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 Spatiotemporally Controlled Reorganization of Signaling 
Complexes in the Plasma Membrane of Living Cells 
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into microstructured assemblies predefi ned by micropat-

terned functionalized substrate surfaces. TrIP is based on a 

heterobifunctional adaptor protein, which cross-links target 

proteins at the plasma membrane with micropatterned cap-

turing groups on the substrate surface. To ensure rapid and 

effi cient reaction, the adaptor needs to be applied in large 

excess over surface binding sites, which in turn can strongly 

interfere with adaptor-mediated crosslinking due to the com-

petition between targeted and free adaptor proteins. This 

effect is particularly critical if the crosslinking reaction is 

unfavorable, e.g., due to the relatively slow protein diffusion 

in the plasma membrane. In order to circumvent this problem, 

we designed an adaptor protein to bind to the target protein 

at the cell surface and to functional groups on the substrate 

surface with very different on-rate constants  k  on . For rapidly 

targeting the adaptor to green fl uorescence protein- (GFP) 

tagged proteins on the cell surface, we employed a high-

affi nity antiGFP nanobody (NB,  k  on  ≈ 10 6   m  −1  s −1 ), [ 23 ]  which 

was fused to the HaloTag [ 24 ]  (NB-HaloTag) to react with 

micropatterned HaloTag ligand (HTL,  k  on  ≈ 10 4   m  −1  s −1 ) moi-

eties on the substrate surface ( Figure    1  a,b). Owing to these 

very different  k  on  values, full coverage of GFP-tagged target 

protein can be achieved with a short pulse of NB-HaloTag at 

low concentration, while the direct reaction of NB-HaloTag 

from solution to surface HTL is negligible under these con-

ditions. By timely washout of excess adaptor protein, unhin-

dered reaction of cell surface protein-bound NB-HaloTag 

with surface HTL is warranted.  

 Micropatterning of HTL was achieved by microcontact 

printing of a poly- l -lysine-graft-poly(ethylene glycol) (PLL-

PEG) copolymer functionalized with HTL moieties (PLL-

PEG-HTL, Figure  1 a). [ 25 ]  The use of PLL-PEG derivatives 

not only allows simple and robust micropatterning but 

also warrants assembly of highly protein-repelling and bio-

compatible surfaces architectures suitable for specifi c and 

functional capturing of proteins (Figure  1 d). [ 26 ]  In order to 

ensure cell attachment to these substrates by focal adhe-

sion sites outside the protein capturing zones, the remaining 

surface areas were backfi lled with PLL-PEG functionalized 

with an RGD-containing peptide (PLL-PEG-RGD). [ 27 ]  The 

functional properties of surfaces coated with PLL-PEG-

HTL were characterized by using purifi ed model proteins. 

Specifi c binding of HaloTag fused to monomeric enhanced 

green fl uorescence protein (HaloTag-mEGFP) to PLL-PEG-

HTL-coated surfaces was confi rmed by solid phase detec-

tion using simultaneous total internal refl ection fl uorescence DOI: 10.1002/smll.201502132
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  Tight regulation of the spatiotemporal organization of pro-

teins is a prerequisite for fundamental cellular functions such 

as energy metabolism, cell division as well as cell differen-

tiation. In numerous instances, spatiotemporally controlled 

protein reorganization in the plasma membrane plays a 

critical role. Prominent examples are cell adhesion, differen-

tiation and morphogenesis, [ 1 ]  including the formation of neu-

ronal and immunological synapses. [ 2–4 ]  Moreover, a key role 

of spatial regulation in cell signaling processes is currently 

emerging. [ 5–7 ]  To systematically probe and control these 

processes, tools capable for reorganizing the distribution of 

target proteins in the plasma membrane are highly desired. 

Recently, capturing of proteins in the plasma membrane of 

living cells by micropatterning ligands or antibodies on solid 

support has been introduced as a novel tool for controlling 

spatial organization of proteins in the plasma membrane. [ 8–10 ]  

These techniques have been successfully applied for unrave-

ling the role of spatial regulation in signaling processes, [ 11–16 ]  

but also for monitoring the assembly of signaling complexes 

as well as interactions of downstream effector proteins in a 

systematic and quantitative manner. [ 17–22 ]  However, a fun-

damental drawback of currently available approaches is 

that protein capturing already occurs during adhering and 

culturing cells on surface-functionalized substrates, thus 

potentially altering cellular homoeostasis or even activating 

cellular signaling. [ 21 ]  

 Here, we present a simple and robust methodology to 

temporally control spatial organization of signaling com-

plexes in the plasma membrane of livings cells. To this end, 

we developed triggered immobilization of proteins (TrIP) 
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spectroscopy (TIRFS) and refl ectance interference (RIF) 

detection (Figure  1 c and Figures S1 and S2, Supporting 

Information). [ 28 ]  From the binding curves, a  k  on  of (7.8 ± 

2.2) × 10 3   m  −1  s −1  was obtained for this reaction (Table S1 

and Figure S1, Supporting Information). In contrast, the 

interaction of purifi ed mEGFP with NB-HaloTag immobi-

lized on PLL-PEG-HTL-coated surfaces yielded a  k  on  of 

(2.1 ± 0.4) × 10 6   m  −1  s −1  (Table S1 and Figure S2, Supporting 

Information), confi rming the anticipated, highly asymmetric 

association kinetics differing by more than two orders of 

magnitude. After microcontact printing of PLL-PEG-HTL 

on glass cover slides, the assembly of micropatterned PLL-

PEG-HTL surface architectures was confi rmed by incubating 

with HaloTag-mEGFP, yielding high-contrast fl uorescence 

microscopy images (Figure  1 d). Moreover, effi cient capturing 

of purifi ed mEGFP into micropatterns was observed after 

pretreating micropatterned PLL-PEG-HTL surfaces with the 

NB-HaloTag adaptor protein (Figure S3, Supporting Infor-

mation). Surfaces coated with PLL-PEG-HTL effi ciently 

blocked cell attachment in line with the effi cient shielding 

of nonspecifi c protein binding to the substrate required for 

the formation of focal adhesion sites (Figure S4, Supporting 

Information). Therefore, cell attachment on micropatterned 

functionalized substrates could be controlled by backfi lling 

with PLL-PEG-RGD, thus limiting focal adhesion to areas 

outside the PLL-PEG-HTL micropatterns. 

 We established TrIP using the type I interferon (IFN) 

receptor as a model system for a multiprotein signaling 

complex, which is schematically depicted in Figure  1 b. 

This receptor is comprised of the two subunits IFNAR1 
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 Figure 1.    In situ micropatterning of plasma membrane proteins. a) PLL-PEG derivatives conjugated with HTL (left) and RGD (right) applied for 
micropatterned surface functionalization by microcontact printing. The insets show the polymers as depicted in the cartoon shown in panel (b). 
b) Spatial reorganization of the IFN signaling complex (see detailed description in the text) by TrIP in living cells. Cells expressing a plasma membrane 
bait protein IFNAR1 fused to mEGFP (mEGFP-IFNAR1) as well as IFNAR2 and the cytosolic effector protein STAT2 fused to tagRFP are cultured on a 
surface presenting micropatterned PLL-PEG-HTL/PLL-PEG-RGD. Upon addition of the NB-HaloTag adaptor protein, rapid binding to target GFP fusion 
protein in the plasma membrane (I) is followed by capturing and enrichment within micropatterns via the slower HaloTag-HTL interaction (II). Cells 
adhere to RGD-functionalized areas via integrins. c) Different interaction kinetics of HaloTag/HTL and mEGFP/antiGFP nanobody quantifi ed by 
refl ectance interference (RIF, top) and by total internal refl ection fl uorescence spectroscopy (TIRFS, bottom) measurements on PLL-PEG-HTL-coated 
surfaces (red curve). Gray zones mark the injection of 25 × 10 −9   M  NB-HaloTag (i), and 100 × 10 −9   M  mEGFP (ii), respectively. Dashed black line 
represents fi t of a pseudo-fi rst order model (Supporting Information). In a negative control experiment, buffer was injected instead of NB-HaloTag 
during the fi rst injection (green curve). d) Specifi c binding of HaloTag-mEGFP to micropatterned PLL-PEG-HTL confi rmed by confocal laser scanning 
microscopy (left). The intensity profi le along the yellow line is shown on the right. Scale bar: 20 µm.
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and IFNAR2, which are dimerized by the ligand IFNα2 

(Figure  1 b). [ 29 ]  IFNAR1 and IFNAR2 are constitutively 

associated with the cytosolic Janus kinases (JAK) Tyk2 and 

Jak1, respectively (Figure  1 b), while the effector protein 

signal transducer and activator of transcription 2 (STAT2) 

is recruited via IFNAR2. [ 30 ]  For the proof of concept, we 

explored sequential assembly of the IFN signaling com-

plex ( Figure    2  a,b). For this purpose, the receptor subunit 

IFNAR1 fused to monomeric EGFP (mEGFP-IFNAR1) at 

its ectodomain was coexpressed with IFNAR2 in HeLa cells. 

The transfected cells were cultured overnight on micropat-

terned PLL-PEG-RGD/PLL-PEG-HTL-functionalized glass 

coverslides. Imaging by total internal refl ection fl uorescence 

microscopy (TIRFM) confi rmed homogeneous distribu-

tion of mEGFP-IFNAR1 in the basal plasma membrane 

(Figure S5, Supporting Information). TrIP was initiated by 

incubating 30 × 10 −9   m  NB-HaloTag for 2 min, thus ensuring 

full occupation of all accessible mEGFP fusion proteins, 

while preserving >95% of free HTL on the surface. Indeed, 

translocation of mEGFP-IFNAR1 into micropatterns was 

observed immediately after addition of the adaptor protein 

(Figure  2 c and Videos 1 and 2, Supporting Information). 

Plotting the fl uorescence intensity in HTL-functionalized 

regions revealed a more than sixfold increase in protein 

concentration, while only a minor decrease was observed 

in nonfunctionalized regions (Figure  2 d). In conjunction 

with the nonexponential, nonsaturating capturing kinetics, 

these observations suggest that indeed a major part of the 

proteins from the apical side of the cell is recruited into the 

micropattern. Owing to the relatively high density of HTL 

in the micropatterns (≈40% of the fully covered monolayer 

as estimated from RIF experiments) and the high local con-

centration once the NB-HaloTag adaptor is bound to the 

GFP-tagged target protein in the plasma membrane, very 

effi cient reaction can be assumed. This assumption is sup-

ported by the observation that an increased protein density 

is observed at the rims of HTL-functionalized regions, cor-

roborating diffusion-controlled capturing into micropatterns. 

Indeed, a faster reorganization kinetics was observed upon 

increasing the temperature from 25 to 37 °C (Figure S6, Sup-

porting Information), likely due to the increased mobility of 

IFNAR1 (0.13 µm 2  s −1  at 25 °C vs 0.24 µm 2  s −1  at 37 °C). [ 31 ]   

 In the next step, receptor dimerization with 

micropatterned IFNAR1 was initiated by addition of IFNα2 

covalently labeled with ATTO655 ( AT655 IFNα2) and receptor 

assembly was monitored by time-lapse TIRFM imaging. 

IFNα2 binds to IFNAR2 with ≈1000 times higher affi nity than 

to IFNAR1 (5 × 10 −9   m  vs 5 × 10 −6   m ), [ 32 ]  and therefore a two-

step assembly as depicted in Figure  2 b can be assumed. [ 22,31 ]  

Homogenous distribution of  AT655 IFNα2 bound to the cell 

surface was observed immediately after incubation, fol-

lowed by recruitment into the micropatterned regions where 

IFNAR1 was enriched (Figure  2 e and Video 2, Supporting 

Information). This result confi rms the intact functionality 

of IFNAR1 captured into micropatterns with respect to 

receptor dimerization. Notably, a signifi cantly lower increase 
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 Figure 2.    Triggered micropatterning and assembly of cell surface receptors. a,b) Cartoon of the assay: After triggering spatial reorganization of 
mEGFP-IFNAR1 by the addition of NB-HaloTag (a), receptor dimerization is initiated by addition of  AT655 IFNα2 (b). c) Time-lapse TIRF imaging of 
mEGFP-IFNAR1 after addition of NB-HaloTag. The fi rst image was taken after washout of NB-HaloTag. Scale bar: 20 µm. d) Relative fl uorescence 
intensity (according to Equation  ( 1)  ) of mEGFP-IFNAR1 outside (blue) and inside (green) the HTL-pattern plotted as function of time. Background 
intensity is shown in black. e) Time-lapse TIRF imaging after addition of  AT655 IFNα2. The fi rst image was taken after washout of  AT655 IFNα2. Scale 
bar: 20 µm. For (c), (e), the dynamic process of triggered protein reorganization and the corresponding differential interference contrast (DIC) image 
illustrating the cell morphology are shown in Video 2 (Supporting Information). f) Time-dependent relative fl uorescence intensity (according to 
Equation  ( 1)  ) of  AT655 IFNα2 outside (orange) and inside (red) the HTL-pattern. Background intensity is shown in black.
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of the  AT655 IFNα2 signal in the HTL-functionalized area was 

observed (≈1.8-fold enrichment) compared to capturing of 

mEGFP-IFNAR1, following an exponential function and 

reaching a constant level after ≈20 min. This behavior is in 

line with reversible formation of receptor dimers compared 

to quasi-reversible surface capturing. [ 31 ]  

 After validating the ability to temporally control receptor 

dimerization in micropatterns, we explored direct spatial 

reorganization of entire signaling complexes including the 

key effector protein of IFN signaling, the cytosolic signal 

transducer and activator of transcription 2 (STAT2). Upon 

IFN receptor activation, STAT2 is phosphorylated and 

together with phosphorylated STAT1 (pSTAT1), forms an 

integral part of the IFN-stimulated gene factor 3 that trans-

locates into the nucleus to regulate gene transcription. [ 33 ]  

The recruitment of STAT2 to the receptor has been ascribed 

to a constitutive binding site at the membrane-distal region 

of IFNAR2 (cf. Figure  1 b), [ 22,30 ]  yet the exact mechanism of 

STAT1/STAT2 phosphorylation has remained enigmatic. [ 34 ]  

For TrIP of entire signaling complexes, HeLa cells transiently 

expressing mEGFP-IFNAR1, IFNAR2, and STAT2 fused 

to tagRFP-T (STAT2-tagRFP) were cultured on micropat-

terned support. After assembly of the IFNAR signaling 

complex by incubating with  AT655 IFNα2, reorganization of 

the complex was initiated by the addition of NB-HaloTag 

in order to capture fully assembled IFNAR complexes into 

micropatterns. By using a chromatic image splitter and alter-

nating laser excitation, redistribution of mEGFP-IFNAR1, 

STAT2-tagRFP, and  AT655 IFNα2 was monitored in real time 

( Figure    3  a and Video 3, Supporting Information). Simulta-

neous translocation into micropatterns was observed in all 

three channels, i.e., IFNAR1, IFNα2-IFNAR2, and STAT2 

(Figure  3 b–d), confi rming redistribution of entire IFN sign-

aling complexes. Comparable reorganization kinetics of 

IFNAR1 and IFNα2-IFNAR2 were observed (Figure  3 e,f), 

as expected for spatial redistribution of preformed ternary 

IFNAR1-IFNα2-IFNAR2 complexes. However, the kinetics 

of STAT2 translocation into micropatterns showed signifi cant 

differences (Figure  3 e,f), reaching the maximum contrast only 

after ≈45 min. Since activation of the IFN receptor (in terms 

of JAK phosphorylation) is very rapid (<5 min) and thus 

should reach its maximum prior to capturing into micropat-

terns, [ 35 ]  these results suggest that binding of STAT2 to the 

signaling complex is continuously enhanced during STAT2 

phosphorylation. The continuous binding of STAT2 and the 

increased time required for reaching the maximum could be 

explained by the formation of higher oligomers of pSTAT2/

pSTAT1 heterodimers, which have been recently described 

for pSTAT1 homodimers. [ 36 ]  Importantly, the ability by TrIP 

to in situ redistribute entire signaling complexes for the 
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 Figure 3.    In situ TrIP of entire signaling complexes. a) Cartoon of the assay: IFN signaling complexes containing mEGFP-IFNAR1, IFNAR2 and the 
cytosolic effector protein STAT2-tagRFP are formed at the cell surface by addition of  AT655 IFNα2. Spatial reorganization of entire signaling complexes 
is triggered by addition of NB-HaloTag. b–d) Simultaneous time-lapse TIRF imaging of mEGFP-IFNAR1 (b),  AT655 IFNα2/IFNAR2 (c), and STAT2-tagRFP 
(d) after addition of NB-HaloTag. The fi rst image was taken after washout of NB-HaloTag. Scale bar: 10 µm. DIC image of the cell is shown in Figure S7 
(Supporting Information). e) Changes of relative fl uorescence intensity (according to Equation  ( 2)  ) of STAT2-tagRFP (magenta), mEGFP-IFNAR1 
(green), and  AT655 IFNα2/IFNAR2 (red) in micropatterns after IFN stimulation and NB-HaloTag triggering. Δ F  R  was calculated from the same set of 15 
ROIs averaged for each channel. f) Normalized relative intensity changes of STAT2-tagRFP (magenta), mEGFP-IFNAR1 (green), and  AT655 IFNα2/IFNAR2 
(red). The black lines correspond to a monoexponential fi t used for obtaining time constants.
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fi rst time allows systematically exploring such effects. The 

further decrease of the STAT2 signal after 45 min is in line 

with decreasing STAT2 concentration in the cytosol due 

to translocation into the nucleus upon heterodimerization 

with STAT1. [ 35,37 ]  Indeed, substantial enrichment of STAT2-

tagRFP in the nucleus was observed after these experiments 

(Figure S7, Supporting Information), confi rming the integrity 

of IFN signaling in micropatterned cells.  

 In conclusion, we devised TrIP as a simple method for 

spatiotemporally controlled reorganization of proteins and 

protein complexes in the plasma membrane. The method 

exploits the asymmetric binding kinetics of the NB-HaloTag 

fusion protein, which controls sequential binding fi rst to the 

target protein on the cell surface followed by capturing into 

micropatterns. This approach works very effi ciently, since the 

local concentration of the adaptor bound to the target pro-

tein ensures diffusion-limited reaction of the HaloTag with 

the surface, while the background binding of free adaptor 

protein to the surface is negligible at the low solution con-

centrations required for rapidly occupying all binding sites 

on the cell surface. Spatial reorganization was observed 

within minutes and massive enrichment in micropatterns 

could be achieved. Thus, TrIP allows exploring the role of 

protein organization in cellular functions without affecting 

cellular homeostasis due to protein micropatterning during 

cell culturing. The kinetics of spatial reorganization was 

mainly limited by the mobility of the transmembrane pro-

teins in the plasma membrane, which is strongly limited by 

the cortical actin cytoskeleton. [ 38,39 ]  In situ reorganization of 

entire signaling complexes was achieved, opening exciting 

avenues for systematically studying the role of spatial organ-

ization of receptors in signal propagation. Surface micropat-

terning by microcontact printing of PLL-PEG conjugates 

ensures high biocompatibility of the surface required for 

effi cient assembly of transmembrane protein complexes by 

an exogenous ligand as demonstrated for the IFN-receptor 

complex. Yet, a simple and robust methodology was imple-

mented, which ensures versatile adaptation and optimization 

for very different applications. For instance, surface cap-

turing could be stopped at any time during the experiment 

by addition of free HTL in solution for obtaining stable 

protein patterns for subsequent experiments. By using a 

chemically or biochemically cleavable adaptor (e.g., by engi-

neering a proteolytic cleavage site into the linker between 

NB and HaloTag), reversible protein reorganization could 

be achieved. Very different micropattern geometries are 

amenable by microcontact printing and versatile binary pat-

terning allows including further ligands for cell capturing. 

Smaller and homogenously arranged features (e.g., regular 

arrays) as well as reduced density of HTL could be used 

for increasing the kinetics of redistribution. Likewise, other 

strategies for cell capturing can be readily implemented by 

using antibodies or other compounds including functional-

ized lipids for backfi lling after microcontact printing. In 

combination with the unique feature of spatial and temporal 

control, TrIP thus opens multifarious possibilities for system-

atically exploring the intricate role of spatiotemporal pro-

tein organization at the plasma membrane in life and death 

of the cell.   

 Experimental Section 

  Protein Production : HaloTag-anti GFP nanobody fusion protein 
(NB-HaloTag) was produced in insect cells. The sequence of the 
antiGFP nanobody “enhancer” [ 40 ]  fused to the ybbR-tag [ 41 ]  and a 
His 10 -tag at the C-terminus (NB-ybbR) was cloned into the vector 
pBAC through the NcoI and AccIII restriction sites (pBAC-NB). The 
plasmid pBAC-NB-HaloTag was obtained by inserting the DNA 
sequence of HaloTag (Promega) into pBAC-NB via BamHI and EcoRI 
restriction sites. Cotransfection of Sf9 insect cells with the expres-
sion vector and linearized baculovirus DNA, NB-HaloTag fusion 
protein expression in Sf9 cells, as well as purifi cation by immobi-
lized metal ion affi nity and size exclusion chromatography was car-
ried out as described previously. [ 42 ]  

 For expression of the HaloTag-mEGFP fusion protein, the DNA 
sequence of the HaloTag (Promega) was inserted into the vector 
pET28b via NcoI and SbfI restriction sites, and the sequence of 
mEGFP was cloned through the XhoII and NotI restriction sites. 
HaloTag-mEGFP was expressed in  Escherichia coli  and purifi ed by 
immobilized metal ion affi nity and size exclusion chromatography 
in the same way as previously described for mEGFP. [ 43 ]  IFNα2 car-
rying an N-terminal ybbR-tag was cloned, expressed, and puri-
fi ed as detailed before. [ 44 ]  YbbR-tagged IFNα2 was labeled with 
ATTO655 conjugated to CoA by means of the PPTase Sfp according 
to the protocol from the manufacturer (Covalys Biosciences). 

  Surface Micropatterning : For specifi c capturing of HaloTag-
fused proteins, glass coverslips were micropatterned func-
tionalized with HTL by means of microcontact printing with 
poly(dimethylsiloxane) stamps (see the Supporting Information 
for details). Briefl y, stamps were soaked with 0.5 mg/mL PLL-
PEG-HTL in PBS buffer and applied to plasma-cleaned glass cov-
erslips. Immediately after peeling off the stamp from the surface, 
0.1 mg/mL PLL-PEG-RGD in PBS buffer was used to backfi ll the 
uncoated area. [ 27 ]  

  Cell Culture and Transfection : IFNAR1 fused to mEGFP at the 
ectodomain (mEGFP-IFNAR1), IFNAR2, and STAT2 fused to a C-ter-
minal tagRFP (STAT2-tagRFP) were cloned into the pSEMS-26m 
vector (Covalys Biosciences) by cassettes cloning as described 
before (Table S2, Supporting Information). [ 22,45,46 ]  HeLa cells were 
cultivated at 37 °C, 5% CO 2  in minimum essential medium sup-
plemented with 10% fetal calf serum and 1% non-essential amino 
acid. Cells were plated in 60 mm cell culture dishes to a density 
of ≈70% confl uence. One day after seeding, cells were transfected 
via calcium phosphate precipitation. [ 45 ]  8–10 h post transfec-
tion, cells were washed twice with PBS-buffer and the medium 
was exchanged. 24 h post transfection, cells were plated on the 
micropatterned glass cover slips and cultured for 15–20 h before 
fl uorescence imaging. 

  Live Cell Fluorescence Imaging : Fluorescence imaging of 
transiently transfected HeLa cells was carried out on an inverted 
TIRF microscope (Olympus Cell^TIRF Xcellence) equipped with 
a stage-top incubator and z-drift compensation module (micro-
scope details provided in the Supporting Information). Live cell 
imaging experiments were carried out at room temperature (25 °C) 
or 37 °C with cells kept under MEM medium. Spatial reorganiza-
tion of mEGFP-IFNAR1 into HTL micropatterns was triggered by 
addition of 30 × 10 −9   M  NB-HaloTag for 2 min and subsequent 
washing with MEM medium before imaging. Receptor dimeriza-
tion was initiated by 5 min incubation with 10 × 10 −9   M  AT655 IFNα2 
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and a subsequent washing step with MEM medium. For trig-
gered reorganization of whole signaling complexes (mEGFP-
IFNAR1/ AT655 IFNα2/IFNAR2/STAT2-tagRFP), receptor dimerization 
by addition of 10 × 10 −9   M  AT655 IFNα2 was carried out before trig-
gering spatial reorganization. 

  Quantifi cation of Fluorescence Intensity Changes : The time-
lapse fl uorescence intensity values were extracted from time-lapse 
fl uorescence images by using the “Time series analyzer v2.0” 
plugin of ImageJ software (v1.49). Fluorescence intensities per 
pixel for the selected region of interest (ROI) inside and outside 
the pattern were obtained as  F  inside  (t)  and  F  outside  (t) , respectively. 
For calculating the relative fl uorescence intensity ( )FR , a reference 
ROI outside the cell was chosen with its time-averaged fl uores-
cence intensity used as reference ( F  ref ) 

     ( ) ( )=F t F t F/R ref   (1) 

 where ( )F t  is  F  inside  (t)  or  F  outside  (t)  for calculating relative fl uores-
cence intensities inside or outside the patterns, respectively. For 
comparing the changes of relative fl uorescence intensity before 
and after triggering, ( )ΔF t  was obtained according to 

        
( ) ( ) ( )Δ = −⎡⎣ ⎤⎦F t F t F O F/R ref  (2)

 

 where   ( )F O  is the fl uorescence intensity at the beginning of image 
acquisition. For each cell, 15 ROIs with dimension of 10 × 10 pixel 
(2.2 × 2.2 µm) were selected to get the average values of  F  R  and 
Δ F  R  for inside or outside of the patterns.  

  Supporting Information 

 Supporting Information is available from the Wiley Online Library 
or from the author.  
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