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ABSTRACT: A new Diels—Alder (DA)-based photopatterning
platform is presented, which exploits the irreversible, light-induced
decarbonylation and subsequent cleavage of cyclopentadienone—
norbornadiene (CPD—NBD) adducts. A series of CPD—NBD
adducts have been prepared and systematically studied toward the
use in a polymeric material photopatterning platform. By
incorporating an optimized CPD—NBD adduct into polymer
networks, it is demonstrated that cyclopentadiene may be unveiled
upon 365 nm irradiation and subsequently clicked to a variety of
maleimides with spatial control under mild reaction conditions and
with fast kinetics. Unlike currently available photoinduced Diels—
Alder reactions that rely on trapping transient, photocaged dienes,
this platform introduces a persistent, yet highly reactive diene after
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irradiation, enabling the use of photosensitive species such as cyanine dyes to be patterned. To highlight the potential use of this
platform in a variety of material applications, we demonstrate two proof-of-concepts: patterned conjugation of multiple dyes into a
polyacrylate network and preprogrammed ligation of streptavidin into poly(ethylene glycol) hydrogels.
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1. INTRODUCTION

The well-defined incorporation of functional molecules into
polymer networks is an attractive endeavor with promise
throughout materials science. With regard to biomaterials, the
introduction of biologically relevant small molecules and
proteins within synthetic hydrogels has numerous applications
including adhesion,’ drug delivery,2 and tissue engineering;”
whereas, in the field of smart materials, a multitude of stimuli-
responsive molecules have been exploited within polymer
networks such as liquid crystals,* photothermal agents,” and
photoswitches.”” Introducing these agents into polymer
networks typically relies on noncovalent blending or the use
of functionalized monomers, both resulting in bulk incorpo-
ration throughout the network. Of particular interest, however,
is the high-resolution spatial control over chemical function-
alization, offering significant advantages in the microfabrication
of materials varying from sequentially reslponsive actuators® ™ '?
to patterned cell microenvironments.'' ™" Successful prepara-
tion of these materials is dependent on identifying chemistries
that offer spatial control while remaining highly efficient, mild,
and compatible with numerous functionalities and biological
systems.

Diels—Alder (DA) cycloadditions are a distinguished click
chemistry'* that have been extensively employed throughout
organic synthesis, materials science, and bioconjugation.
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Unlike other common click chemistries, such as the copper-
(I)-catalyzed alkyne—azide cycloaddition," thiol—Michael,'®
or thiol—ene,'” which rely on toxic copper catalysis, additives,
or radicals, DA cycloadditions offer a mild, additive-free
approach while maintaining high efficiency, tunable kinetics,
functional group tolerance, and bio-orthogonality. In polymer
chemistry, DA cycloadditions have served as the basis of a
number of block copolymer “click” reactions,'®™** and the
reversibility of the DA reaction has served as a platform for the
preparation of thermally re-mendable polymer networks.”*~>°
Within biomaterials, the fast and bio-orthogonal nature of the
inverse electron demand Diels—Alder (IEDDA) cycloaddition
has led to the development of a new bioconjugation platform®’
and numerous approaches to protein modification through
IEDDA.*® Normal-demand DA cycloadditions have also been
successfully demonstrated in biological systems by developing
strategies to enable the use of more reactive diene and
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dienophile gpartners for the preparation of antibody—drug
conjugates™*° and rapid 3D cell encapsulation.’

Given the highly efficient, mild, and additive-free nature of
DA cycloadditions, efforts have been made to further extend
the utility of these reactions through temporal and spatial
control. The development of photocaged dienes has offered
significant advances in obtaining such control in material
systems. The photoenolization of o-substituted benzophenones
was first presented in 1961,>” and the use of such photocaged
dienes was introduced to polymer chemistry by Meador et al.
in 1996 (Figure 1a).>> More recently, photoenolization of o-

Scheme 1. (a) Traditional Photocaged Dienes Can Be
Photoactivated and Undergo an In Situ DA Click Reaction
and (b) the Phototriggered Cleavage of Norbornadiene—
Cyclopentadienone Adducts to Cyclopentadiene Allows for
Either In Situ or Postirradiation DA Click Reaction with a
Variety of Functional Maleimides
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methylbenzaldehydes (0-MBAs) to o-quinodimethanes (o-
QDMs) has been employed in a number of DA systems by
Barner-Kowollik and co-workers, including the click coupling
of block cogpolymers‘%’35 and the functionalization of (bio)-
surfaces.”*** In addition, the photochemical dehydration of 3-
hydroxy-2-naphthalenemethanol derivatives has offered an
alternative route to highly reactive diene intermediates.’
Additionally, photogenerated dienophiles have also been
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Figure 1. (a) (i) Ph-CPD (2.0 equiv), chloroform, 7S °C, S days, 33%
yield of Ph-CPD—NBD; (ii) Me-CPD (1.5 equiv), toluene, 85 °C,
24 h, 42% yield of Me-CPD—NBD; (iii) B-CPD (1.1 equiv), toluene,
70 °C, 18 h, 81% yield of B-CPD—NBD. (b) Thermogravimetric
analysis of Ph-CPD—NBD (red trace), B-CPD—NBD (green trace),
and Me-CPD—NBD (blue trace) at a ramp of 20 °C/min from room
temperature to 300 °C. (c) Conversion to Cp upon irradiation of 25
mM solution of each adduct at 300 nm determined by 'H nuclear
magnetic resonance (NMR) over 240 min.

investigated for block copolymer synthesis*’ and surface
functionalization by photolysis of phenacyl sulfides followed
by hetero-DA reactions.”" Light has also been used to “gate”
the reversibility of the DA reaction through the use of
dithienylethene and dithienylfuran photoswitching sys-
tems.””" The disadvantage to the currently available photo-
generated diene systems, however, is the short lifetimes of the
diene intermediates, requiring the in situ trapping with a
dienophile. Because UV light is required for the photo-
deprotection in these s.ystems,y'_”’41 in situ trapping is not
compatible with photosensitive moieties or absorbing species
required for many stimuli-responsive and biologically relevant
applications. We therefore anticipate that developing an
effective and efficient synthetic protocol to access highly
reactive yet persistent dienes within materials will be vital to
expand the potential applications of photoinduced DA
cycloadditions. Importantly, the success of this goal will add
to the toolbox of the so-called “photoclick” reactions™* and will
provide a complementary approach to existing methods for
enabling functionalization of advanced materials with temporal
and spatial control (Scheme 1).
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Over the recent years, our group became interested in
cyclopentadiene for its reported high reactivity” and
exploitation in polymer click reactions.'”*****” To expand
the utility of this diene, we have sought to develop methods to
harness the high reactivity to enable efficient bioconjugation™
and controlled polymer click reactions.””** Prompted by our
recent utilization of norbornadiene-functionalized polymers as
a chemically triggered precursor to Cp,”>** we targeted the
development of a phototriggered platform, which would offer
spatiotemporal control over the introduction of these highly
reactive units. Inspired by reports of the photo- or thermally
induced loss of carbon monoxide from bridged cyclo-
pentadienone—norbornadiene (CPD—NBD) Diels—Alder ad-
ducts,*” ™% we envisioned that the resulting retro-DA cleavage
could be exploited to obtain cyclopentadiene on demand.
CPD—alkene adducts have been utilized extensively for the
preparation of substituted benzenes®>** and have recently
been employed in the preparation of CO-releasing pro-
drugs.*>*° Notably, the photodecarbonylation of CPD—
maleimide adducts has been utilized to pattern surfaces with
nonmodified peptides by utilizing a photoactivated tripheny-
lene imide that is susceptible to ring opening by amines.”” The
disadvantage of this clever approach, however, is the necessity
for a significant excess of amine groups to achieve the imide
ring opening and subsequent patterning. Irradiation of CPD—
NBD adducts, on the other hand, would produce a highly
reactive Cp species that readily reacts with dienophiles.”
Furthermore, in contrast to current photoinduced Diels—Alder
reactions that produce a transient diene, the loss of CO and
formation of thermodynamically stable aromatic byproduct
results in an irreversible reaction, allowing for the persistence
of stable Cp units in the material until treatment with the
dienophile of choice. A similar approach is used in the
irreversible photochemical activation of tetrazole for nitrile
imine-mediated tetrazole—ene cycloaddition (NITEC), which
readily reacts with dipolarophiles.””*® The irreversible nature
of NITEC has been demonstrated to provide much higher
surface graft densities than the more transient o-MBA
photoactivation to 0-QDM.”” In addition, although Cp is a
highly reactive diene that can dimerize over extended
storage,zz’60 it is inherently more stable than nitrile imines,®’
offering a persistent species after the cessation of irradiation.
This unique feature would enable functionalization with a
number of photosensitive species, as the spatially controlled
Diels—Alder reaction could take place post irradiation.
Moreover, this approach would also be amenable to in situ
functionalization with maleimides that are stable to 365 nm
irradiation, thus complementing existing approaches.

Herein, we report the use of such CPD—NBD adducts
within polymer networks as photolabile Cp precursors (Figure
1b) for subsequent DA-based patterning of dyes and
biomolecules. We first present a comparative study investigat-
ing the synthesis, thermal stability, and photoinduced Cp
production from a series of CPD—NBD adducts; the results of
this study provide an optimal candidate for utilization in
patterning a variety of materials. We then outline two proof-of-
concept photoclick demonstrations with maleimide-bearing
molecules, biotin and two common dyes, that highlight the
potential use of this platform in bio- or stimuli-responsive
materials.

2. RESULTS AND DISCUSSION

2.1. Identification of the Optimal CPD—NBD Adduct.
2.1.1. Efficiency of DA with Cyclopentadienone. For
utilization in various polymeric material systems, we sought
to design a CPD—NBD adduct that could be prepared easily
and in high yields from either commercially available or highly
scalable starting materials. For this reason, we chose to explore
the Diels—Alder reaction with our previously reported, highly
scalable NBD derivative Pe-NBD-OH**** and three commer-
cially available cyclopentadienones (CPDs): tetraphenylcyclo-
pentadienone (Ph-CPD), 2,5-dimethyl-3,4-diphenylcyclopen-
tadienone (Me-CPD), and the fused analogue to Ph-CPD, 1,3-
diphenylcyclopenta[/]phenanthren-2-one (B-CPD). To inves-
tigate the efficiency of the initial DA reaction, each of the CPD
derivatives (1.3 equiv) were heated with Pe-NBD-OH
(1.0 equiv, 0.5 M in toluene) at 70 °C. After 21 h, 'H NMR
of the crude reaction mixtures indicated the formation of Ph-
NBD—CPD, Me-CPD—NBD, and B-CPD—NBD to be 7, 16,
and >98%, respectively. From this series, B-CPD proved to be
an excellent candidate as the DA is observed to be near-
quantitative. Presumably, the increase in aromaticity upon
formation of a phenanthrene subunit within the fused ring
system of B-CPD—NBD helped improve the efficiency of this
reaction. Furthermore, we believe that sterics might also play a
role; Me-CPD and B-CPD, both of which have reduced steric
hindrance in comparison to the Ph-CPD analogue, were
expected to undergo a more efficient cycloaddition with NBD.
Of note, Me-CPD, which exists as a dimer,> required
increased temperatures to promote the initial rDA between
monomers and could be responsible for the lower yield of this
derivative.

In an effort to improve yields of all adducts so that
comparative studies could be conducted, separate optimized
reaction conditions were identified for each CPD derivative.
Heating Pe-NBD-OH at 75 °C with Ph-CPD (2.0 equiv) in
chloroform for S days followed by removal of excess Ph-CPD
through a plug of silica followed by crystallization from hexane
afforded the product Ph-CPD—NBD in a modest 33% yield. In
an attempt to further increase conversion and reduce the
reaction time, the reaction temperature was increased to 85 °C.
Thin-layer chromatography (TLC) of this reaction, however,
indicated the formation of a nonpolar byproduct indicative of
an unwanted thermal decarbonylation and cleavage to the
substituted benzene. Similar challenges were observed for the
preparation of Me-CPD—NBD when the reaction temperature
was increased in an effort to promote the retro-DA between
Me-CPD dimers. Again, as observed with the Ph-CPD—NBD
adduct, increased reaction temperature resulted in a nonpolar
byproduct, indicating thermal decomposition of Me-CPD—
NBD. Thermal decomposition of these adducts was further
confirmed by "H NMR spectroscopy of the isolated nonpolar
byproducts, indicating the production of Ph-benzene and Me-
benzene. Despite these challenges, optimized conditions,
heating Pe-NBD-OH at 85 °C with Me-CPD (1.5 equiv) in
toluene for 24 h, improved the overall yield of Me-CPD-NBD
from 17 to 42%. Additionally, the purposeful thermal
decomposition of Ph-CPD—NBD and Me-CPD—NBD by
refluxing in toluene as described in the Supporting Information
provided an efficient route to the substituted benzenes for
subsequent UV—vis studies. Finally, it was found that the
equivalents of B-CPD and reaction time could be reduced to
1.1 and 18 h, respectively. This optimized procedure afforded
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B-CPD—NBD in an 81% yield and only required filtration of
the reaction mixture to obtain the purified material. Optimized
reaction conditions and isolated yields for the three adducts are
reported in Figure la, and full synthetic details for each
compound can be found in the Supporting Information.

2.1.2. Thermal Stability of CPD—NBD Adducts. For the
desired application of these adducts in photopatterning, the
competing thermal decarbonylation of CPD—NBD ad-
ducts*** must be avoided as it could result in nonselective,
off-target DA reactions with maleimides. Furthermore, adduct
stability would directly impact the long-term storage of these
materials before patterning or the ability to invoke additional
processing steps. Our initial investigation into the synthesis of
these three adducts indicated that for Ph-CPD—NBD and Me-
CPD—NBD, the thermal stabilities were relatively low as
byproducts were observed upon prolonged heating in solution
at 85 °C. To systematically compare the thermal stability of the
three adducts, thermogravimetric analysis (TGA) coupled with
evolved gas analysis (EGA) by mass spectrometry was used.
For Ph-CPD—NBD and Me-CPD—NBD, the adducts are
shown to undergo thermal decomposition around 170 °C
(Figure 1b); however, CO detection is observed starting at 156
and 152 °C for the two adducts, respectively (Figures S27 and
$28). Notably, B-CPD—NBD shows a significantly improved
thermal stability requiring an additional 50 °C for CO release
(Figure 1b). This is in good agreement with literary reports of
heating such fused adducts,”** although thorough thermal
analysis has not been reported.

2.1.3. Photodecarbonylation Studies. To probe the
viability of each CPD—NBD adduct as a photolabile Cp
precursor, 25 uM solutions of each adduct were prepared and
monitored by '"H NMR while irradiated in a Rayonet RPR-200
chamber (300 nm). Irradiation was performed directly in
sealed, nitrogen—sparged NMR tubes to avoid the formation of
oxidized byproducts.”>* The initial rate of Cp production was
highest for B-CPD—NBD, although a notable reduction in the
rate is observed over the course of the reaction (Figure Ic).
This was attributed to the increase in the absorbance of the
fused ring system of the liberated B-benzene byproduct leading
to product inhibition. This was confirmed by UV-—vis
spectroscopy, which revealed an increase in molar absorptivity
at 300 nm from 9100 M™' cm™' of B-CPD—NBD to
27000 M~ cm™' of B-benzene (Table 1 and Figures S40—

Table 1. Photophysical Properties of Adducts and
Substituted Benzene Byproducts

€max, 212 nm €300 nm
M em™) M em™) @ (%)

Ph-CPD—NBD 120 000 7800 2.8 +04
Me-CPD—NBD 19 000 2200 25+03
B-CPD—NBD 39000 9100 53 +08
Ph-benzene 100 000 1900
Me-benzene 20 000 180
B-benzene 59 000 27 000

S42). Additionally, irradiation of 25 yM B-CPD—NBD
solutions doped with either 0.2 or 0.5 equiv of B-benzene
slowed the rate of photodecarbonylation (Figure S33), further
corroborating our assumption. It is possible that shorter
wavelengths might offer a solution to the observed product
inhibition, but the increased likelihood of degradation and the

desire to present a mild patterning platform motivated us to
move forward with long-wave UV irradiation.

To quantify the efficiency of the photoinduced production
of cyclopentadiene from the three CPD—NBD adducts,
quantum yields were determined at low conversions (<15%).
In agreement with the initial monitoring study, the quantum
yield of B-CPD-NBD was twice that of the two nonfused
derivatives (Table 1, entry 3). In spite of the minor product
inhibition observed at 300 nm for B-CPD—NBD, we were
pleased to see significant liberation of Cp upon irradiation and
encouraged by its facile synthesis and superior thermal
stability. This adduct was taken forward in two polymer
networks to demonstrate its potential as a photopatterning
platform via spatially controlled diene liberation and
subsequent DA reactions.

2.2. Preparation and Patterning of Polymer Net-
works. 2.2.1. Preparation of Polyacrylate Networks. To
highlight the potential of this photoinduced cleavage as a
patterning platform, we first sought to incorporate the adduct
using a traditional acrylate free-radical polymerization. An
acrylate monomer was prepared from B-CPD—NBD in one
step (Figure 2a). Drawing from photopolymerization methods
used to construct thin networks, glass cells were prepared of
50 pm thickness and infiltrated with a neat monomer mixture
of B-CPD—NBD acrylate, butyl acrylate, and 1,4-butanediol
diacrylate. The visible light photoinitiator, phenylbis(2,4,6-
trimethylbenzoyl)phosphine oxide (BAPO), was employed to
allow for photopolymerization at 405 nm and avoid unwanted
decarbonylation of the incorporated CPD—NBD adducts
during network formation. After photopolymerization, the
poly(butyl acrylate) (PBA) films were removed from the glass
cells and taken forward in patterning studies. The second type
of PBA network was also prepared using Diels—Alder
chemistry to cross-link tetra-PBA polymers, which also
exhibited successful patterning (Figure S49).

2.2.2. Decarbonylation within Polymer Networks. We
reasoned that the detection of carbon monoxide during
irradiation of polymer thin films would offer a facile
approximation of conversion. Numerous methods exist for
the efficient detection of CO, particularly from the field of
therapeutic CO-releasing systems.”>*>~% Inspired by the use
of commercially available CO detectors by several groups,M’65
a small closed system equipped with a CO sensor purchased
from SPEC sensors was prepared (Product No. 110-102;
Figure SS0). This simple CO detector allowed for the
monitoring of CO production in neat samples of B-CPD—
NBD (Figure SS1) or within polymer networks (Figure 2b).
Similar to the '"H NMR study demonstrated in Figure lc, the
initial rate slows due to product inhibition by B-benzene, and
after 240 min of irradiation, the concentration of CO remains
constant. With this in mind, subsequent patterning studies
were irradiated between 30 and 240 min before treatment with
the desired maleimide and assumed to result in a 50—70%
conversion followed by near-quantitative clicking to the
maleimide of choice. These irradiation times are comparable
to the 3 h irradiation reported for the photodecarbonylation of
CPD-maleimide adducts®” and presumably could be
shortened to cytocompatible light doses (<10 min)® if
complete photodeprotection is not necessary.

2.2.3. Poly(butyl acrylate) Network Patterning with Dyes.
Selective photoinduced liberation of Cp was visually confirmed
by irradiating the networks with a collimated LED (Thorlabs,
365 nm, 6.1 mW/cm?) through a simple quartz photomask
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Figure 2. (a) (i) Acryloyl chloride (1.5 equiv), Et;N (1.5 equiv), DCM, 0 °C, 4 h, 80%. (ii) Butyl acrylate (74 mol %), 1,4-butanediol diacrylate
(20 mol %), B-CPD—NBD acrylate (5 mol %), BAPO (1 mol %), 405 nm, 30 min, rt. (b) Monitoring by CO sensor upon irradiation with 365 nm
LED, plotted against ppm CO and calculated reaction completion. (c) Structures of maleimide-functionalized dyes. (d) Photograph of quartz
photomask used for patterning films with a nonpatterned film outlined in white. (iii) 365 nm, 6.1 mW/cm? 30 min. (iv) mal-CyS (10 mM in
DCM), 1 h. (e) Photographs of films after initial patterning. (v) 365 nm, 6.1 mW/cm? 30 min. (vi) mal-Red (10 mM in DCM), 1 h. (f)

Photographs of films after second patterning step. Scale bars = 5 mm.

(Figure 2d) and then swelling in solutions of dichloromethane
(DCM) containing maleimide dyes. Of note, efficient
patterning is observed using long-range UV light (365 nm),
and irradiation of films performed in air provided qualitatively
similar results in dye pattern compared to that in a nitrogen-
purged vessel (Figure S53). Although quantification of possible
oxidized byproducts®>* could not be performed in the thin
film, successful patterning without the exclusion of oxygen
indicated minimal interference of these byproducts and
prompted subsequent patterning studies to be performed
using 365 nm irradiation and open to air to highlight the
synthetic ease and mild nature of this patterning platform.
Additionally, due to the incorporation of a persistent diene into
the resulting polymer network, patterning did not require in
situ trapping or immediate post-treatment with a maleimide; in
fact, successful dye conjugation could be achieved by treating
the materials with maleimides several hours post irradiation.
We predict that patterning could be achieved with longer gaps
between irradiation and maleimide treatment but did not
investigate longer time scales so as to avoid the potential of
cyclopentadiene dimerization within the network.

Here, we demonstrate the ability to pattern two highly
absorbing dyes, maleimide-disperse red 1 (mal-Red) and

maleimide-cyanine S (mal-CyS) in predetermined locations
within a single polymer network. To prepare the multi-
patterned material, films were irradiated under a quartz
photomask for 30 min before swelling in a solution of either
mal-Red or mal-CyS. The material was rinsed with DCM to
remove the nonconjugated dye, affording the patterned thin
films depicted in Figure 2e. A second pattern could be
programmed into the films by irradiation with a second,
inverted quartz photomask for 30 min, followed by treatment
with a 10 mM solution of the alternative dye in DCM for 2 h.
Rinsing to remove the residual dye afforded multispecies-
patterned thin films (Figure 2f). It is worth noting that after
the second patterning step, both dyes were consistently
observed in locations of the first pattern, resulting in a green
tint. This could be due to an interaction between the two dyes
or clicking to Cp not consumed during the first dye treatment.
A control experiment was performed by treating a CyS-
patterned film with commercially available disperse red 1,
which did not contain the maleimide click functional group.
Again, the staining was observed (Figure $54), indicating that
the cause of this is most likely an interaction of the two dyes
rather than incomplete conversion of the initially exposed Cp
units. That being said, we were quite pleased with the
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(a) Synthesis of Network Building Blocks

HO CsHayq

B-CPD-NBD B-CPD-NBD-diol

frotaa,

QLIS ]|

(b) Photopatterned Ligation of Streptavidin

N e e m o~ . N ___ _!streptavidin® N
(€) jmmmm oo N (d)
! o \
! KD mal-biotin )LNH :
! o N ;
: ¢ \/\/\i N ;
| N u‘N S |
1
: ° ° 1 mask
\ /

hydrogel

PBS

Figure 3. (a) (i) Succinic anhydride (1.3 equiv), triethylamine (1.0 equiv), 4-dimethylaminopyridine (DMAP, 0.1 equiv), dichloromethane
(DCM), 1 h, 81%; (ii) trimethylolethane (4.0 equiv), N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC, 1.5 equiv), DMAP
(0.1 equiv), N,N-dimethylformamide, rt, 3 h, 58%; (iii) spiro[2.4]hepta-4,6-diene-COOH (3.0 equiv), EDC (3.0 equiv), DMAP (0.2 equiv), DCM,
rt, 1.5 h, 92%; (iv) 3-maleimidopropanoic acid (10.0 equiv), N,N’-dicyclohexylcarbodiimide (11.0 equiv), DMAP (0.1 equiv), DCM, rt, 24 h. (b)
Schematic representation of the maleimide—biotin photoclick, followed by streptavidin ligation. (i) 365 nm, PBS, 6.1 mW/cm?, 30 min; (ii) mal—
biotin (1 mg/mL in 9:1 PBS, DMSO), 2 h; (iii) streptavidin—Alexa Fluor 514 conjugate (100 yL of 0.5 mg/mL in PBS dropped onto hydrogel),
dark, 1 h. (c) Structure of maleimide-functionalized biotin. (d) Schematic representation of the hydrogel photopatterning setup. (e) Fluorescence
image of the resulting hydrogel with the patterned ligation of the streptavidin—Alexa Fluor 514 conjugate. Multiple images were stitched due to the

limited field of view. Scale bar = 1.5 mm.

resolution achieved and simplicity of the patterning and believe
that this procedure will be compatible with a variety of diene-
functionalized species.

2.2.4. Hydrogel Patterning with Biotin and Streptavidin.
To test the versatility of this platform, we next sought to apply
the patterning technique to achieve preprogrammed protein
immobilization in biocompatible PEG hydrogels. A functional
linker was designed to incorporate B-CPD—NBD units into
tetra-PEG-based hydrogels, and as an additional testament to
the utility of DA click chemistry, we chose to prepare the
hydrogels themselves via DA cycloadditions. Commercially
available tetra-PEG (M, = 20000 g/mol) was functionalized
with maleimide by modifying a reported carbodiimide
coupling48 (PEG-maly, M,unmr) = 21700 g/mol; Figures
3a, S21, and S22). Spiro[2.4|hepta-4,6-diene was chosen as the
diene partner for the initial network formation due to its
efficient DA reactivity,” while the inhibition of the
dimerization leads to improved monomer stability.”” A
diene-functionalized linker (B-CPD—NBD linker) was pre-
pared in three steps from B-CPD—NBD (Figure 3a). Due to
the insolubility of the B-CPD—NBD linker in water, the
polymer network was prepared by combining PEG-mal, and B-
CPD-NBD linker in dimethyl sulfoxide (DMSO) (10 wt %

35427

polymer) and then drop-casting 100 xL into a glass dish with a
10 mm diameter well (1 mm depth). Upon network formation,
the network was washed and incubated in phosphate-buffered
saline (PBS) before irradiation and patterning,

The well-containing glass dish allowed for bottom-up
irradiation of the hydrogel while swollen in PBS (Figure 3d).
After irradiation, the hydrogel was incubated in a PBS/DMSO
solution containing mal—biotin. The resulting functionalized
hydrogel was then rinsed with methanol and PBS to remove
the nonconjugated mal—biotin. To offer a visual demonstra-
tion, the spatially biotinylated hydrogel was incubated with a
solution containing streptavidin—Alexa Fluor 514 conjugate for
1 h in the dark (Figure 3b). The hydrogel was rinsed
thoroughly with PBS to remove the nonligated protein before
examination by fluorescence microscopy. Detection of Alexa
Fluor 514 revealed selective protein immobilization onto the
hydrogel corresponding to the predetermined photopattern
(Figures 3c and S56). Furthermore, Z-stacks through the
thickness of the sample reveal a strong Alexa Fluor 514
fluorescence signal throughout the sample thickness (Figures
SSS and SS57), highlighting effective penetration and high
efficiency of this hydrogel functionalization strategy.
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3. CONCLUSIONS

A new Diels—Alder photoclick platform has been developed
utilizing spatially controlled, on-demand unveiling of Cp in
preformed polymer networks. Notably, due to the formation of
a stable diene that does not require in situ trapping,
maleimides can be clicked post irradiation. This allows access
to functionalization with the cyanine dye utilized here, which is
highly susceptible to bleaching by photo-oxidation.”**” We
envision that this patterning procedure could be used directly
for the multispecies patterning of a multitude of materials and
is particularly useful in patterning photothermal and photo-
responsive units, which are incompatible with the traditional in
situ photoclicking reactions currently available. Furthermore,
the ability to conjugate multiple absorbing species, as we have
demonstrated with cyanine S and disperse red 1, offers exciting
potential in sequential, wavelength-controlled responses in
smart materials. Mild, efficient, bio-orthogonal chemistry also
provides promise for use in biomaterials. The simple biotin—
streptavidin protein ligation presented serves as a proof-of-
concept, but the success of this platform within a
biocompatible system and the use of a cytocompatible light
source® validates the promise of this system within biological
systems. Specifically, the spatially controlled functionalization
of synthetic and naturally derived hydrogels could offer a
means of studying the effect of heterogeneous physical or
biochemical cues on cell behavior. Given the success of the two
patterning applications debuted here and the promise within a
range of next-generation materials including sequentially
stimuli-responsive polymers and spatially controlled cellular
microenvironments, we believe that this platform will offer a
convenient and ubiquitous patterning method with numerous
advantages over current systems.

4. EXPERIMENTAL SECTION

4.1. Synthetic Methods. All chemicals were obtained from
Sigma-Aldrich, TCI Europe, or Fisher Scientific. Reagent-grade
solvents were stored over 3 A molecular sieves prior to use, and
unless otherwise noted, all reagents were used as received without
further purification. Thin-layer chromatography (TLC) was con-
ducted with E. Merck silica gel 60 F254 precoated plates (0.25 mm)
and visualized by exposure to UV light (254 nm) or stained with p-
anisaldehyde. Flash column chromatography was performed using
normal phase silica gel (60 A, 0.040—0.063 mm, Geduran) with
hexanes, ethyl acetate, dichloromethane, and/or methanol as eluents.
Full synthetic detail and characterization of CPD—NBD adducts and
network building blocks can be found in the Supporting Information.

4.2. Analysis of CPD—NBD Adducts. Thermogravimetric
analysis (TGA) and mass spectra were collected on a TA Instruments
Discovery Thermo-Gravimetric Analyzer with mass spectrometer
assembly. The measurements were performed under a nitrogen
environment from room temperature ramping up to 300 °C at 20 °C/
min, and the evolved gas was analyzed for 28 amu corresponding to
the decarbonylation event for each adduct (Figures $27—S29).
Photodecarbonylation studies to confirm the production of cyclo-
pentadiene and determine quantum yields were performed using a
Rayonet RPR-200 chamber (300 nm), and '"H NMR spectra were
recorded on a Varian spectrometer (600 MHz). For determination of
quantum yields, potassium ferrioxalate was used as the actinometer
(Figures S45—S48).70 Quantitative '"H NMR spectra were recorded
with a relaxation delay of 20 s and a pulse width of 90°, and reaction
conversion was calculated from the ratio of integrals from the product
proton signals against ethylene carbonate internal standard. UV—vis
absorption spectra were recorded on an Agilent 8453 UV—vis
spectrometer from 190 to 1100 nm.

4.3. Fluorescence Microscopy. Patterned streptavidin immobi-
lization was visualized with a spinning disc super-resolution confocal

microscope (Nikon) with a 4X lens. Images were captured with a
100 ms exposure of a 488 nm laser (75%). Z-stacks, to measure
pattern penetration, were taken every 12.5 ym for 1.6 mm with the
same imaging settings and quantified with the Plot Z axis Profile
function in FIJIL.
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Bl ABBREVIATIONS

DA, Diels—Alder

IEDDA, inverse electron demand DA

rDA, retro DA

Cp, cyclopentadiene

mal, maleimide

CPD—NBD, cyclopentadienone—norbornadiene
PEG, poly(ethylene glycol)

PBS, phosphate-buffered saline
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