was then 
added dropwise to the stirring reaction mixture. The reaction was stirred 
for 24 h at room temperature. After 24 h, the reaction mixture had 
changed from white to yellow and was concentrated in vacuo. The 
excess MAC was removed by dissolution in dichloromethane and was 
washed with deionized water, followed by saturated sodium bicarbonate 
solution, and finally deionized water. The pure organic layer was dried 
over magnesium sulfate salts, filtered, and concentrated in vacuo to give 
a yellow liquid product. 1H NMR (500 MHz, CDCl3, 25 ◦C, δ, ppm): 2.11 
(s, 3H), 5.93 (s, 1H), 6.47 (s, 1H). 

4.7. Multicomponent patterning 

All procedures for general patterning were followed for the first 
polymerization. After the first component was patterned, the projector 
was turned off, and the coverslip was carefully removed from the silicon 
wafer. The wafer was kept in place by the pins and Pac-man magnet of 
the wafer platform. The surface of the wafer was then thoroughly rinsed 
with various solvents including DCM, toluene, deionized water, acetone, 
and isopropyl alcohol, then dried with a stream of air. This process was 
repeated until the wafer surface appeared to be free of any residual 
solution from the first polymerization step. Solution for the second 
polymerization step was then dropped onto the wafer and again covered 
with a coverslip. The second desired pattern was then projected onto the 
surface for the desired amount of time and ultimately rinsed with DCM, 
toluene, and isopropyl alcohol, then dried under a stream of nitrogen. 

4.8. Pentafluorophenyl methacrylate polymer brush post-modification 

In a 20 mL vial, approximately 0.2 mg of Alexa Fluor 488 cadaverine 
dye was dissolved in 2 mL of DMSO to give a fluorescent green solution. 
A wafer containing p(PFPMA) brushes was submerged in the solution 
until it was fully covered, with the reacting side facing upward. The vial 
was wrapped in aluminum foil, and the wafer was soaked for 48 h. Once 
removed from solution, the wafer was thoroughly rinsed with deionized 
water followed by isopropyl alcohol and stored in the dark until 
analyzed. 
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