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Writing with Gold: A photolitophraphic approach for the spatially resolved surface encoding 

of photoreactive gold nanoparticles is shown to enable the generation of highly defined gold 

surface patterns. 
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Photoreactive gold nanoparticles (NP) can be encoded in a 

spatially resolved fashion using direct laser writing 

techniques into variable patterns. The surface of the gold 

nanoparticles is imparted with photoreactivity by tethering 

photo-caged dienes (‘photoenols’), which are able to undergo 10 

a rapid Diels-Alder cycloaddition with surface anchored enes. 

Subsequent to surface encoding, the particles feature residual 

caged dienes, which can be reactivated for secondary surface 

encoding.  

In the past decade, the modification and application of engineered 15 

nanomaterials, in particular variable types of functional metallic 

nanoparticles (NP), have attracted growing interest. Besides their 

numerous biomedical applications, i.e. for the design of 

biosensing or diagnostic/therapeutic platforms,1-3 initial 

expectations for their use for the preparation of novel plasmonic 20 

and optoelectronic devices have not yet been fulfilled. This is 

mainly due to the obstacles posed by NP assembly and 

patterning, such as the preparation of micron- and submicron 

assemblies essential for electronic, optical and sensor 

applications.4-6 Both top-down approaches such as lithography as 25 

well as bottom-up approaches based on various chemical 

strategies have been employed to prepare variable patterns of 

NPs. In recent years, a number of studies focused on the 

combination of both methodologies often using van der Waals 

and electrostatic interactions or covalent bonding jointly with 30 

lithography based techniques to fabricate functional structures in 

well-defined patterns. For instance, Rotello and co-workers 

prepared photoactivatable Au NPs containing UV cleavable 

protecting groups and fabricated patterns via photolithography 

and electrostatic assembly based on surface charging after a 35 

protecting group cleavage.7 A different approach based on 

chemical electron beam lithography was reported by Mendes et 

al. Using silica wafers with immobilized nitro groups, 

electrostatic binding of citrate-capped Au NPs was achieved after 

the reduction of nitro to amine groups and additional 40 

protonation.8 However, despite the initial success of the 

electrostatically driven assembly, the chemically directed 

assembly using covalent ligation strategies – which results in 

stronger and specific binding – is preferred for electronic 

applications involving high electric fields.9 Such a covalent 45 

approach based on Huisgen 1,3-dipolar cycloadditions and 

microcontact printing (µCP) was previously used to design 

patterns of dyes,10 and also biomolecules such as proteins11 and 

DNA.12 Recently, the strategy was expanded to immobilize azide 

functionalized Au NPs onto alkyne coated Au surfaces.13 50 

However, µCP has limitations as it is based on the use of pre-

patterned stamps and their deformation as well as the spreading 

of ink lead to blurring of the desired pattern.14 In addition, µCP is 

only applicable to flat surfaces and generally does not allow for 

temporal control. To address the general lack of covalent surface 55 

encoding strategies for NPs and the disadvantages associated with 

µCP, we herein report the rapid encoding of NPs employing a 

light-induced cycloaddition based on photo-caged dienes and 

direct laser writing (DLW) to achieve both spatial and temporal 

control over NP pattern design (Fig. 1). DLW is a powerful tool 60 

for the fabrication of complex structures and it can employ both 

continuous-wave and a pulsed laser.15 By moving the laser beam 

either through a photoresist or – alternatively – over a surface, 

multiphoton absorption can lead to a photoreaction at specific 

positions.16 This principle in combination with light induced 65 

ligation strategies has already been employed to fabricate 3D 

microstructures.17 

Recently, we have shown that the light-induced Diels-Alder 

cycloaddition of photocaged dienes (o-quinodimethanes or 

photoenols) and maleimides, which fulfill the strict requirements 70 

Fig. 1 a) Scheme of the photo-induced surface assembly of Au NPs 

employing DLW. (b) Light triggered Diels Alder reaction of the photo-
generated o-quinodimethane located on the Au NPs with surface anchored 

maleimides. 
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of click chemistry,18 can be employed for the functionalization of 

various surfaces, including silver NPs.19-21 Upon irradiation, the 

o-quinodimethane precursor molecules undergo intramolecular 

hydrogen abstraction followed by bond reorganization to form 

highly reactive dienes which allow Diels-Alder reaction with 5 

electron deficient alkenes.22 

Within the current study, we present the combination of both top-

down and bottom-up approaches, first preparing photoenol 

modified Au NPs and subsequently using DLW to afford 2D 

spatially resolved encoding of the photoactivatable Au NPs 10 

(Fig. 1), which can additionally be modified after patterning. The 

direct one-pot synthesis of photoenol functional Au NPs using an 

Au salt precursor and a variety of different reducing agents was 

not possible as the photoenol moiety is not compatible with 

reducing agents due to the reduction of aldehydes to hydroxyl 15 

functions, resulting in the loss of reactivity.21 To circumvent this 

issue, first, stable mercaptoundecanol (MUD)-capped Au NPs 

(Au-MUD) were synthesized according to a literature procedure23 

and the photoenol moiety was subsequently introduced via the 

esterification of the MUD ligands (Fig. 2a). The obtained 20 

photoenol modified Au-MUD-PE were characterized by high-

resolution transmission electron microscopy (HRTEM) (Fig. 2b), 

dynamic light scatting (DLS, Fig. 2c), FT-IR and 1H-NMR 

spectroscopy, indicating that NPs with 3.02 ± 0.74 nm (Fig. S17) 

in size were coated with –on average – 209 MUD ligands (Fig. 25 

S3). The amount of photoenol on the particle surface via 1H-

NMR was close to 5% of the total number of ligands (equivalent 

to approx. 10 photoenol groups per particle, Fig. S3). 

In order to obtain precisely encoded patterns via DLW, a covalent 

strategy compatible with both multiphoton process and Au NPs 30 

(to avoid aggregation or destruction of crystalline core) was 

employed. We first assessed the potential of the photoenol based 

Diels-Alder reaction by employing the MUD-PE linker for a test 

reaction with maleimide. A reaction mixture was irradiated in 

dimethylformamide (DMF) and subsequent analysis by ESI-MS 35 

evidenced a new peak series, which was assigned to the product 

of the light-induced Diels-Alder reaction, indicating the complete 

conversion to the photoadduct without any side-product 

formation (ESI, Fig. S7).  

After confirming that the light induced Diels-Alder cycloaddition 40 

is a fast and efficient covalent strategy for Au NP modification, 

patterns of Au NPs on glass surfaces were designed via direct 

DLW encoding. First, a glass surface was modified with 

maleimide groups in a two step approach employing (3-

aminopropyl)triethoxysilane (APTES) and 4-maleimidobutyroyl 45 

chloride as previously reported.24 Subsequently, photoenol Au 

NPs were patterned in square patterns (20 µm × 20 µm) (refer to 

Fig. 1) using DLW. 

It should be noted that UV-A light (315-400 nm) for the test 

reaction of MUD-PE linker and maleimide was used to 50 

phototrigger the reaction (λmax = 320 nm). Control studies 

indicated that Au NPs are stable under these conditions for 

several hours (no agglomeration was observed by UV-Vis 

spectroscopy, Fig. S10). Nevertheless, it has been shown that 

laser irradiation of thiol-passivated Au NPs with UV-A 55 

wavelengths may lead to agglomerated Au NPs.25 Thus, we 

employed a multiphoton process to activate the photoenol moiety 

with a 700 nm pulsed laser. To ensure that there is no undesired 

aggregation of Au NPs, which can occur due to heating effects of 

the NPs and to the radical formation leading to the removal of the 60 

monolayer on the NP surface,26, 27 DLW was carried out with a 

range of different laser powers (0.2 mW to 4 mW) and the setup 

was optimized to allow for a fast and efficient activation of the 

photoenol moieties to minimize the aggregation. The optimum 

conditions were found at low laser powers (0.2-0.4 mW) 65 

(Fig. 3a). Scanning electron microscopy (SEM) images of the 

patterns indicate that precise immobilization of NPs was achieved 

in the irradiated regions (Fig. 3a). In addition, UV-Vis spectra of 

the prepared square patterns based on different laser powers were 

recorded, indicating that Au NP aggregation increases with laser 70 

power (localized particle plasmon resonances shift from 542 nm 

to more than 600 nm, Fig. 3b). UV-Vis spectra further indicate 

that at low laser power conditions Au NPs were immobilized 

without significant aggregation. Thus, the NP properties 

Fig. 2 (a) Preparation of photoenol (PE) containing Au NPs (Au-MUD-PE) via esterification. (b) HRTEM image of Au-MUD-PE. (c) Volume average 

size distribution obtained via DLS of Au-MUD-PE. 

Fig. 3 (a) SEM image of square patterns, which were produced with 

different laser powers, from 0.2 mW to 4 mW. (b) UV-Vis spectra of the 

square patterns generated at the indicated laser powers showing 
aggregation of Au NPs at elevated laser powers (from 0.6 mW). 
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remained unaltered during this mild immobilization technique. 

To evidence that the assembly of Au NPs is driven by covalent 

Diels-Alder binding, control experiments were performed 

utilizing non-activated components. It was shown that no patterns 

are obtained when either Au-MUD NPs or bare glass surfaces 5 

were used (ESI, Fig. S20-S21) and NP assembly is achieved only 

upon low laser power treatment (0.2-0.4 mW) of Au-MUD-PE 

and maleimide coated glass surfaces. At a slightly increased laser 

power (0.6-0.8 mW), minimal immobilization is also observed in 

the control experiments. Furthermore, as observed from the red 10 

shift in UV spectra (Fig. 3b), the use of increased laser power 

(0.6-4 mW) leads to NP agglomeration due to light absorption 

accompanied by Au NP induced heat generation and subsequent 

Au NP precipitation. This results in undesired aggregation of Au 

NPs, leading to a decreased pattern quality due to alteration of the 15 

immobilized Au NPs and is also an explanation for the 

immobilization observed in the control experiments. In contrast 

to other Au NP immobilization techniques on this scale such as in 

situ formation by photoreduction of gold,26 the here presented 

technique enables the precise tailoring and thorough 20 

characterization of the NP before immobilization. As the mild 

fixation step does not alter the NP properties, this approach 

allows for a precise immobilization of tailored Au NPs. 

A significant advantage of DLW driven spatially resolved surface 

encoding in contrast to the stamp based µCP is its ability to 25 

generate complex patterns not limited by the properties or the 

stamp. The DLW setup can be employed to produce virtually any 

desired pattern of Au NPs as shown in Fig. 4 (and in Fig. S23), 

where the Karlsruhe Institute of Technology (KIT) logo was 

written in two different sizes (approx. 30 µm × 15 µm in Fig. 4 30 

and approx. 60 µm × 30 µm in Fig. S23). The presence of Au 

NPs within the patterns was confirmed both by SEM (ESI, Fig. 

S23) and time-of-flight secondary ion mass spectrometry (ToF-

SIMS) (Fig. 4b). Following the immobilization of thiolated Au 

NPs, a set of prominent AuxSy peaks dominates the high mass 35 

range of the negative polarity secondary ion mass spectrum (Fig. 

S24). Since many of these peaks are not accompanied by other 

peaks at the same nominal mass, SIMS imaging with high lateral 

resolution is straightforward (Fig. 4b). The AuxSy intensity profile 

across the KIT logo obtained from the analysis shown in Fig. 4b 40 

demonstrates defined boundaries between immobilized and non-

immoblized areas of 0.8 µm based on the (84/16) definition (Fig. 

S25). Under the assumption that neighbouring areas of these 

boundaries are not affected by exposure, the minimum distance of 

two patterns and thus the resolution of this technique under these 45 

precise parameters can be estimated to be 1.6 µm. Limiting 

factors of the resolution are the diffraction limit and the diffusion 

of activated Au NPs during the patterning process. Finally, only 

the photoenol moieties located in the contact area between the Au 

NP and the glass surface are expected to contribute to covalent 50 

NP immobilization. Assuming that the photoenol moieties are 

distributed evenly on the Au NPs, we expect one single covalent 

bond between the Au NP and the glass surface (for details of the 

calculation refer to the ESI) and a subset of residual photoreactive 

moieties remains available for further modifications. To confirm 55 

this hypothesis, the patterned surface was immersed in a solution 

of maleimide containing compounds under UV irradiation (λmax = 

320 nm) to allow for the light-induced Diels-Alder reaction. To 

demonstrate the spatially resolved surface modification, a 

bromine containing maleimide was chosen as it allows an easy 60 

and distinct determination via ToF-SIMS (Fig. 4a). After 

irradiation, the amount of bromine (79Br and 81Br) within the KIT 

logo pattern detected by ToF-SIMS and showed an increased 

signal in comparison with the non-modified background (Fig. 4c). 

Since other peaks overlap with the bromine peaks at the same 65 

nominal masses (Fig. S24) SIMS imaging of bromine with high 

lateral resolution requires liquid metal ion gun burst mode as 

described in SI. This, in combination with the low amounts of 

bromine, limits the obtained image quality in Fig. 4c. However, 

as virtually any maleimide containing molecule can be used for 70 

postmodification of Au NP patterns an additional layer can be 

deposited onto the Au NPs via this approach.  

In conclusion, the successful fabrication of 2D micropatterns 

using Au NPs was demonstrated by combining DLW with 

multiphoton induced Diels-Alder-chemistry. Au NPs were, for 75 

the first time, functionalized with photoenol precursor molecules 

and subsequently used for covalent, light induced surface 

encoding onto maleimide- coated glass substrates without 

aggregation of the Au NPs during the process. Residual, 

unreacted photoenol groups were used for further modification 80 

allowing the bottom up modification of the patterned surfaces. 

The combination of DLW and light-induced Diels-Alder 

chemistry allows for the design of virtually any desired pattern at 

the micron and submicron scale, which can be further modified, 

thus opening new avenues to design Au NP covered surfaces.  85 
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Fig. 4 (a) Light-induced Diels-Alder reaction between residual photoenol groups attached on Au NP and bromine containing maleimide. (b) ToF-SIMS 

image of AuS-, Au2S
-, and Au4S2

-. The KIT logo scanned with the DLW setup is clearly visible as it contains a high amount on thiolated Au. (c) ToF-

SIMS image of the sum of 79Br and 81Br, indicating an increased amount of bromine onto the KIT pattern. 
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Karlsruhe Nano Micro Facility (KNMF). 
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