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Micropatterning
A Versatile Toolbox for Multiplexed Protein 
Micropatterning by Laser Lithography

  Mihaela   Gropeanu  ,     Maniraj   Bhagawati  ,     Radu A.   Gropeanu  ,     Gemma M.   Rodríguez Muñiz  , 
    Subramanian   Sundaram  ,     Jacob   Piehler  ,   *      and   Aránzazu del   Campo   *   
 Photocleavable oligohistidine peptides (POHP) allow in situ spatial organization 
of multiple His-tagged proteins onto surfaces functionalized with tris(nitrilotriacetic 
acid) (tris-NTA). Here, a second generation of POHPs is presented with improved 
photoresponse and site-specifi c covalent coupling is introduced for generating 
stable protein assemblies. POHPs with different numbers of histidine residues and a 
photocleavable linker based on the 4,5-dimethoxy-o-nitrophenyl ethyl chromophore 
are prepared. These peptides show better photosensitivity than the previously 
used o-nitrophenyl ethyl derivative. Effi cient and stable caging of tris-NTA-
functionalized surfaces by POHPs comprising 12 histidine residues is demonstrated 
by multiparameter solid-phase detection techniques. Laser lithographic uncaging 
by photofragmentation of the POHPs is possible with substantially reduced 
photodamage as compared to previous approaches. Thus, in situ micropatterning 
of His-tagged proteins under physiological conditions is demonstrated for the fi rst 
time. In combination with a short peptide tag for a site-specifi c enzymatic coupling 
reaction, covalent immobilization of multiple proteins into target micropatterns is 
possible under physiological conditions. 
  1. Introduction 

 Successful application of proteins as building blocks for the 

construction of bioanalytical and biomedical devices critically 

depends on the ability to organize proteins on surfaces in a 

functional manner. [  1  ]  For this purpose, biocompatible surfaces 
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for preserving the functional integrity of immobilized pro-

teins as well as strategies for selective capturing of proteins 

into micro- and nanostructures are required. [  2  ]  Established 

methods for protein micropatterning via photolithograpy or 

micro-contact printing [  2,3  ]  are not suitable for the assembly 

of multiple proteins into complex structures, which requires a 

high degree of multiplexing. Hence, approaches, which enable 

in situ spatial organization of proteins, are needed. For this 

purpose, the concept of photocleavable protecting functional 

groups (‘cages’) is highly promising, as it allows non-invasive 

manipulation under physiological conditions. Most reported 

works on protein micropatterning based on caging use caged 

biotin and exploit the rapid and quasi-irreversible biotin-

streptavidin interaction. [  4  ]  However, these approaches require 

elaborate biotinylation of target proteins as well as interme-

diate incubation steps with streptavidin. Recently peptide 

micropatterning has been achieved by means of a caged alde-

hyde as substrate of an oxime ligation, [  5  ]  as well as by a photo-

triggered click reaction. [  6  ]  These elegant techniques, though, 

require chemical modifi cation of target proteins and peptides 
 Verlag GmbH & Co. KGaA, Weinheim small 2013, 9, No. 6, 838–845

http://doi.wiley.com/10.1002/smll.201201901


A Toolbox for Protein Micropatterning by Lithography

     Figure  1 .     (a) Non-covalent caging of tris-NTA surfaces. Structure of tris-NTA with coordinated 
Ni(II) ions (left) and schematic representation of the multivalent complex with a His-tagged 
protein. (b) Caging of tris-NTA with a photofragmentable oligohistidine peptide. After 
photocleavage, the complex dissociates due to reduced multivalency. (c) Cartoon depicting 
laser lithographic protein micropatterning based on photofragmentation of POHPs bound to 
tris-NTA-functionalized surfaces.  
with suitable reactive groups. An entire genetically encoded 

protein photopatterning approach has been implemented by 

means of caged benzylguanine derivatives for capturing pro-

teins fused to O 6 -alkylguanine-DNA alkyltransferase (SNAP-

tag). [  7  ]  However, the SNAP-tag can impair protein folding 

and thus has drawbacks for recombinant protein production. 

Moreover, the reaction of the SNAP-tag with benzylguanine is 
     Figure  2 .     Photocleavable peptides with different number of His and ADMNPPA residues used 
in this study.  
relatively slow, thus requiring long incuba-

tion times in order to avoid cross-reactivity. 

 The most generically applied affi nity 

tag for purifi cation of recombinant pro-

teins is the His-tag comprising of 6–12 his-

tidine residues, which binds to immobilized 

transition metal ions such as Ni(II), Co(II) 

or Cu(II). [  8  ]  This rapid interaction ( k on  : 
 ∼ 5  ×  10 5  M  − 1  s  − 1 ) can be reversibly switched 

under physiological condition by competi-

tors such as imidazole. Metal ion chelators 

such as nitrilotriacetic acid (NTA) are fre-

quently used for immobilizing His tagged 

proteins on surfaces. [  9  ]  Limitations of this 

system due to low binding stabilities have 

been resolved by a trivalent NTA head 

group (tris-NTA), [  10  ]  which ensures high 

affi nity interaction with defi ned stoichi-

ometry ( Figure    1  a). Recently, methods for 

caging immobilized tris-NTA loaded with 

Ni(II) ions by using photocleavable oli-

gohistidine peptides (POHPs) have been 

described. [  11  ]  One of these methods is based 

on a His n  sequence in which Histidine resi-

dues are separated by the photocleavable 

amino acid 3-amino-3-(2-nitrophenyl)-pro-

pionic acid (ANPPA). This peptide binds 
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non-covalently to Ni(II)-loaded tris-NTA 

with high affi nity, thus blocking binding 

of His-tagged proteins (Figure  1 b). Upon 

light exposure, the ANPPA is cleaved and 

the His-tag is effectively cut into shorter 

tris-histidine fragments. These fragments 

rapidly dissociate from the NTA-Ni-His 

complex due to the loss of multivalency 

and generate free coordination sites for 

binding His-tagged proteins (Figure  1 b). In 

this way, protein micropatterns were gener-

ated by laser lithography on the NTA-Ni-

POHP surface at 405 nm and subsequent 

incubation with His-tagged proteins. How-

ever, patterns could only obtained when the 

photolytic step was performed after incu-

bating the surface under 1,4-benzoquinone. 

Because binding of 1,4-benzoquinone to 

the surface is diffi cult to control, this treat-

ment not only increased the complexity of 

the method, but also makes it incompatible 

with some proteins, e.g. enzymes requiring 

electron transfer processes.  

 Although the mechanism of action of 

benzoquinone in the photolytic process 
is not clear, we hypothesized that the use of chromophores 

with a better photosensitivity than ANPPA at the working 

wavelength (405 nm) would signifi cantly improve the prop-

erties of the derived POHPs. To this end, we synthesized 

several oligohistidine peptides containing 3-amino-3-(4,5-

dimethoxy-2-nitrophenyl)-propionic acid (ADMNPPA) as 

the photocleavable amino acid ( Figure    2  ). The photochemical 
839www.small-journal.com
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     Scheme  1 .     The synthesis of  P1 .  
properties of the peptides and their capability for caging 

tris-NTA surfaces were studied. Our results demonstrate a 

signifi cantly improved performance of the new peptides for 

laser lithographic protein micropatterning. In combination 

with a second peptide tag for enzymatic coupling, we dem-

onstrate multiplexed assembly of covalently attached protein 

micropatterns.   

  2. Results and Discussion 

  2.1. Synthesis of the POHPs 

 In order to identify the optimum length of the POHP for 

effi cient caging and uncaging of tris-NTA surfaces, three 

variants of POHP with different lengths (8 to 12 His units) 

and number of intercalated photocleavable groups (1 to 3) 

were prepared (Figure  2 ): His 4 -ADMNPPA-His 4  ( P1 ), (His 3 -

ADMNPPA) 3 -His 3  ( P2 ) and (His 4 -ADMNPPA) 2 -His 4  ( P3 ). 

 In the fi rst step, the protection strategy for the amino, 

carboxylic and imidazole groups during the synthesis of the 

peptides was established. Initial attempts using the Fmoc 

protection strategy for NH 2  groups failed. The low solubility 

and steric hindrance of the Fmoc protected ADMNPPA 

under standard peptide synthesis conditions lead to very 

poor yields in the coupling steps. Protection of the imidazole 

ring with the Trityl group was also discarded due to steric 

reasons (see Scheme S4 in Supporting Information). The use 

of Boc as protecting group for the NH 2  group and Bom as 

protecting group for the imidazole ring gave better results. 

These groups could be removed orthogonally by using fi rst 
     Figure  3 .     UV-Vis spectra of a 100  μ M solution of  28  in PBS after exposure at 360 nm for 
increasing times. The photocleavage products are shown in the scheme on the right.  
100% TFA for removing Boc and adding 

a stronger acid (3% TFMSA in TFA) for 

removing Bom. It is worth to note that the 

TFMSA-cleavage conditions for Bom also 

led to hydrolysis of carbamate bonds (see 

Scheme S5 in Supporting Information). 

  P1 ,  P2  and  P3  were fi nally obtained by 

successive coupling of presynthesized Boc 

and Bom protected trihistidine (His 3 ) and 

tetrahistidine (His 4 ) building blocks to the 

photosensitive amino acid ADMNPP in 

liquid phase. For  P1 , the attachment of the 

tetrahistidine peptides to N-Fmoc-ADM-

NPPA in two steps followed by acidic depro-

tection of the Boc and Bom groups gave the 

desired  P1  in good yield ( Scheme    1  ). The 
www.small-journal.com © 2013 Wiley-VCH Verlag GmbH & Co. KGaA
other two target peptides were obtained 

in analogous way (Schemes S1-S3 in Sup-

porting Information).  

 A model tripeptide for the photo-

chemical studies was also prepared (com-

pound  28 ). It contained two His units 

attached to the ADMNPPA photocleav-

able residue. In this case the Fmoc-based 

SPPS (Scheme S4 in Supporting Informa-

tion) using Trityl-protected His afforded 

the peptide in reasonable yields (30%) 

and good purities ( > 95%). It is worth to 
note that the peptide has two diastereomers (S-, R-, S and S-, 

S-, S) because racemic ADMNPPA was used in the synthesis. 

The two diastereoisomers were resolved using analytical RP-

HPLC (Figure S2 in Supporting Information) but could not 

been isolated by semipreparative HPLC. In order to compare 

our results with those reported in the literature using the 

ANPPA photocleavable amino acid, [  11  ]  the model tripeptide 

 29  was prepared in analogous way.  

  2.2. Photochemical Studies in Solution 

 The photolysis of the model peptides  28  and  29  in buffered 

(pH 7.4) solution after exposure to light at a wavelength of 

360 nm was followed by UV-Vis spectroscopy and HPLC. 

The UV-Vis spectra of  28  showed a decrease in absorbance 

at 360 nm and the appearance of a new maximum around 

400 nm with increasing irradiation times ( Figure    3  ), These 

spectral changes were common to the other ADMNPPA 

containing peptides (Figures S3,S4 in Supporting Informa-

tion) and are in agreement with the expected photocleavage 

pathway of o-nitrobenzyl derivatives. [  12  ]  The amino acid is 

cleaved via an intramolecular redox reaction that generates 

the nitrosophenone derivative (with an absorption maximum 

 > 400 nm) and the free amide (see Scheme in Figure  3 ). HPLC 

and MS analysis of the photolyzed mixtures confi rmed the 

presence of the nitrosophenone derivative as major product 

of the irradiation process (Figure S5 in Supporting Infor-

mation, peak at retention time 15.3 min). Peptide  29  con-

taining the ANPPA photocleavable amino acid presented 

similar characteristics, but the UV maxima were located at 
, Weinheim small 2013, 9, No. 6, 838–845



A Toolbox for Protein Micropatterning by Lithography

     Figure  4 .     Photolytic conversion of solutions of POHPs  28  and  29  
irradiated at 360 nm for increasing times. Values correspond to the 
disappearance of the starting compound as determined by HPLC 
analysis.  

   Table  1.     Photochemical parameters of the photolabile groups in com-
pounds  28  and  29 . 

Peptide  λ  max  
[nm]

 ε  max  
[M  − 1  cm  − 1 ]

 ε  360  
[M  − 1  cm  − 1 ]

 Φ  360   ε  360  ·  Φ  360  Averaged c)  
 ε  360  ·  Φ  360  

28 348 2494 2363 0.08 a) 189 a) 140

0.05 b) 118 b) 

29 263 2994 250 0.15 a) 38 a) 42.5

0.18 b) 45 b) 

    a) The isomer with the lower retention time (Figure S7 in Supporting Information);  b) The isomer 

with the higher retention time (Figure S8 in Supporting Information);  c) Calculated taking into 

consideration the composition of the isomers mixture ( ∼ 33% isomer a and  ∼ 67% isomer b).   
shorter wavelengths (Figure S6 in Supporting Information). 

The nitrosophenone-based product could also be identifi ed 

(Figure S6 in Supporting Information, peak at retention time 

14.7 min).  

 The photolytic conversion of the POHPs  28  and  29  with 

increasing exposure dose was evaluated from the decay of 

the starting compound in the HPLC elugrams of the irra-

diated solutions ( Figure    4  ). Conversions up to 70% were 

achieved with both chromophores. However, the ADM-

NPPA containing peptide  28  required signifi cantly lower 

doses than the ANPPA peptide to reach conversions up to 

60%, indicating a higher photosensitivity at the exposure 

wavelength (360 nm). The photosensitivity of a chromophore 

is proportional to the product of absorption coeffi cient ( ε   λ  ) 

and the quantum yield ( Φ   λ  ) at the irradiation wavelength. 

The absorption coeffi cient of ADMNPPA at 360 nm ( ε  360   =  

2363 M  − 1  · cm  − 1 ) is signifi cantly higher (ca. 9-fold) than that 

of ANPPA ( ε  360   =  250 M  − 1  cm  − 1 ). The quantum yields of the 

two chromophores in the model peptides  28  and  29  were 

determined by ferrioxalate actinometry. [  13  ]  Values of  Φ  360   =  

0.05–0.08 for ADMNPPA ( 28 ) and 0.15–0.18 for ANPPA ( 29 ) 

were obtained. These results are consistent with reported 

data for other caged derivatives with the same chromophores 

(0.005–0.17 for 4,5-dimethoxy-2-nitro-phenyl- and 0.1–0.62 

for 2-nitro-phenyl-containing derivatives depending on the 

leaving group). [  14  ]  In conclusion, the photosensitivity of the 

ADMNPPA-containing peptide ( 28 ) at 360 nm was  ∼ 4-fold 

higher than the ANPPA peptide ( 29 ). Assuming that the 

quantum yield of the peptides  28  and  29  at 405 nm is similar 

to  Φ  360 , and taking into account that  ε  405   =  491 M  − 1  · cm  − 1  for 

peptide  28  and  ε  405   =  18 M  − 1  · cm  − 1  for  29 , the photosensitivity 

difference between both chromophores at this wavelength is 

even higher ( ∼ 8-fold). This is signifi cant as protein patterning 

is carried out by photolithography using a 405 nm laser (see 

below).  

 It is worth to mention that the quantum yield of both iso-

mers (SRS and SSS) of the model peptides could be meas-

ured because the corresponding peaks could be isolated by 
© 2013 Wiley-VCH Verlag Gmbsmall 2013, 9, No. 6, 838–845
analytical HPLC (see Figures S7 and S8 in Supporting Infor-

mation). However, the isomers could not be isolated by semi-

preparative HPLC and, therefore, an average  ε  360  ·  Φ  360  value 

is given in  Table    1  .   

  2.3. Caging and Uncaging of Tris-NTA Modifi ed Surfaces 

 Since the caging of tris-NTA functionalized surfaces by 

POHPs is based on non-covalent interactions, very stable and 

high affi nity binding is required for effi cient blocking of all 

binding sites. For quantitative characterization of their caging 

properties, binding of POHPs to tris-NTA functionalized sur-

faces and blocking of the interaction with His-tagged proteins 

was monitored by using simultaneous total internal refl ection 

fl uorescence spectroscopy (TIRFS) and refl ectance interfer-

ence (RIf) detection. To this end, surfaces functionalized with 

tris-NTA on a protein-repellent PEG polymer brush were 

complexed with the respective POHP after loading Ni(II) 

ions. The blocking effi ciency was tested by subsequent incuba-

tion of enhanced green fl uorescent protein (EGFP) fused to 

an N-terminal hexahistidine-tag (H6-EGFP). Signifi cant and 

stable binding of H6-EGFP was detected after caging with  P1  

( Figure    5  a), reaching a binding amplitude of  ∼ 13% compared 

to the non-blocked tris-NTA surface (Figure  5 b, blue curve). 

In contrast, transient binding reaching a maximum binding 

amplitude of less than 2% was detected after caging with  P2  

or  P3  (Figure  5 b and c, green and red curves respectively). 

These results confi rmed that the binding affi nities of  P2  and 

 P3 , but not of  P1  were suffi ciently high to effi ciently cage the 

tris-NTA groups on the surface. These higher binding affi ni-

ties can be explained by the higher number of histidine resi-

dues in  P2  and  P3  (12 each) compared to  P1  (8), which yields 

higher multivalency and thus more stable binding on the 

surface. [  9  ,  15  ]  No signifi cant differences between the blocking 

capabilities of  P2  and  P3  were observed, confi rming that the 

absolute number of His-residues is the important parameter 

for blocking effi ciency.  

 The affi nity of the POHPs for NTA after photofragmen-

tation was tested by probing binding of irradiated solutions 

of  P2  and  P3  to tris-NTA-functionalized surfaces. Reduced 

peptide binding levels were observed (Figure  5 d and 

Figure S9), confi rming that shortening of the His sequence by 
841www.small-journal.comH & Co. KGaA, Weinheim



M. Gropeanu et al.

842

full papers

     Figure  5 .     Caging of tris-NTA surfaces by different POHPs probed by simultaneous TIRFS/RIf 
detection. (a) Typical experiment for characterization of the caging effi ciency as detected 
by RIf (red curve) including injection of 1  μ M  P2  (I) followed by 200 nM H6-EGFP (II) and 
regeneration with imidazole (III). The grey bars mark the injection periods. For comparison, 
binding of 200 nM H6-EGFP without blocking peptide is shown (blue). (b) Binding of H6-EGFP 
to a tris-NTA surface after blocking with different POHPs as detected by TIRFS ( P1 : blue;  P2 : 
green;  P3  red). For comparison, binding of H6-EGFP in absence of a blocking peptide is shown. 
(c) H6-EGFP binding curves after blocking with  P2  and  P3 , respectively (zoomed from panel 
b, same color coding as panel b). (d) Binding of 1  μ M  P2  to a tris-NTA surface before (orange 
curve) and after UV illumination for different times as probed by RIf detection (blue: 15 min; 
green: 75 min; red: 13 h). (e) Binding of 200 nM H6-EGFP to a tris-NTA surface blocked with 
P2 before and after UV illumination (same color coding as in panel d). Binding of H6-EGFP to 
a tris-NTA surface in the absence of any peptide is shown for comparison (black curve).  
photocleavage causes effective loss of binding affi nity due to 

the reduced multivalency. A decrease of approximately  ∼ 50% 

in binding amplitude was obtained for the irradiated peptides. 

The reduced blocking effect of the photocleaved peptides was 

confi rmed by the increase in subsequent binding of H6-EGFP 

(Figure  5 e and Figure S10). A maximum binding level of 35% 

was observed for surfaces blocked with maximally cleaved 

peptides. This represents a contrast of  ∼ 50 when compared 

to the residual H6-EGFP binding level of 0.7% observed on 

tris-NTA surfaces after blocking with the intact peptides. No 

signifi cant differences were observed between peptides  P2  

and  P3 .  
www.small-journal.com © 2013 Wiley-VCH Verlag GmbH & Co. KGaA, 
  2.4. Multiplexed Protein Micropatterns 

 In the next step, we explored spatially 

resolved uncaging of tris-NTA func-

tionalized surfaces after caging with  P2  

by means of confocal laser scanning at 

405 nm. Several irradiation conditions 

were tested by using increasing laser 

intensity and number of iterations in order 

to optimize the contrast and the resolution 

of the obtained patterns. After exposure, 

H6-EGFP was incubated as a reporter for 

uncaged binding sites and imaged by exci-

tation at 488 nm ( Figure    6  ).  

 The maximum contrast was obtained 

at the diagonal of the pattern, all cor-

responding to the same total dose pro-

vided by different numbers of iterations. 

Since similar contrasts and protein 

binding levels were observed under con-

ditions providing the same total energy 

(Figure  6 c), rapid uncaging within a single 

scan is possible. Upon exposure to higher 

doses minor increases in protein binding 

accompanied by a blurring of the struc-

ture was observed. At even higher doses, 

loss of protein binding indicated photode-

struction of the tris-NTA heads. How-

ever, it is important to note that all these 

experiments were carried out in absence 

of electron scavengers in order to ensure 

the highest biocompatibility. Similar 

experiments performed with POHP pep-

tides containing ANPPA as photocleav-

able group did not lead to useful patterns 

and only irreversible photodestruction of 

the tris-NTA surface was observed. [  11a  ]  

Photodamage could only be avoided by 

incubation with 1,4-benzoquinone before 

exposure. Thus, the new POHPs  P2  and  P3  

substantially decrease photodesctruction 

by using ADMNPPA as a photocleavable 

linker and allow the generation of protein 

micropatterns under fully physiological 

conditions. 

 A potential drawback of this method 

for multiplexed protein micropatterning 
is the non-covalent nature of the His-tag interaction with 

Ni-NTA, which may lead to loss of protein over time. We 

therefore pushed this method further to covalently attach the 

protein to the surface after micropatterning. To this end, we 

employed site-specifi c protein coupling by means of the short 

peptide tag ybbR, which is a substrate for enzymatic phos-

phopantetheinyl transfer (PPT) from coenzyme A (CoA, 

 Figure    7  a). [  16  ]  We have previously demonstrated direct pro-

tein immobilization by enzymatic PPT using surfaces func-

tionalized with CoA. [  17  ]  Here, we employed a combined 

H6-ybbR-tag for capturing into micropatterns by means of 

the His-tag, followed by covalent immobilization through 
Weinheim small 2013, 9, No. 6, 838–845
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     Figure  6 .     Uncaging of a tris-NTA surface loaded with  P2  by means of a confocal laser beam 
(405 nm). (a) Binding of H6-EGFP after photocleavage with different laser power (top: 1%; 
middle: 10%; bottom: 100%) and different number of iterations (left: 1; center: 10; right 
100). The areas scanned are indicated with dashed rectangles. The scale bar corresponds 
to 10  μ m. (b) Intensity profi le along the dotted line (I). (c) Intensity profi le along the dotted 
line (II).  

     Figure  7 .     Multiplexed non-covalent and covalent protein micropatterning. (a) Covalent 
coupling of ybbR-tagged proteins to CoA-functionalized surfaces by means of PPT. The serine 
residue coupled to the phosphopantetheinyl moiety is highlighted. (b) Simplifi ed cartoon of 
the assay showing covalent immobilization of H6-ybbR-EGFP and non-covalent immobilization 
of  Dy649 MBP-H6. (c) Confocal fl uorescence image after sequential assembly of 3 different 
proteins into a microarray: H6-ybbR-EGFP (green), H6-ybbR-mCherry (yellow) and  Dy649 MBP-H6 
(red). After photolithographic patterning of each protein, the surface was incubated with the 
PPTase Sfp in order to covalently attach the ybbR-tag to CoA moieties on the surface. (d) Image 
of the same array after washing with imidazole. The scale bar corresponds to 10  μ m.  
the ybbR-tag. For this purpose, we gen-

erated surfaces functionalized with both 

tris-NTA and CoA. After caging with  P2 , 

three different proteins with spectrally 

distinct fl uorescence labels (H6-ybbR-

EGFP, H6-ybbR-mCherry and  Dy649 MBP-

H6) were assembled into a microarray by 

sequential cycles of (i) spatially resolved 

uncaging, (ii) capturing of the target 

protein via its His-tag and (iii) covalent 

coupling to the surface by means of the 

PPTase Sfp (Figure  7 b).  

 Thus, the 3 different proteins 

were assembled into a microarray 

(Figure  7 c). After washing with imidazole, 

only H6-ybbR-EGFP, H6-ybbR-mCherry 

remained bound to the surface, while 

 Dy649 MBP-H6 was completely washed out 

(Figure  7 d). Thus, highly specifi c covalent 

attachment of proteins with a combined 

tag was confi rmed. 

 With these potent new tools for 

protein microlithography in hand, we 

explored the functionality of micropat-

terned proteins by a protein interaction 

assay ( Figure    8  a). To this end, we immobi-

lized the extracellular domain of the type 

I interferon receptor subunit 2 fused to 

an N-terminal ybbR-tag and a C-terminal 

decahistidine-tag (ybbR-IFNAR2-H10) 

into micropatterns by confocal uncaging 

immobilized Ni(II) ions in complex with 

 P2  followed by covalent immobilization 

by PPT. The functionality of immobilized 

IFNAR2 was probed by incubation of its 

ligand interferon- α 2 labeled with ATTO 

488 ( AT488 IFN α 2). Selective binding of this 

protein to micropatterned ybbR-IFNAR2-

H10 was detected by confocal imaging 
© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheismall 2013, 9, No. 6, 838–845
(Figure  8 b) confi rming the functional 

integrity of the immobilized protein.  

 Moreover, this  AT488 IFN α 2 bound to 

micropatterned ybbR-IFNAR2-H10 was 

effi ciently eluted by chasing with unla-

beled IFN α 2, which corroborates the spe-

cifi city of the protein-protein interaction 

(Figure  8 c).   

  3. Conclusion 

 Caging of tris-NTA functionalized surfaces 

by POHPs allows multiplexed protein 

organization on surfaces into complex and 

functional micropatterns by in situ laser 

lithography. We have synthesized POHPs 

based on the 4,5-dimethoxy-o-nitrophenyl 
843www.small-journal.comm
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     Figure  8 .     Functional protein micropatterning confi rmed by protein 
interaction analysis. (a) Cartoon of the binding assay: after 
micropatterning of ybbR-IFNAR2-H10 (blue),  AT488 IFN α 2 (red) was 
added. After washing, ybbR-IFNAR2-H10-bound ligand was chased 
with unlabelled IFN α 2. (b) Confocal fl uorescence image after binding 
of  AT488 IFN α 2 to micropatterned ybbR-IFNAR2-H10. (c) Same region 
after chasing with unlabeled IFN α 2. The scale bar corresponds to 
10  μ m.  
ethyl moiety, which showed signifi cantly improved photolytic 

properties compared to the previously used o-nitrophenyl 

ethyl derivative. These can be ascribed to the  ∼ 20-fold higher 

absorbance at 405 nm which substantially overcompensates 

the  ∼ 3 fold lower quantum yield. The new POHP allows pro-

tein assembly into micropatterns after in situ light exposure 

under physiological conditions. For generating stable protein 

assemblies, we have successfully combined POHP-based pro-

tein micropatterning with site-specifi c covalent attachment 

by means of a short peptide tag for enzymatic coupling based 

on PPT. Thus, multiplexed protein micropatterns assem-

bled by sequential uncaging of immobilized transition metal 

ions can be covalently fi xed on the surface in a site-specifi c 

manner without requiring further chemical modifi cation of 

the protein. This generic, site-specifi c protein micropatterning 

technique requires a peptide tag of  ∼ 20 amino acid residues, 

which is readily fused to recombinant proteins with minimal 

effect on folding and function. The fully genetically encoded 

capturing method also allows protein capturing directly from 

cell lysates as previously demonstrated. [  11a  ]  Taken together, 

these improved tools have substantially expanded the pos-

sible applications of native protein lithography by uncaging 

of immobilized transition metal ions.  
www.small-journal.com © 2013 Wiley-VCH V
  4. Experimental Section 

  Synthesis and Surface Chemistry : All details concerning the 
synthesis of the POHPs and the surface preparation are given in 
the Supporting Information. 

  Determination of the Quantum Yield : Ferrioxalate actinometry 
was used to determine the photon fl ow of the lamp at 360 nm. A 
value of 2.77  ×  10  − 9  E s  − 1  was obtained. A solution of the caged 
amino acids  28  or  29  with an absorbance  > 2 at 360 nm was irradi-
ated with increasing times. Aliquots of the irradiated solution were 
taken after exposure and injected into analytical HPLC to deter-
mine the amount of remaining caged product by peak area quanti-
fi cation using the non-irradiated solution as a reference. The ratio 
of the number of molecules that reacted to the number of photons 
absorbed gave the quantum yield of the photolytic reaction. Data 
were obtained for conversions  < 10%. 

  Surface Binding by Real-Time Solid Phase Detection : Peptide 
and protein binding to tris-NTA functionalized surfaces was moni-
tored in real-time by using simultaneous total internal refl ection 
fl uorescence spectroscopy (TIRFS) and refl ectance interference 
(RIf) detection. The measurements were performed under contin-
uous fl ow-through conditions using a home-built set-up described 
earlier. [  18  ]  GFP was excited with the 488 nm line of an Argon ion 
laser. The excitation laser power was  ∼ 100  μ W illuminating a spot 
of approximately 1 mm diameter, excluding photobleaching during 
binding experiments. All binding experiments were carried out in 
HBS (20 mM HEPES pH 7.5 and 150 mM sodium-chloride) sup-
plemented with 0.01% Triton X-100. Prior to binding experiments, 
tris-NTA functionalized surfaces were sequentially treated with 
250 mM EDTA, 10 mM NiCl 2  and 250 mM imidazole. This was fol-
lowed by injections of either 1  μ M of the photo-fragmentable pep-
tides and/or 200 nM GFP-H6 as required. 

  Laser Lithography and Fluorescence Imaging : Coverslips 
either modifi ed with tris-NTA alone or simultaneously modifi ed 
with tris-NTA and Coenzyme A (CoA) were sequentially treated 
with 250 mM EDTA, 10 mM NiCl 2  and 250 mM imidazole, fol-
lowed by incubation with 1  μ M of the peptide under study. 
Fluorescence imaging and in situ photolithography were car-
ried out with a confocal laser scanning microscope (Fluoview 
1000, Olympus). The microscope was equipped with a 40 mW 
multiline Argon ion laser and a 20 mW 559 nm diode laser for 
fl uorescence imaging as well as a 50 mW 405 nm diode laser 
used for photocleavage. Tris-NTA functionalized coverslips pre-
conditioned as described above were used. The cleavage of the 
photosensitive peptides was achieved by scanning regions of 
interest (ROIs) with the 405 nm laser (at 100% laser power) at a 
scan speed of 8  μ s/pixel for 10 iterations (unless specifi ed oth-
erwise). The surface was subsequently incubated with 500 nM of 
the protein of interest and rinsed with HBS. In order to achieve 
irreversible attached protein patterns, the surface was incu-
bated under 1  μ M Sfp phosphopantetheinyl transferase (PPTase) 
and 10 mM MgCl 2  after each round of photofragmentation and 
protein capture, which led to the covalent coupling of an ybbR-
tag on the captured protein with CoA moieties on the surface. 
Fluorescence imaging was done by exciting the fl uorescent pro-
teins/fl uorophore with the necessary lasers (488 nm for of GFP, 
559 nm for mCherry and 640 nm for Dye647). Sequential line 
mode imaging was applied for multiple color imaging in order to 
minimize the spectral crosstalk.  
erlag GmbH & Co. KGaA, Weinheim small 2013, 9, No. 6, 838–845
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