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ABSTRACT: We report the fabrication of a patterned protein
array using three orthogonal methods of immobilization that
are detected exploiting a fluorogenic surface. Upon reaction of
thiols, the fluorogenic tether reports the bond formation by an
instantaneous rise in (blue) fluorescence intensity providing a
means to visualize the immobilization even of nonfluorescent
biomolecules. First, the covalent, oriented immobilization of a
visible fluorescent protein (TFP) modified to display a single
cysteine residue was detected. Colocalization of the
fluorescence of the immobilized TFP and the fluorogenic
group provided a direct tool to distinguish covalent bond formation from physisorption of proteins. Subsequent orthogonal
immobilization of thiol-functionalized biomolecules could be conveniently detected by fluorescence microscopy using the
fluorogenic surface. A thiol-modified nitrilotriacetate ligand was immobilized for binding of hexahistidine-tagged red-fluorescing
TagRFP, while an appropriately modified biotin was immobilized for binding of Cy5-labeled streptavidin.

1. INTRODUCTION

Convenient ways to link proteins to predefined locations on
molecular and supramolecular reactive surfaces are of great
importance for bottom-up engineering in nanotechnology and
life sciences.1 Site-specific chemical strategies, as opposed to
random attachment, provide precise control over immobilizing
proteins in homogeneously oriented layers and yield improved
performance of protein biochips.2−4 For the immobilization of
structurally sensitive proteins, chemical reactions with high
specificity toward the protein of interest, mild reaction
conditions compatible with physiological conditions, and
rapid and quantitative conversion are essential.2 Among the
bioanalytical platforms under development, interfaces with
multiple proteins on a single surface with predetermined
density, spacing, and orientation have attracted much
attention.5 Promising progress has been reported on developing
multifunctional protein surfaces using diverse surface-bound
orthogonal chemical functionalities for subsequent protein
attachment via covalent and noncovalent chemistry. To achieve
spatial surface patterning of orthogonal chemical groups,
elegant techniques have been developed,6 including photo-
lithography,7 spot arraying,8 electron-beam lithography,9 dip-
pen and other probe lithographies,10 and imprint lithography11

as well as microcontact printing (μCP).12 While a few of the
above-mentioned spatially multifunctionalized surfaces are
documented in the literature, where site-specific protein
attachment has been realized, only a small number are shown

to combine orthogonal covalent with noncovalent protein
immobilization strategies. Employing such multifunctional
protein(-binding) surfaces is attractive to achieve differentiated
responsive biomimetic functions.13 Recently, Velders and co-
workers demonstrated the selectivity and specificity of
orthogonal covalent and noncovalent functionalization for
small molecules. In their work bifunctional alkyne-cyclodextrin
patterned surfaces were prepared via reactive μCP.14 Micro-
contact printing is a versatile surface patterning method that
has been exploited for the immobilization of many different
molecules by inducing different types of reactions.15 In a very
recent example, Ravoo and co-workers fabricated tetra-
functional chemical patterns on silicon oxide by consecutive
reactive prints of heterofunctional linkers,12d each with a ligand
attached, displaying excellent biomolecular specificity.12d

Here, we employ our self-reporting thiol-reactive fluorogenic
platform16 to fabricate an interface with covalently and
noncovalently bound proteins. Oriented protein immobilization
can be conveniently achieved if the protein possesses a single
accessible, reactive cysteine (Cys), which is the only naturally
occurring amino acid containing a thiol group in its side chain,
and whose relative abundance in proteins is rather small (<1%).
Thiols have a pKa of around 8.5 and are sufficiently nucleophilic
at pH 7. When Cys residues are introduced into a protein
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through site-specific mutation of, for example, Ser or Ala
residues, preferably in a remote solvent-accessible epitope of
the protein, the specific reaction of an engineered cysteine
moiety with our fluorogenic maleimide-terminated monolayers
can be conveniently detected. Colocalization of the fluores-
cence of the immobilized protein and of the fluorogenic group
provides a direct tool to distinguish covalent bond formation
from physisorption. Equally, the orthogonal attachment of
subsequent immobilization steps of thiol-functionalized bio-
molecules can be identified via this colocalization of
fluorescence signatures.

2. RESULTS AND DISCUSSION
2.1. Direct Oriented Immobilization of Cysteine-

Modified Proteins from Solution. Visible fluorescent
proteins were used as model proteins in this study as their
fluorescence serves as an intrinsic probe for their structural
integrity upon immobilization, since their fluorescence
characteristics are highly sensitive to even minute changes in
their native structure.17 For the preparation of micropatterned
protein surfaces, glass slides were first modified with an azide-
terminated monolayer (Scheme 1, step 1).18 Then, a 1 h single
reactive μCP step (Scheme 1, step 2), by the Huisgen 1,3-
dipolar cycloaddition,19 was performed employing an oxidized
poly(dimethylsiloxane) (PDMS) stamp inked with a solution of
alkyne-functionalized fluorogenic coumarin 1 (Scheme 1),
Cu(I)(CH3CN)4PF6, and tris[(1-benzyl-1H-1,2,3-triazol-4-yl)
methyl] amine (TBTA).
The presence of a methyl-4-oxo-2-butenoate group adjacent

to the coumarin allows reaction with thiols and quenches the
coumarin emission prior to reaction with such thiols.16,20

Owing to this quenching, upon printing of 1, the fluorescence
of the pattern was almost indistinguishable from the back-

ground (Figure 1a).16 Subsequently, onto this self-reporting
platform the covalent immobilization of thiol-containing
compounds was performed by means of the fluorogenic
Michael addition to the methyl-4-oxo-2-butenoate moiety of
1 (Scheme 1, step 3, center).
To establish the method for the direct covalent immobiliza-

tion on the self-reporting surface of a cysteine-modified protein
(Scheme 1), a single-cysteine-containing mutant of a
monomeric variant of Clavularia cyan fluorescent protein,
mTFP1,21 was recombinantly expressed and purified [see
Supporting Information (SI) for details]. mTFP1 was modified
to contain no hexa-histidine (His6)-tags and, additionally, was
site-selectively mutated to introduce a single cysteine group at
the 174 position, which is located in a flexible loop on top of
the β-barrel of the fluorescent protein, yielding G174CTFP. To
probe the applicability of the direct protein immobilization, a
20 μM phosphate buffered solution (pH 7.5) of G174CTFP was
used for overnight incubation of substrates patterned with 1. As
control for the specificity of the immobilization reaction, the
cysteine-free mutant, TFP, was used at even higher
concentrations (40 μM) but otherwise identical conditions.
After overnight incubation fluorescence micrographs showed
protein patterns colocalized on the fluorescent coumarin
patterns only in the case of G174CTFP (Figure 1c,d), whereas
no enhancement of fluorescence of the fluorogenic coumarin or
any other part of the pattern in the case of TFP (Figure 1a,b)
could be observed, proving that the reaction indeed proceeds
exclusively with thiol-containing proteins.
The thus generated signaling platform is indeed so specific to

thiol moieties that it may become a valuable tool for the
identification of the redox state of cysteines, which are
important to the folding and stability of some proteins that
are part of various signaling pathways.22 To prove the ability of

Scheme 1. Schematic Representation of the Surface Functionalization by Reactive μCP of 1 (step 2) on an Azide Monolayer
(from step 1), Followed by Immobilization of a Single-Cysteine-Containing Mutant of TFP (G174CTFP, step 3) Reported by the
Fluorogenic Reaction of 1, (step 3, center)a

aSchematic representation of the protein structures: control cysteine-free TFP (step 3, top), G174CTFP (step 3, center), and blocked G174CTFP after
derivatization with Ellman’s reagent (step 3, bottom).
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our platform to selectively distinguish between thiols and
disulfides, a series of substrates were patterned with fluorogenic
coumarin 1 and subsequently incubated with TFP, G174CTFP,
or a disulfide conjugate of G174CTFP. To yield such a disulfide
conjugate of G174CTFP, a 20 μM solution of G174CTFP and, as a
control, cysteine-free TFP were reacted with an excess of
Ellman’s reagent23 (see SI). After overnight incubation of
G174CTFP, TFP, and the reaction product of G174CTFP with

Ellman’s reagent on slides, which were patterned in lines with 1,
significant fluorescent (protein) patterns could only be
observed in the case of unreacted G174CTFP (Figure 1d).
However, upon incubation with the disulfide conjugate of
G174CTFP, a very weak fluorescent pattern could be observed
(Figure 1f) a modest increase of blue fluorescence from the
coumarin lines was detected (Figure 1e). This is probably due
to the reaction with residual free thiol-containing byproducts
from the disulfide formation with Ellman’s reagent.
These results show that only free thiol containing G174CTFP

is immobilized but not its disulfide conjugate. The above series
of experiments prove that: (a) thiol-containing proteins can be
directly immobilized on fluorogenic coumarin patterns; (b)
direct protein immobilization gives rise to the self-reporting
blue fluorescence signal of the thiol-addition product of the
tethered coumarin; (c) immobilization from a solution of
G174CTFP results in colocalized patterns of protein and
fluorogenic coumarin; and (d) immobilization of G174CTFP
on fluorogenic coumarin is chemo-selective, i.e., thiol-
containing G174CTFP but neither thiol-free TFP nor
G174CTFP-disulfide conjugates are immobilized.

2.2. Supramolecular Oriented Immobilization of His6-
Tagged Proteins in Distinct Patterns. With the goal of
fabricating a multifunctional patterned surface that allows for
oriented covalent and noncovalent protein immobilization, we
decided to make use of the Ni(II)-nitrilotriacetic acid
(NiNTA)/His6-tag technology. To this end, cross-patterns
were fabricated by performing a second reactive μCP step of
thiol-NTA perpendicularly oriented with respect to the line-
patterns of 1 (Scheme 2). This printing step should result in
NTA-functionalized areas adjacent to areas of unreacted, ‘dark’,
coumarins to be used for the direct covalent immobilization of
cysteine-modified proteins from solution in a subsequent step
(Scheme 3).
In contrast to our previous work where thiolated

molecules,16 a pentapeptide,16 and a protein (vide supra)
were immobilized from solution, the viability of reactive μCP of
thiol-containing compounds on prepatterned fluorogenic
coumarin was tested. To this end, cysteine was selected for
immobilization via reactive μCP on our self-reporting platform.

Figure 1. (a−f) Fluorescence micrographs (insets: corresponding
intensity profiles) of substrates patterned with 1, after overnight
incubation with: (a,b) 40 μM TFP; (c,d) 20 μM G174CTFP; and (e,f)
30 μM G174CTFP after reaction with Ellman’s reagent. FB/FG refer to
blue (monitoring coumarin) and green (monitoring TFP) fluores-
cence channels, respectively.

Scheme 2. Schematic Representation of the Procedure of the Supramolecular Protein Immobilization by Reactive μCP of 1 on
an Azide Monolayer, Followed by Immobilization of a Thiol-NTA Reported by the Fluorogenic Reaction and Subsequent
Colocalization of His6-

14TagRFP-His6 Immobilized via NiNTA/His6 Interactions
a

aThe molecular structure of the NiNTA/His6 complex represents one of the possible species formed upon interactions of a His6-tag with a single
NiNTA unit.
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After a flat PDMS stamp was inked with a 10 mM cysteine
solution in PBS for 30 min and dried in a flow of nitrogen, the
stamp was brought into conformal contact with the self-
reporting coumarin-patterned substrate for 10 min. The
fluorescence microscopy characterization of the monolayers
showed a very weak signal for the unreacted fluorogenic moiety
before and a strong blue fluorescence emission after reactive
μCP of cysteine (Figure S1). Due to immobilization via reactive
μCP, the required sample volume and concentration were
much reduced compared to that required for the previously
reported immobilization from solution.16 From the fluores-
cence micrographs it is obvious that after performing two
reactive μCP steps, a Huisgen 1,3-dipolar cycloaddition of 1 on
the azide-functionalized monolayer followed by a fluorogenic
Michael addition on patterns of 1, the cysteine-printed areas of
the fluorogenic coumarin pattern had indeed increased in
fluorescence intensity. This demonstrates the viability of using
reactive μCP to immobilize thiols on our fluorogenic platform.
Then, following the same procedure as described above for

cysteine, thiol-NTA was immobilized via reactive μCP (using a
flat stamp) on fluorogenic coumarin reporter patterns (Figure
2). After printing, the blue fluorescent coumarin pattern was
clearly visible (Figure 2a), confirming the successful immobi-
lization of thiol-NTA. Subsequently, a variant His6-

14TagRFP-
His6 (SI) of monomeric red fluorescent protein, derived from
Entacmaea quadricolor, TagRFP,24 carrying His6-tags at both N-
and C-terminus was used for supramolecular immobilization on
the NTA-patterns. The NTA-patterned sample was incubated
with a solution of 1 μM His6-

14TagRFP-His6 and NiCl2 in a
1:2 ratio for 30 min, washed for 1 h, dried, and imaged using
fluorescence microscopy. The fluorescence characterization
(Figure 2c,d) shows a perfect colocalization of the covalently
attached NTA (determined via coumarin) and the assembled
fluorescent protein. Then, the sample was shortly immersed in
a 10 mM ethylene diamine tetraacetic acid (EDTA) solution in
order to remove the protein from the NTA monolayer via
competitive complexation of Ni2+ ions by EDTA. This resulted

in the retention of the immobilized NTA as seen by the
remaining signal from the coumarin (Figure 2e) and, at the
same time, a substantial loss of the red fluorescence intensity
(Figure 2f) indicating desorption of the protein. This
demonstrates the reversibility and specificity of the
His6-

14TagRFP-His6 interaction with the NTA-patterns. The
selectivity of the immobilization for thiols was further
confirmed using an amino-NTA, lacking a thiol group (Scheme
2). After printing the amino-NTA on fluorogenic coumarin
patterns using a flat stamp, negligible enhancement of
fluorescence was observed (Figure 2g). Upon subsequent
incubation with His6-

14TagRFP-His6 and NiCl2, the slight
increase in red fluorescent patterns (Figure 2h) indicates that
hardly any nonspecific interactions occur between the protein
and the NTA-free surface.
From this series of experiments we concluded that: (a) thiol-

NTA is site-selectively immobilized on our fluorogenic platform
following a reactive μCP approach; (b) immobilization gives
rise to the self-reporting blue fluorescence signal of the thiol
addition product of coumarin upon reactive μCP; (c)
immobilization from a solution of His6-

14TagRFP-His6 with
NiCl2 results in colocalized patterns of protein and NTA; (d)
immobilization of His6-

14TagRFP-His6 in the presence of Ni2+

ions on NTA patterns on fluorogenic coumarin is selective and
reversible.

2.3. Protein Arrays through Oriented Covalent and
Noncovalent Immobilization. To fabricate arrays using
covalent and noncovalent immobilization of two different
proteins, we next set out to show immobilization of NTA
ligands only on parts of the fluorogenic coumarin patterns
(Scheme 3). To this end, a line-patterned PDMS stamp inked
with thiol-NTA solution was cross-microcontact printed on a
substrate prepatterned with lines of 1 so that the two line
patterns were oriented perpendicular to each other. This
resulted in NTA-functionalized squares at the locations where
the two patterns overlap, while the remainder of the lines
functionalized with the fluorogenic unit 1 remained unreacted

Scheme 3. Schematic Representation of the Fabrication of a Dual Protein Arraya

a(Step 1) Surface functionalization by reactive μCP of 1 on an azide monolayer, followed by (step 2) immobilization of thiol-NTA by cross-μCP.
(Step 3) Subsequent immobilization of His6-

14TagRFP-His6:Ni
2+ on the NTA pattern (upper route, Figures S4 and S5) and consecutive

immobilization of cysteine-containing G174CTFP from solution on the rest of the pattern of as yet unreacted coumarin tether or, alternatively, vice
versa (step 3, lower route, Figure 3) the immobilization of G174CTFP with the consecutive immobilization of His6-

14TagRFP-His6:Ni
2+.
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and still thiol-reactive. Upon incubation of such a substrate with
1 μM His6-

14TagRFP-His6:Ni
2+ (1:2 ratio) in PBS, the

selective colocalization of protein on the NTA-functionalized
squares was observed (Figures S2 and S3). To test the ability to
immobilize G174CTFP onto the remaining ‘dark’ areas of the as
yet unreacted lines of fluorogenic coumarin and the His6-tagged
protein on the NTA-functionalized areas of the same substrate,
two procedures comprising two consecutive immobilization
steps were carried out (Scheme 3). In one procedure the His6-
tagged proteins were supramolecularly immobilized on the
NTA patterns prior to the direct covalent immobilization of the

cysteine-containing variant G174CTFP on the as yet unreacted
fluorogenic patterns (Scheme 3, upper route), while in the
other procedure the order of the two immobilization steps was
reversed (Scheme 3, lower route). Both routes lead to the same
result: dual protein patterns of oriented, noncovalently
immobilized His6-

14TagRFP-His6 on NTA and covalently
immobilized G174CTFP on the non-NTA functionalized
coumarin, respectively.
In detail, following the lower route in Scheme 3, a square

cross-microcontact printed substrate of thiol-NTA on patterns
of 1 (Figure 3a) was incubated overnight with a 20 μM solution
of G174CTFP. After washing, 1 h incubating with a solution of 1
μM His6-

14TagRFP-His6:Ni
2+ (1:2 ratio), and finally washing

and drying in a flow of nitrogen, a series of fluorescence
micrographs were recorded using different filters (Figure 3b−
d). As can be concluded from the merged fluorescence images
(Figure 3e), squares of His6-

14TagRFP-His6:Ni
2+ are localized

on parts of the blue-fluorescent coumarin lines complementary
to where G174CTFP is localized. Furthermore, the coumarin
lines are fully functionalized, as they show highly intense blue
fluorescence along their entire lengths (Figure 3b). Remarkably,
there seems to be a systematically higher intensity in the blue
coumarin fluorescence colocalized exactly at the squares of
cross-microcontact printed thiol-NTA, while the rectangular
parts of the coumarin lines in-between, functionalized with
G174CTFP, consistently show a lower blue (coumarin)
fluorescence intensity. Since our self-reporting platform reflects
bond formation, we correlate this observation to a higher
surface coverage in the case of the small molecule, thiol-NTA,
in comparison to the much larger protein (Figure S7). When
the order of incubation was reversed, following the upper route
in Scheme 3, i.e., first His6-

14TagRFP-His6 and then G174CTFP,
equally specific complementary patterns were observed (Figure
S5), with similar fluorescence intensity ratios in both cases. It
should be mentioned that calibration experiments on protein
fluorescence intensities of immobilized His6-

14TagRFP-His6
and G174CTFP indicate similar coverages for both proteins of
∼30% (Figure S7 and S8).
With this series of experiments, we show that: (a) NiNTA

and thiol-sensitive coumarin tethers can be used to
orthogonally immobilize two different proteins, one containing
His6-tags and one containing a free cysteine regardless of the
order in which the proteins are immobilized; b) the
immobilization strategies are orthogonal and (chemo-)-
selective; and (c) the fluorogenic tether acts as fluorescent
reporter for the immobilization of thiols, while (d) a correlation
between fluorescence intensity and coverage of bound thiols
can be detected.
After optimizing the conditions for fabricating a bifunctional

surface for dual protein patterns, the use of the residual azide

Figure 2. Fluorescence micrographs (insets: corresponding intensity
profiles): (a,b) after printing of thiol-NTA with a flat PDMS stamp on
a substrate patterned with compound 1; (c,d) after incubation of the
previous substrate in His6-

14TagRFP-His6:Ni
2+ (1:2) in PBS; (e,f)

after immersion in 10 mM EDTA in PBS (different substrate); (g)
after printing amino-NTA with a flat PDMS stamp; and (h) after
incubation of this substrate in His6-

14TagRFP-His6:Ni
2+ in PBS. FB/

FR refer to blue (monitoring coumarin) and red (monitoring
TagRFP) channels, respectively.

Figure 3. Fluorescence micrographs: (a) after cross-microcontact printing of lines of thiol-NTA perpendicular to the lines of 1 printed before further
functionalization; (b−d) after overnight incubation of this substrate patterned with 1 and cross-microcontact printed thiol-NTA in 20 μM G174CTFP
and subsequent incubation with 1 μM His6-

14TagRFP-His6:Ni
2+ (1:2) in PBS for 1 h; and (e) merged image of FR + FG. FB/FG/FR refer to blue

(monitoring coumarin), green (monitoring TFP), and red (monitoring TagRFP) channels, respectively.
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groups using reactive μCP for further functionalization via an
additional orthogonal ‘click’-reaction with alkyne-modified
biotin was investigated. In order to visualize the successful
attachment of alkyne-modified biotin to the surface, the thus
biotinylated substrate was incubated with a solution of 0.6 μM
Cy5-labeled streptavidin (Cy5-SAv) and showed the successful
specific binding of streptavidin on the biotin pattern (Figure
S6).
In order to fabricate a triple protein pattern the biotin−SAv

interaction was combined with the dual protein pattern
introduced above. To achieve a triple protein array, such as
that shown in the surface layout in Scheme 4, first the

fluorogenic platform was prepared via reactive μCP of lines of
the fluorogenic coumarin 1 on the azide monolayer, followed
by immobilization of thiol-NTA in squares using a cross-μCP
step. Subsequently, a dot-pattern of alkyne-biotin was cross-
microcontact printed onto the remaining areas of azide groups
on the substrate. After completion of these three printing steps,
three different proteins were immobilized in consecutive steps:
(a) G174CTFP via the direct Michael addition on the residual
thiol-reactive coumarin tether (Figure 4c); (b) His6-

14TagRFP-
His6 via formation of a supramolecular complex with NTA
ligands in the presence of Ni2+ ions (Figure 4b); and (c) Cy5-
SAv via complexation with immobilized biotin (Figure 4d). As
can be seen from the merged fluorescent images (Figure 4e),
the formation of blue fluorescent lines (Figure 4a) reports the
successful direct immobilization of thiol-NTA and of G174CTFP
(Figure 4b,c) onto the fluorogenic tether. The incubation of the
substrate with a solution of His6-

14TagRFP-His6 in PBS
resulted in selective, noncovalent immobilization of
His6-

14TagRFP-His6 solely on the NTA-functionalized cross-
microcontact printed squares (Figure 4a,b). The successful
immobilization of Cy5-SAv exclusively on the printed biotin
dots is shown in Figure 4d.
The overlay of the fluorescent images (Figure 4e) of the

three individual immobilizations of the three different proteins
on the same surface proves the expected localization of the
proteins on the doubly cross-microcontact printed array. With
the above series we could show that: (a) we were able to
specifically immobilize three different proteins on different

parts of a pattern on one substrate; (b) the three methods of
immobilization employed here are orthogonal and specific with
regard to their respective surface functionalities; and (c) triple
μCP is a viable patterning technique for the fabrication of a
triple protein array.

3. CONCLUSION
A fluorogenic platform was employed to selectively immobilize
and fluorescently report on the immobilization of thiol-
containing proteins and thiol-modified biomolecules. The
fluorogenic platform proved to be an excellent tool to visualize
the bond formation between biomolecule and surface, while the
orthogonal immobilization at different parts of the patterned
substrate could be visualized as well. The flexibility of this
approach will allow for the fabrication of specific protein
patterns and represents an important achievement on the way
toward establishing surfaces with differentiated responsive
functions. By themselves the chromophores contained in the
fluorescent proteins that we have used in this study are not very
complex but rather derive their fascinating properties from the
tight interactions with the well-defined structure of the protein
as a whole.25 As such, fluorescent proteins present some of the
most well-defined and easily modifiable systems known to date
for the study and development of new, complex, and protein-
compatible surface immobilization and patterning strategies.
Interfaces such as those developed here can serve as additional
tools for the study of cell−surface interactions in an
orientationally controlled, multiprotein environment.

Scheme 4. Schematic Representation of the Triple Protein
Arraya

aThe molecular structure of the NiNTA/His6 complex represents one
of the possible species formed upon interactions of a His6-tag with a
single NiNTA unit.

Figure 4. Fluorescence micrographs: (a−d) after cross-microcontact
printed thiol-NTA on the fluorogenic coumarin, μCP of alkyne-
modified biotin and overnight incubation with G174CTFP solution, 1 h
incubation with His6-

14TagRFP-His6:Ni
2+ (1:2), and 1 h incubation

with Cy5-SAv; (e) merged image of FG, FR1 and FR2. FB/FG/FR (=
FR1)/FR2 refer to blue (monitoring coumarin), green (monitoring
TFP), red (monitoring TagRFP), and far-red (monitoring Cy5)
channels, respectively.
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