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1. Introduction

The use of light as a trigger for
chemical reactions has fascinated
scientists for decades. Through evo-
lution, nature—a master of photo-
chemistry—has optimized complex
photochemical processes that con-
tain valuable lessons for todayÏs
chemists. A possible definition of
the key criteria an ideal photoin-
duced reaction should fulfill
includes low-energy activation (visi-
ble light), high quantum yields, no
catalyst, quantitative conversion
under equimolar reaction conditions, facile synthesis, and
(bio)orthogonality. Clearly, these are demanding require-
ments and not many reactions fulfill all the criteria.

Although several reviews on photochemistry in the
context of material science exist,[1] we present here the
photochemical strategies explored in our laboratory as well as
selected related examples from others. We have concentrated
our efforts on the surface modification of inorganic substrates
as well as biopolymers. In several cases, especially for
inorganic substrates, a premodification step—either silaniza-
tion or dopamine-based coating—was carried out. In the last
five years, we have especially focused on methods that can be
sorted into two categories: 1) efficient coupling after photo-
deprotection of one of the reaction partners and 2) photo-
triggered generation of highly reactive species which cannot
be isolated under conventional conditions but can be trapped
in situ (Scheme 1). Besides these methods, one should men-
tion the revival of methods based on catalyst photoactivation
(e.g. photoacids and photobases),[2] for example, the photo-
induced copper-catalyzed azide-alkyne cycloaddition.[3] How-
ever, for the sake of brevity, we have structured the present
Review in agreement with the two aforementioned catego-
ries. It is important to note that all the photochemical steps
described below proceed at ambient temperature and that,
unless otherwise stated, the photoactive moieties are bound

to the surface to be patterned. This last aspect ensures
a maximal lateral resolution by preventing diffusion of
reactive species out of the irradiated areas.

For each strategy, we aim to provide insights with respect
to the criteria characterizing an ideal photochemical reaction.

Materials interfaces—with a gas, a liquid, or another solid—are
highly important for advanced applications. Besides their topological
design, controlling interactions at these interfaces is typically realized
by tuning the chemical composition of the materials surface. In areas
such as nanoscience or biology, it is, however, highly desirable to
impart heterogeneously distributed properties. Photopatterning, more
than micro- and nanoprinting methods, is often the method of choice
for precise functionalization, especially in terms of versatility.
Recently, a range of new or rediscovered photochemistry approaches
have been applied to precision surface functionalization, with the
common aim of increasing efficiency and resolution while concom-
itantly lowering the amount of required energy. A survey of such
methods is presented in this Review, with a focus on those we have
explored.
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Scheme 1. Graphical representation of the two overarching categories of photochemical patterning
methods described in this Review.
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2. Photodeprotection of Caged Reactive Moieties for
Highly Efficiently Coupling

Group protection is typically employed to protect part of
a molecule which is sensitive to the conditions of a reaction
that is carried out at a different site.[4] Although most
protecting groups and their methods of cleavage rely on
chemical activation, there is growing interest in photocaging,
that is, protecting chemical functions with a moiety which can
be removed by photoirradiation.[5] This method was pio-
neered in the area of surface patterning by Fodor et al. in the
1990s[6] and has also proved valuable in biological contexts.[7]

Various photoremovable groups have been designed and it is
now possible to remove two photocaging groups independ-
ently from the same molecule by employing distinct wave-
lengths.[8] In Section 2 we give an overview of patterning
methods which make use of such protecting groups. An
example where a photodecarbonylation/dehydrogenation is
involved—but not precisely based on a protecting group—is
also presented in Section 2.3.

2.1. o-Nitrobenzyl-Photoactivated Carbonyl-Nucleophile
Additions

o-Nitrobenzyl—along with o-nitroveratryl, a derivative
for longer wavelengths—is arguably the most popular photo-
caging moiety. Alcohols,[9] amines,[10] thiols,[11] and carboxylic
acids[12] can be generated upon photocleavage of their

corresponding o-nitrobenzyl ethers, carbamates, thioethers,
and esters. However, these common moieties are not very
reactive and need an additional catalyst to act in fast and
efficient reactions. In 2008, Park and Yousaf reported photo-
active self-assembled monolayers (SAMs) in which photo-
caged aminooxy groups were involved.[13] Aminooxy com-
pounds typically react with carbonyl moieties in an oxime
ligation,[14] a versatile method in bioconjugation and materials
science. Thus, a disulfide compound bearing an aminooxy
terminal group was capped with 4,5-dimethoxy-2-nitrobenzyl
chloroformate to yield the photoreleasable nucleophile group
(6 steps, 28 % yield). Spatially resolved deprotection using
masked irradiation at l = 365 nm for 60 min was carried out in
a saturated solution of semicarbazide. This additive is
required to trap the nitrosobenzaldehyde by-product, which
is formed during photocleavage and could react directly with
the unveiled aminooxy groups. Sequential patterned depro-
tection and incubation steps with various keto-fluorophores
enabled the generation of multicolor patterns. Gradient-like
deprotection and subsequent oxime-based immobilization
were achieved by using a lithographic mask. Eventually, keto-
modified cell-adhesive peptides were patterned on a mixed
SAM containing the photocaged aminooxy alkanethiol and
tetraethylene glycol alkanethiol, which provided a globally
cell-repellent background. Unfortunately, no experimental
details were given with regard to the duration of the oxime
ligation after deprotection. Shortly after, Maynard and co-
workers reported a similar approach, which did not require
any additive during the photoactivation step.[15] Indeed, they
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synthesized in seven steps (yield of 17 %) an alkanethiol in
which the aminooxy fragment was linked to the o-nitrobenzyl
group at the b-position.[5a] As a result, no aldehyde is formed.
Instead, an o-nitro-a-methylstyrene derivative is released,
which may have some implications in other setups.

For this reason, we took a reverse approach compared to
traditional photo-uncaging. Indeed, instead of considering the
nitrosobenzaldehyde formed during photocleavage as a by-
product, we employed it as the coupling moiety of interest.[16]

As an additional benefit, aldehydes can also be involved in
another efficient and highly regarded ligation, namely
hydrazone formation.[17] We thus investigated the possibility
of attaching an o-nitroveratryl derivative to surfaces through
its aromatic fragment to yield aldehyde patterns for subse-
quent oxime ligation. For this purpose, we designed a highly
labile o-nitroveratryl ether derivative in which one of the
methoxy substituents attached to the phenyl ring was
replaced to incorporate a carboxylic acid anchoring group
(5 steps, 15 % overall yield, Figure 1a). The carboxylic acid
group was exploited for linking the new photoreactive group
to a polymer strand to investigate the kinetics and product
structure in solution as well as for anchoring it onto silicon
wafers through silanization. Complete cleavage of the ether
was realized in 3 min under very mild conditions (370 nm,

18 W, ambient temperature), as proven by electrospray
ionization mass spectrometry (ESI-MS). Along with the
expected main product, we also identified a few species
arising from nitroso-based side reactions. Although this
method does not seem to be sufficiently clean for solution-
based coupling, it is perfectly suitable for attachment to
surfaces, as all the products possess the necessary aldehyde
group. Simply shaking the deprotection products in the
presence of hydroxylamine hydrochloride overnight at ambi-
ent temperature resulted in quantitative formation of the
oxime. As expected, the surface reaction performed at least as
well as the liquid-phase experiments. After coating the silicon
wafers with the o-nitrobenzylethersilane, they were irradiated
through a metallic mask (Figure 1b). After 3 min of irradi-
ation, X-ray photoelectron spectroscopy (XPS) revealed
complete disappearance of the nitro group in the irradiated
zone. The NO2

¢ ion map obtained by time-of-flight secondary
ion mass spectrometry (ToF-SIMS) reproduced the mask
structure with high fidelity (Figure 1c,d). Reaction of the
partially deprotected wafers with O-((perfluorophenyl)me-
thyl)hydroxylamine hydrochloride (PFPMHA)—a model
compound highly suitable for ToF-SIMS imaging thanks to
its halogen atoms—as well as with a Gly-Arg-Gly-Ser-Gly-
Arg peptide (GRGSGR) bearing an aminooxy group at its N-

terminus was then carried out. XPS
showed the unambiguous increase in
fluorine content on the wafer surface
after the reaction with PFPMHA. ToF-
SIMS showed the presence of fluorine
atoms only in the previously irradiated
areas in the case of the PFPMHA
reaction (Figure 1c) as well as for pep-
tide fragments in the case of GRGSGR
(Figure 1d).

Overall, the oxime-based strategy—
although it may suffer from the multistep
synthesis of the photoactive species and
a few side products—proved highly inter-
esting as the energy input is rather low
and the photoreaction is decoupled from
the coupling step, which may be an
advantage when highly sensitive com-
pounds are involved.

A variant of this method was recently
reported by Cha and co-workers in the
frame of hydrazone chemistry.[18] Instead
of an aldehyde, a ketone was produced
upon irradiation of an o-nitrobenzyl
ether molecule that was bound at its
aromatic site to silicon micropillars. The
ketone groups were then treated with
hydrazide-functionalized DNA and a hy-
drazine-labeled antibody. In contrast to
the oxime formation, which does not
require a catalyst, it was necessary to
employ an aromatic amine (m-phenyl-
enediamine) to ensure efficient coupling.
The formed hydrazone bond is sensitive
to acidic conditions and requires an

Figure 1. a) Synthetic route to phototriggered oxime ligation. b) Schematic representation of
the oxime ligation-based photopatterning technique. c),d) Ion maps obtained by ToF-SIMS
after patterning of PFPMHA and aminooxy-GRGSGR, respectively. Adapted from Ref. [16].
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additional reducing treatment to become entirely stable.
Nevertheless, the reversibility of this linkage could be
considered as an advantage in some applications.

2.2. 1,3-Dipolar Azide-Cycloalkyne Cycloaddition Mediated by
Cyclopropenyl Photodecarbonylation

One of the most popular coupling techniques in contem-
porary materials chemistry is the 1,3-dipolar azide-alkyne
cycloaddition (AAC).[19] The copper-catalyzed version has
been widely used to generate a broad range of polymeric
materials.[20] For this variant, a method in which the active CuI

species is generated through UV irradiation has been
reported.[3] However, as previously mentioned, it may ulti-
mately suffer from diffusion effects that would affect the
resolution. Nevertheless, AAC can be performed without the
need for a catalyst if strained[21] or electron-deficient[22]

alkynes are used. A method based on the photogeneration
of these types of alkynes or azides would thus be desirable.
Unfortunately, azides are usually not photostable.[23] How-
ever, Poloukhtine and Popik showed that alkynes could be
formed by photolysis of cyclopropenones.[24] In addition,
Garcia-Garibay and co-workers reported quantum yields for
the photodecarbonylation of diarylcyclooctynes which could
reach unity in solution and even larger than three in the
crystalline state thanks to a chemical amplification phenom-
enon.[25] Interestingly, the most widely employed strained
cyclooctyne motif—although it has now been surpassed in
terms of reactivity[26] and ease of synthesis[27]—is dibenzocy-
clooctyne (DBCO), a diarylcyclooctyne.[28] Locklin, Popik,
and co-workers thus developed a patterning method based on
the photogeneration of a DBCO derivative for subsequent
strain-promoted azide-alkyne cycloaddition (SPAAC; Fig-
ure 2a).[29] Here, polymer brushes were grown from silicon
wafers by copper-catalyzed reversible-deactivation radical
polymerization (CuRDRP)[30] and subsequently modified to
incorporate a diarylcyclopropenone derivative. The kinetics
of deprotection of the DBCO group in the polymer brushes
were monitored by UV/Vis spectroscopy, and it was found

that full conversion was achieved in no more than 150 s (l =

350 nm, 3.5 mWcm¢2), with 95 % of the cyclopropenone
deprotected after 90 s. Finally, a binary pattern of fluoro-
phores could be obtained by two consecutive irradiation/
AAC sequences, with each cycloaddition step requiring an
hour of immersion in the corresponding azido dye (Fig-
ure 2b–d). All in all, the phototriggered strain-promoted
azide-alkyne cycloaddition seems robust and highly efficient.
It does, however, suffer from a tedious synthetic route for the
preparation of the cyclopropene-protected DBCO compo-
nent. SPAAC is sometimes described as a slow reaction.
Although it was never explored in the context of surface
chemistry, cycloadditions of nitrones[28] and electron-deficient
aryl azides[31] onto strained alkynes were found to be
significantly faster than those of aliphatic azides classically
employed in SPAAC.

2.3. Nucleophilic Amine-Phthalimide Addition Mediated by
Photodecarbonylation/Dehydrogenation of Maleimide-
Phencyclone Diels–Alder Adducts

While the approaches reported above rely on moieties
which are not present in naturally occurring biomolecules and
can, therefore, be recognized as biorthogonal to some extent,
this is not the case for oxime ligation involving carbohydrates.
In some cases, the carbohydrates may not be suitable as
reactive counterparts and need to be specifically designed and
synthesized. Thus, it may be desirable to develop a method to
pattern peptides purely consisting of canonical amino acids.
We employed a route based on the photo-decarbonylation/
dehydrogenation of a phencyclone-maleimide Diels–Alder
cycloadduct (Figure 3a).[32] This simple strategy implies that
any type of substrate possessing a maleimide handle can be
rendered photoreactive towards amino compounds by simply
treating the former with a slight excess of a phencyclone
derivative. Through a short screening of phencyclone struc-
tures, we found that 1,3-bis(4-methoxyphenyl)-2H-cyclo-
penta-[l]phenanthren-2-one (MCPO) performed the best.
This method was first evaluated in solution, with a male-

imido-peptide (Mal-Pep) that
was treated with MCPO. The
cycloadduct was quantitatively
formed from a nearly stoichio-
metric mixture (1:1.05 mol/
mol). This step can be readily
monitored by UV/Vis spectros-
copy and even visually, as
MCPO is strongly absorbing at
l = 644 nm and forms a dark
green solution. After 40 h of
incubation at ambient temper-
ature with Mal-Pep, no residual
absorbance can be measured at
l = 644 nm and the solution
becomes colorless. The subse-
quent photoinduced decompo-
sition of the MCPO-Mal-Pep
cycloadduct is carried out at

Figure 2. a) Synthetic route to phototriggered SPAAC. Fluorescence microscopy images of glass slides
patterned by SPAAC with an azido-Lissamine rhodamine B conjugate and azidofluorescein: lex = 550 nm
(b), 447 nm (c), and 350 nm (d). Adapted from Ref. [29] with permission from the American Chemical
Society.
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l = 320 nm (36 W) and is complete within 2 h. After this
period of time, elimination of carbon monoxide and hydrogen
yields a rearomatized phthalimide-like compound (tripheny-
lene imide) which is susceptible to nucleophilic attack with
amines. For complete dehydrogenation, it is necessary to
employ an excess of 1,4-benzoquinone. A clear disadvantage
of this strategy is that a very large excess of amines (typically
x00-fold) is required for complete consumption of the

triphenylene imide. Although this is a problematic feature
for solution-based applications, it does not constitute a major
hurdle for surface patterning, especially as non-irradiated
phencyclone-maleimide adducts are stable in the presence of
a vast excess of amines. Thus, a photoactive silane was readily
synthesized from a maleimide-silane and MCPO and coated
onto silicon wafers, thereby allowing patterning of 2-(4-
fluorophenyl)ethanamine, which is easily detected by ToF-

Figure 3. a) Synthesis of a maleimide-phencyclone cycloadduct, photoactivaton, and subsequent amine grafting. b) Corresponding patterning
strategy. c) Ion maps obtained by ToF-SIMS showing the photodecarbonylation/dehydrogenation step as well as amine grafting. Adapted from
Ref. [32].
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SIMS (Figure 3b). The photoactivation step was character-
ized individually, as it was possible to distinguish secondary
ions arising from the cycloadduct and its decarbonylated/
dehydrogenated counterpart, respectively (Figure 3c). We
then showed that a cell-adhesive cyclic peptide possessing
a pendent lysine group (c(RGDfK)), as well as a highly
charged statherin peptide sequence, could be patterned. A
control reaction with a thiol compound not bearing any amine
moiety was negative, thus showing an interesting selectivity
with regard to the cysteine motif.

3. Phototriggered Generation of Unstable Species
and their In Situ Trapping

There is a fine, yet clear, line between the photo-
deprotection methods reported in Section 2 and the photo-
activation techniques detailed below. Indeed, the photo-
induced event at the molecular level is still generally
a cleavage (except in Section 3.4). However, the following
methods are distinguished by the intrinsic instability of the
released moieties.

3.1. Addition and Trapping Reactions of Photogenerated Radicals

Carbon radicals are reactive species and are usually
associated with high reaction rates. However, radical reac-
tions rarely rely on equimolar ratios. Nevertheless, these
methods are popular, as the starting materials are readily
accessible. Typically, radicals can be generated from the
photolysis of photoinitiators.[33] The use of photoinitiators
provides a key advantage, as tuning the wavelength can be
carried out by selecting the appropriate photoinitiator.
Photoredox catalysts have also been employed to generate
carbon radicals.[34]

Important examples of phototriggered radical coupling
reactions, including for surface functionalization, are thiol-
ene and thiol-yne radical additions.[35] Both rely on the same
mechanism: A carbon radical is created from an initiator
(typically in catalytic amounts); this radical abstracts a hydro-
gen atom from a thiol, thereby creating a thiyl radical that is
capable of adding onto an alkene. The addition yields another
radical that is able to abstract a thiol proton and restart the
cycle.[36] Depending on the olefin, side reactions such as
polymerization can compete. An interesting variant of this
approach for hydrogel patterning was recently reported in
which allyl sulfides replaced simple alkenes, thereby allowing
reversible patterning by an addition-fragmentation-transfer
mechanism.[37] The reaction with alkynes proceeds identically
to that with alkenes, except that a double addition is possible,
which consequently leads to attachment of two thiols onto
one alkynylated scaffold. Since the radical of interest (thiyl) is
produced by a bimolecular process, these methods can suffer
from a lack of spatial resolution, as radicals can migrate out of
the irradiation zone. Depending on the desired feature size of
the pattern, this may however not be an issue, especially if one
exploits oxygen inhibition.[38]

To circumvent this potential complication, we worked
with a system that relies on the direct coupling of the primary
carbon radicals arising from the photoinitiator. Indeed, when
the radical-producing molecule is bound to a surface, the
coupling can only occur at the site of irradiation and maximal
lateral resolution can be achieved. As a radical source, we
employed a simple photoinitiator, Irgacure 2959, which was
anchored to diverse substrates.[39] To efficiently functionalize
these substrates, we made use of radical spin traps based on
2,2,6,6-tetramethyl-piperidin-1-yl)oxyl (TEMPO). We inves-
tigated the kinetics of the reaction in solution through
polymer–polymer coupling and found it proceeded to near
quantitative conversion within 30 min at ambient temper-
ature (lmax = 311 nm, 36 W). This nitroxide spin trapping
method was then transferred to cellulosic filter paper, the
primary alcohols of which were esterified with a carboxylated
Irgacure 2959 derivative. We were then able to graft TEMPO-
end-functionalized polystyrene (PS) onto the cellulose sub-
strate and increase its contact angle to 8688 within 20 min of
irradiation (10 min on each side). XPS clearly showed the
presence of polystyrene at the surface (Figure 4).

Studer and co-workers adapted this strategy to the
functionalization of polymer brushes obtained by surface-
initiated nitroxide-mediated polymerization[40] of 2-hydroxy-
2-methyl-1-(4-vinylphenyl)propan-1-one, a styrene derivative
able to play the dual role of monomer and photoinitiator.[41]

Irradiation (LED, l = 365 nm) was performed over 4–5 h in
the presence of biotinylated, perfluorinated, or triethylene
glycol bearing TEMPO derivatives to yield the modified
brushes, as evident by water contact angle measurements,
XPS, and a streptavidin assay. A similar strategy was applied
to the functionalization of zeolites.[42]

Owing to the large range of commercially available or
reported TEMPO derivatives, as well as the tolerance of
many reactive groups towards radicals, the photoinduced
radical-trapping method is extremely versatile with regard to
patterned molecules. For example, proteins are routinely
labeled with TEMPO.[43] In addition, the grafting is poten-
tially reversible, as the formed alkoxyamine C¢ON bond is
thermally labile. Nevertheless, the small range of functional
photoinitiators may limit applications, depending on the
required irradiation wavelength. Another disadvantage is the
sensitivity of the system towards oxygen species.

3.2. Cycloadditions and Nucleophilic Additions with
Thioaldehydes Arising from the Photolysis of Phenacyl
Sulfides

Thioaldehydes are highly reactive species, which in most
cases are unstable and cannot be isolated.[44] These inter-
mediates have been extensively studied and reviewed.[45]

Their existence is classically evidenced through the formation
of Diels–Alder adducts by in situ trapping with dienes
(Figure 5a).[46] One way of producing thioaldehydes is by
photolysis of phenacylsulfide (PhS) derivatives. Vedejs et al.
were the first to thoroughly report the formation of thioalde-
hyde Diels–Alder adducts following the photolysis of phen-
acylsulfides.[47] A few years ago, we investigated the possibility
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of functionalizing surfaces by using this method. An ESI-MS
study in solution with a phenacylsulfide-capped poly(ethylene
glycol) (PEG-PhS) model first showed that the reaction
proceeded to completion in 20–30 min when using a 36 W
compact low-pressure fluorescent lamp (lmax = 355 nm) and
an open-chain diene with an electron-withdrawing group
(trans,trans-2,4-hexadienoic acid). This result suggests even
faster kinetics for more reactive dienes, such as cyclopenta-
dienyl derivatives.[48] A silane derivative of the phenacylsul-
fide was synthesized to equip silicon wafers with latent
thioaldehydes. XPS analysis demonstrated that irradiation of
the PhS-functionalized surfaces in the presence of cyclo-
pentadienyl-capped PEG (PEG-Cp) induced grafting of
a polymer layer. The same experiment was repeated with
a photomask and led to well-defined structured immobiliza-
tion, as proven by ToF-SIMS. We also demonstrated that this
approach was applicable to biopolymer-based materials.[49]

Cellulose was esterified with the PhS derivative employed to
prepare PEG-PhS and tandem XPS/ToF-SIMS characteriza-
tion ascertained the spatially constrained grafting of male-

imide derivatives of a cell-adhesive peptide and
of a fluorinated polymer.

Very recently, we also used our PhS photo-
platform in a 1,3-dipolar cycloaddition-based
strategy. Indeed, Vedejs, Houk, and co-workers
also reported that photogenerated thioaldehydes
can be trapped by nitronate esters with yields up
to 90%.[50] Analogous to nitronate esters, nitrile
oxides are rarely stable. Most of the time they
are generated in situ from oximes, as in the case
of a 1,3-dipolar cycloaddition with alkynes.[51]

However, Schaumann and Rîhter reported
a stable nitrile oxide (mesitonitrile oxide,
MNO) that was reactive towards thermally
generated thioaldehydes.[52] We thus tested
MNO, as well as a brominated counterpart, for
the trapping of the thioaldehyde photogenerated
from PEG-PhS (Figure 5a).[53] Irradiation (36 W,
lmax = 355 nm) for 30 min was sufficient for
complete conversion with a PhS/MNO ratio of
1:5. Further ESI-MS investigations revealed that
the reaction also reaches full conversion with
equimolar amounts and a longer irradiation of
120 min. Following this success, several func-
tional ether derivatives of 2-hydroxy-6-methyl-
benzonitrile oxide were synthesized as new,
stable nitrile oxides and were patterned using
a similar procedure as the aforementioned
Diels–Alder route. Functionalities included a hy-
droxy-terminated alkane, benzoic acid, a butoxy-
carbonyl (Boc) protected amine, as well as
a tertiary halogenoalkane. The last was further
employed to yield a pattern of polymer brushes
by CuRDRP. All the experiments were validated
by XPS and ToF-SIMS analyses.

A further reaction of thioaldehydes which
has been seldom reported is that with nucleo-
philes.[54] Thioaldehydes can react with amines
and thiols to form imines,[55] disulfides,[56] and

oximes (Figure 5a). It is interesting to note that an appro-
priate choice of the nucleophile would enable control over the
reversibility of the immobilization, as imines,[57] oximes,[58]

and disulfides[59] can be cleaved under specific conditions. In
solution, PEG-PhS reacted quantitatively with two molar
equivalents of a nucleophile within an hour.[60] Amines gave
rise to two products: the expected imine and a thioamide
arising from the oxidation of the imine by sulfur species.
Reactions with thiols afforded the disulfide with good yields
in an oxidizing environment after reaction in the presence of
N,N-diisopropylethylamine (DIPEA). Aminooxy compounds
gave the clearest outcome, with only one product formed in
the absence of any additive. Finally, similarly to the afore-
mentioned approaches based on thioaldehydes, photopat-
terning was demonstrated with nucleophiles such as amino-
PEG, 4-bromobenzylmercaptan, and O-(2,3,4,5,6-penta-
fluorobenzyl)hydroxylamine hydrochloride.

The nucleophilic variant of the thioaldehyde-mediated
patterning was further exploited in the area of cross-linked
nanolayers, analogues of 2D polymers.[61] Indeed, one method

Figure 4. a) Schematic depiction of the phototriggered nitroxide spin trapping method.
b) C1s XPS data showing the successful functionalization of cellulose with Irga-
cure 2959 (from top to middle) and spin trapping based polystyrene grafting (from
middle to bottom). Adapted from Ref. [39] with permission from the American
Chemical Society.
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to produce such polymers is to conduct a polymerization of
multifunctional monomers at an interface, where they are
preassembled. Thus, a trimethacrylate possessing a thiol
group (TMA-SH) was immobilized on a PhS-coated silicon
wafer. This provided a cross-linking precursor layer that was
bound to the surface through a labile disulfide bridge, which
would potentially enable release of the nanolayers at a later
stage (Figure 5b).[62] We carried out two preliminary experi-
ments: 1) one in solution through irradiation of a model PhS
derivative and TMA-SH and 2) another one consisting of an
unpatterned grafting of TMA-SH on a PhS-modified silicon
wafer. ESI-MS and XPS supported our synthetic design.
Interestingly, it was shown that DIPEA was not mandatory
for the reaction to proceed. Silicon wafers were then
decorated with TMA-SH by masked irradiation. At this
stage, two distinct routes were employed to cross-link surface-
bound TMA-SH modules: 1) direct radical polymerization of
the methacrylate units initiated by azobis(isobutyronitrile)
(AIBN) or copolymerization with 2,2,2-trifuoroethyl meth-
acrylate (TFMA); or 2) Diels–Alder cycloaddition with
a tetrafunctional linker based on photoenol precursors (see
Section 3.4). For the homo-cross-linking homopolymerization
of TMA units, ToF-SIMS revealed the presence of anions

characteristic of AIBN only in the
irradiated areas, which further cor-
roborates the efficient thioaldehyde-
based photopatterning. The fluorine-
containing ion maps also rigorously
reproduced the pattern in the case of
the cross-linking copolymerization
with TFMA. Photoenol-based cross-
linking required an additional pre-
cross-linking step: Indeed, since this
method is based on the photogenera-
tion of dienes, irradiation may also
induce cross-linking in the previously
masked areas. Therefore, irradiation
in the presence of 2,3-dimethylbuta-
diene was performed to first neutral-
ize these domains and this was fol-
lowed by cross-linking with the pho-
toenol multifunctional linker. ToF-
SIMS confirmed the disappearance
of phenacylsulfide over the entire
surface, and also showed 2-formyl-3-
methylphenoxide anions characteris-
tic of the photoenol cross-linker
exclusively in the areas where TMA-
SH was initially patterned. Together
with a conclusive S2

¢ ion map, these
results show that the disulfide bonds
generated from the thioaldehyde-
based photocycloaddition are stable
under these conditions.[62]

The strategies based on the photo-
generation of thioaldehyde present
the disadvantage of a reduced selec-
tivity, but are easy to implement as
phenacylsulfide derivatives are very

simple to produce. The side product of the photocleavage
step, acetophenone, is so far considered to be benign.

3.3. Nitrile Imine Mediated Tetrazole-Ene Cycloaddition (NITEC)

Nitrile imines are another type of highly reactive species
which, depending on their exact structure, can rarely be
isolated. Notably, Huisgen, Sustmann, and co-workers
reported as early as 1967 that 2,5-diaryltetrazoles can
thermally or photolytically generate nitrile imines together
with nitrogen (Figure 6a).[63] These species have since then
only been observed by spectroscopic methods at low temper-
atures[64] or in the solid state.[65] Nevertheless, it was found that
they can efficiently be trapped by numerous dipolarophiles to
form five-membered cycloadducts (pyrazolines). This chemis-
try has in recent years been revisited by Lin and co-workers in
the area of biochemistry and chemical biology.[66] The range of
dipolarophiles of interest extends from non-activated alkenes
and alkynes—such as allyl ethers[67] and even polybuta-
diene[68]—to strained olefins (norbornene,[69] cyclopropene[70])
and electron-deficient alkenes, such as (meth)acrylics[71] and
fumarates.[72] We were the first to assess the potential of this

Figure 5. a) Generation of a thioaldehyde by photolysis of a phenacyl sulfide derivative and
subsequent trapping reactions described in Section 3.2. b) Schematic depiction of the method
employed for the synthesis of a 2D polymer based on patterning of a thiol-containing
trimethacrylate (TMA-SH). Reproduced from Ref. [62] with permission from the American Chemical
Society.
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method in the areas of polymer chemistry and surface
modification and coined the term NITEC (nitrile imine
mediated tetrazole-ene cycloaddition) to describe it.[73] We
initially worked with the simplest type of diaryltetrazole, that
is, with no substituent on the N-phenyl ring. In this case, the
absorption maximum is located in the UVC[74] region, and
experiments were carried out using a hand-held UV lamp
irradiating at l = 254 nm. We showed in a demanding poly-
mer–polymer coupling experiment (equimolar ratios) that
nearly quantitative formation of a block copolymer could be
attained in just 20 min by using a tetrazole-functionalized
PEG (PEG-Tet) and various maleimide-capped polymers.
Upon realization that this method held great promise for the
grafting of polymers onto surfaces—an application that
requires short reaction times and high yields[75]—we studied
its applicability to inorganic and bioorganic surfaces. The
same carboxytetrazole employed to produce PEG-Tet was

used to esterify cellulose
filter paper as well as to
synthesize a silane
derivative. In the latter
case, XPS analysis vali-
dated the grafting of
maleimido-poly(methyl
methacrylate) (Mal-
PMMA). In the case of
cellulose, we varied the
nature of the grafted
polymer with features
ranging from hydropho-
bicity (PMMA) to
thermo- and pH-respon-
sivity or bactericidal
activity.

Macropatterning
experiments could easily
be visualized, as the pyr-
azoline cycloadduct
exhibits strong fluores-
cence. As a complement
to the XPS characteriza-
tion, the success of the
grafting reaction with
polymethacrylates was
evaluated by FTIR mi-
croscopy (Figure 6 b).
Indeed, it was possible
to discriminate between
control samples (incuba-
tion of the filters with
a polymer solution with-
out irradiation) and the
grafted samples, as the
latter exhibited vibra-
tions specific to both
cellulose and the esters
groups.

When we sought to
adapt NITEC for the

patterning of photoresponsive surfaces with azobenzene
units, we found that a wavelength of l = 254 nm was
inadequate, but that the tetrazole could still be activated
satisfactorily by using a low-power (9 W) lamp emitting in the
UVB region (290–315 nm).[76] Maleimide derivatives bearing
either one or two azobenzene motifs were attached and
yielded domains that could reversibly undergo a change of
wettability.

Later, NITEC was employed for the grafting of non-
fouling polymers onto paper to develop attractive materials
from sustainable resources. We used milder conditions and
utilized a tetrazole derivative with a methoxy substituent at
the para position of the N-phenyl ring.[77] This allowed us to
work in the UVA region, which is a requirement for more
sensitive biological systems, such as proteins. Again, cellulose
was directly esterified to provide a photoreactive surface
which was selectively modified with a bromoalkane able to

Figure 6. a) Mechanism of NITEC. b) FTIR microscopy data showing the patterning of diaryltetrazole-functional-
ized cellulose with various maleimide-capped polymethacrylates. Adapted from Ref. [73]. c) Patterning of non-
fouling polymers onto polydopamine by NITEC and CuRDRP with subsequent ToF-SIMS characterization and cell
culture assay. Adapted from Ref. [82].
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initiate CuRDRP. Subsequently, the surface-initiated poly-
merization of carboxybetaine acrylamide was carried out.
ToF-SIMS and FTIR microscopy confirmed the spatial fidel-
ity of the patterning step. In the same study, we also
demonstrated the successful coating of paper with malei-
mide-tagged streptavidin (SAv). Since SAv is ubiquitously
employed for the immobilization of various biomolecules, its
patterning onto paper together with antifouling polymers
paves the way for the development of microfluidic devices
that operate through capillary forces.[78]

The NITEC procedure was also applied in conjunction
with a biomimetic approach based on polydopamine (PDA),
which is regarded as a synthetic analogue of melanin[79] and is
obtained by the reaction of dopamine hydrochloride in Tris
buffer (pH 8.1).[80] Amine moieties are available at the surface
of PDA films and serve as handles for further modifica-
tions.[79, 81] In analogy to our work with cellulose, we function-
alized PDA with the methoxydiaryltetrazole compound and
patterned a CuRDRP initiator (Figure 6 c).[82] This time,
brushes of oligoethylene glycol methyl ether methacrylate
were grown. ToF-SIMS, XPS, and ellipsometry confirmed the
success of the synthetic sequence. Finally, patterned surfaces
were incubated with rat embryonic fibroblasts. Cells were
found to strictly segregate within the non-irradiated zones
and not to invade the PEGylated areas, thus demonstrating
the high efficiency of the patterning approach.

NITEC-based photopatterning is powerful as it exhibits
rather fast kinetics, but may suffer from a lack of strict
orthogonality as nitrile imines are subject to nucleophilic
attack. Nevertheless, it is highly efficient in aqueous media,
particularly in biological environments,[66, 70,83] when an ade-
quate dipolarophile is present. Tetrazole precursors are
relatively straightforward to obtain. In addition, NITEC is
a profluorescent technique, which is particularly useful for
imaging purposes.

3.4. Diels–Alder Cycloaddition of Photogenerated Transient
Dienes

Although powerful in terms of efficiency, all the strategies
described so far rely on reactive species that are formed
irreversibly. This implies that, in the absence of a trapping
partner, it can lead to an inactive moiety and, perhaps of
a higher concern, undesired side products. Thus, a photo-
activatable chemical group which can return to a dormant
state when the light source is turned off and can again be
switched on when desired is of high interest.

A few years ago, inspired by the seminal work of Meador
et al. ,[84] we introduced photogenerated o-quinodimethanes in
the context of macromolecular engineering.[85] o-Quinodi-
methanes (or o-xylylenes) are species that can be generated
under light from o-methylphenyl ketones and aldehydes, for
example. They take part in an equilibrium with these
structures and are thus considered as elusive or transient
species (Figure 7a).[86] o-Quinodimethanes of this type are
also termed photoenols—strictly speaking photodienols—and
are very reactive dienes. They take part in fast Diels–Alder
cycloadditions with molecules possessing an electron-defi-

cient triple or double bond such as acetylenedicarboxlic
esters,[84b] maleimides,[84a, 85] fumarates,[87] acrylonitrile,[87] and
acrylates,[84b, 87] or even thiocarbonylthio compounds com-
monly used as transfer agents for RDRP as well as the
polymers obtained thereby.[88] After we had envisaged apply-
ing photoenol chemistry for surface patterning, a screening of
various o-methylphenyl ketones and aldehydes led to the
identification of the 2-formyl-3-methylphenoxy (FMP) group
as a more efficient latent photoenol than our previously
reported 2-methylbenzophenone derivative.[85] Indeed, under
optimized conditions, an FMP-capped PEG (PEG-FMP)
reacted quantitatively with maleimide (10 equiv) within
15 min on irradiation at l = 320 nm (36 W).[89] The same
reaction in pure water under otherwise identical conditions
took significantly longer, which is explained by the stabiliza-
tion of the FMP-based photoenol in apolar solvents by
hydrogen bonding in a six-membered cycle with the ether
group at position 6 of the aromatic ring. An FMP silane
derivative was subsequently synthesized and employed to
coat silicon wafers. XPS revealed successful silanization and
led us to investigate the ability of surface-bound FMP
moieties to undergo Diels–Alder cycloadditions with malei-
mide derivatives. Monofunctionalization with the aforemen-
tioned CuRDRP initiator occurred within 2 h of irradiation,
as shown by XPS and ToF-SIMS. Dual patterning of this
initiator and maleimido-PEG (Mal-PEG) was also confirmed
by ToF-SIMS through high-fidelity reproduction of the
features of the metallic mask that was employed. Finally, we
showed that a model peptide could be patterned by photo-
enol-mediated cycloaddition.

Encouraged by this initial success, we sought to merge the
photoenol strategy with our interest in the modification of
natural polymers, particularly cellulose and hyaluronan
(HA).[90] The FMP moiety was covalently bound to cellulose
filters as well as to tethered films of HA. Immobilization is
a prerequisite for surface characterization of HA and to avoid
surface desorption. This was achieved by amidification of
aminated silicon wafers and confirmed by XPS as well as
surface plasmon resonance spectroscopy and atomic force
microscopy. Subsequent esterification of the primary hydroxy
groups present in the repeating units of HA as well as of
cellulose with a carboxy-FMP derivative was validated by
XPS. Finally, ToF-SIMS and XPS measurements ascertained
the local light-induced (320 nm, 36 W, 2 h) grafting of
maleimido-PTFMA (Mal-PTFMA) and an antimicrobial
peptide bearing a maleimide end group.

As noted in Section 3.3, a way of functionalizing not only
silicon wafers or biopolymers but also any other type of
surface is by coating with PDA. We thus designed a dop-
amine-like photoenol precursor, whereby a hydroxy-FMP
derivative was esterified with a 3,4-dihydroxy-l-phenylala-
nine (l-DOPA) scaffold.[91] Poly(FMP-DOPA) films were
then successfully obtained on gold, graphite, and polyethy-
lene terephthalate (PET), as confirmed by water contact
angle measurements: After coating, all the materials exhib-
ited a similar advancing water contact angle of approximately
8788. XPS was employed to confirm the successful photo-
induced global attachment of Mal-PEG and Mal-PTFMA
onto gold and of a maleimido-Gly-Arg-Gly-Asp-Ser peptide
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onto gold and PET. It seems justified to claim that FMP-
DOPA can be considered as a universal photoreactive coating
agent.

Perhaps the most impressive display of the power of
photoenol chemistry is its translation to multiphoton-based
three-dimensional (3D) patterning (Figure 7b).[92] Two-
photon pulsed laser irradiation enables the precise local-
ization of a photochemical event in a drastically reduced
volume (the focus of the laser), where the probability of
a molecule to absorb two photons simultaneously is suffi-
ciently high.[93] Consequently, a low-energy irradiation—
typically a doubled wavelength, for example, in the infra-
red—can be employed and the surroundings of the laser focus
are not affected. Nevertheless, not every photosensitive
molecule is amenable to multiphoton excitation. The FMP
moiety was, therefore, evaluated in this context using confocal
fluorescence microscopy. Glass coverslips were first treated
with the FMP-silane and were then subjected to two-photon
irradiation in the presence of a biotinylated maleimide at
various wavelengths (560–700 nm) in a custom-made direct

laser writing (DLW)
setup. A series of biotin
line patterns with vari-
ous spacings—to probe
the resolution limit of
our approach—were
written with simultane-
ous variation of the laser
power. The patterns
were stained by incubat-
ing the slides in a solu-
tion of rhodamine-la-
beled avidin. Between
the writing and staining
steps, a flood irradiation
in the presence of Mal-
PEG was carried out to
suppress unspecific pro-
tein adsorption around
the biotinylated areas.
The optimal wavelength
for two-photon-induced
Diels–Alder cycloaddi-
tion of FMP and male-
imides is between l =

620 and 660 nm, which
is about double the
wavelength required for
efficient one-photon
excitation. Fluorescence
reached a maximum for
a laser power of 5 mW.
As a consequence, we
carried on employing
this laser power at l =

640 nm. The experimen-
tal resolution lies some-
where between 1 and
2 mm. Thus, microscaf-

folds with overall sizes in the range of 10 to 20 mm and
consisting of thick pillars holding two rows (referred to as
lower and upper, respectively) of thin beams with a diameter
of 2.5 mm were fabricated by two-photon polymerization
using a commercial Nanoscribe DLW setup. The distance
between the beams (surface to surface) is 2.5 mm. These
microstructures are made of Ormocomp, an inorganic–
organic hybrid photoresist which consists of organosilanes
and silicon alkoxides. As a result, a silanization step similar to
that carried out on silicon wafers could be employed to
homogeneously coat the microstructures and make them
entirely photoreactive (Figure 7ba). The next step was to
reproduce the 2D glass-coverslip experiment in 3D. The same
synthetic sequence was repeated with a pattern designed to
show the high axial resolution. Indeed, lower and upper
beams were irradiated at distinct coordinates in the x-y plane
and axial (z) contamination was not observed (Figure 7bb).
We demonstrated the possibility of immobilizing three
distinct components on the same scaffold: 1) a biotinylated
maleimide (Mal-Bt) complexing a Cy3-labeled streptavidin

Figure 7. a) Photoenol-based Diels–Alder cycloaddition with maleimides. b) Two-photon-triggered functionalization
of FMP-coated 3D microscaffolds with fluorescent proteins: a) Overall synthetic strategy; b) scanning electron
micrograph of a 3D microstructure; g) confocal fluorescence microscopy image of a 3D microscaffold after
patterning of Mal-Bt and staining with a Cy3-labeled streptavidin; d) confocal fluorescence microscopy image of
a 3D microscaffold after patterning of Mal-Bt and Mal-BG and staining with Cy3-labeled streptavidin and SNAP-
tagged green fluorescent protein. Adapted from Ref. [92].
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(SAv-Cy3), 2) a benzylguanine-
functionalized maleimide (Mal-
BG) inducing covalent attachment
of a SNAP-tagged green fluores-
cent protein (SNAP-GFP), and
3) Mal-PEG-like species (Fig-
ure 7ba). Several well-defined
protein patterns with various con-
figurations could be obtained (Fig-
ure 7bg). This work paves the way
for highly elaborated 3D cell cul-
ture microdishes.

Although the photoreactive
moieties were not initially immo-
bilized on the surface to be pat-
terned, it is worth noting the
spatially resolved immobilization
of gold nanoparticles (AuNPs,
ca. 3 nm diameter), as it serves to
illustrate a few appealing features
of the photoenol approach.[94]

Glass slides were silanized with
a maleimide derivative while the
FMP moiety was introduced onto
the surface of AuNPs by esterifi-
cation at the hydroxy group of the
surface-bound mercaptoundeca-
nol ligand. Approximately 10
FMP moieties were present on
the surface of each AuNP. Micro-
meter-sized AuNP patterns were
obtained using the aforemen-
tioned DLW setup operating at
l = 700 nm. Importantly, the ame-
nability of photoenol chemistry for
two-photon activation is an
advantage in this context, as irra-
diation with a UVA laser may lead
to the aggregation of AuNPs.[95]

Following in-depth characteriza-
tion of the FMP-AuNPs by high-
resolution transmission electron
microscopy, dynamic light scatter-
ing, as well as FTIR and NMR
spectroscopies, a low laser power
(0.2–0.4 mW) was employed, as
aggregation was observed above
0.6 mW. This study highlights two
important features of the photo-
enol mechanism: 1) the very short
lifetime of the active species and
2) the reversible nature of the
formation of these active species.
Indeed, despite the fact that the
photoactive molecules were able
to diffuse, patterns with a resolu-
tion of approximately 1.5 mm
could be achieved. In addition,
although they were globally irra- Ta
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diated during the patterning, immobilized FMP-AuNPs
remained available for further photografting at their surface
since photoenol moieties which did not take part in the
surface attachment process simply returned to a latent state
and could be employed for a subsequent photoreaction. To
confirm this, a flood irradiation of the AuNP-grafted glass
slide with a brominated maleimide was performed. The
bromine ion map obtained by ToF-SIMS faithfully repro-
duced the gold ion map previously acquired.

This subsection would not be complete without mention-
ing a photoenol-related method developed by Popik, Locklin,
and co-workers. Although the reversible generation of a diene
resembles the photoenol strategy, this method is mechanisti-
cally different. Here, a 3-(hydroxymethyl)naphthalene-2-ol
(NQMP) scaffold is dehydrated upon irradiation to form an o-
naphthoquinonemethide (oNQM), which is a heterodiene
that is highly reactive towards nucleophiles such as azide ions,
thiols, or electron-rich dienes such as vinyl ethers and
enamines in Diels–Alder cycloadditions.[96] This latter reac-
tivity combined with the fact that any remaining oNQM
moieties can be rehydrated under specific conditions in an
aqueous medium makes it a close analogue and interesting
complement to the photoenol technique. NQMP moieties
were immobilized in a similar manner as the caged cyclo-
octynes described in Section 2.2.[97] Irradiation of these
brushes in solutions of vinyl ether fluorophores at l =

300 nm through an electron microscopy grid for 1–2 min
yielded clear fluorescent patterns. This chemistry proved
orthogonal to both azides and alkynes, as demonstrated in
a sequence including a first step of photopatterning of vinyl
ether azide or alkyne derivatives followed by AAC with
adequately functionalized fluorophores.

Although the reactive moieties NQMP and FMP are quite
demanding in terms of synthetic effort, the reversible photo-
generation of transient dienes is appealing as it is orthogonal
to other methods: fully for the photoenols, while o-naphtho-
quinonemethides can also be involved in reversible reactions
with thiols.[98] In addition, the reversible nature of the
photoactivation is an advantage, particularly regarding the
stability of the photoreactive surfaces.

4. Summary and Outlook

Today, we have at our disposal a range of powerful
photochemically driven methods for the spatially resolved
functionalization of diverse surfaces. These strategies are
divided into those that allow photopatterning through stable
yet reactive species and those which rely on intermediates
that need to be trapped immediately. The employed method
for surface functionalization must be carefully adjusted to the
application. To provide a user guide to the strategies
available, we have collated them in Table 1 according to
their distinct advantages and disadvantages.

It is evident that none of the strategies described here
offers all the features noted in the introduction. For example,
although the method involving cyclopropenone-masked
cyclooctynes is very efficient when one considers only
reaction features, it suffers from a rather tedious synthetic

route. In contrast, the phenacyl sulfide moiety is readily
accessible, but the corresponding reactions can only be
conducted under very specific conditions. In general, cyclo-
addition-based methods perform well in terms of kinetics and
product yield.

The outstanding challenges that still need to be overcome
include the efficient red-shifting of the excitation wave-
lengths. To date, very few photochemical ligation procedures
exist that can be excited in the visible light regime, although
this is highly desired in the realm of biological applications
when operating with cellular systems or with complex
biomolecules, for example. Equally important—although
the first promising steps have been made in this direc-
tion[99]—is addressing different locations within one molecule
or on one surface through photochemical reactions that
respond to two different wavelengths while adhering as
closely as possible to the criteria of an ideal photochemical
ligation. Similarly, photochemical reactions have yet to be
fully exploited for the generation of sequence-defined,
monodisperse macromolecules,[100] be they in solution or
tethered onto surfaces.
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