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Genetically encodable fluorescent proteins have revolutionized
biological imaging in vivo and in vitro. Despite their importance,
their photophysical properties, i. e., brightness, count-rate and
photostability, are relatively poor compared to synthetic
organic fluorophores or quantum dots. Intramolecular photo-
stabilizers were recently rediscovered as an effective approach
to improve photophysical properties of organic fluorophores.
Here, direct conjugation of triplet-state quenchers or redox-
active substances creates high local concentrations of photo-
stabilizer around the fluorophore. In this paper, we screen for
effects of covalently linked photostabilizers on fluorescent
proteins. We produced a double cysteine mutant (A206C/
L221C) of α-GFP for attachment of photostabilizer-maleimides

on the β-barrel near the chromophore. Whereas labelling with
photostabilizers such as trolox, a nitrophenyl group, and cyclo-
octatetraene, which are often used for organic fluorophores,
had no effect on α-GFP-photostability, a substantial increase of
photostability was found upon conjugation to azobenzene.
Although the mechanism of the photostabilizing effects
remains to be elucidated, we speculate that the higher triplet-
energy of azobenzene might be crucial for triplet-quenching of
fluorophores in the blue spectral range. Our study paves the
way for the development of fluorescent proteins with photo-
stabilizers in the protein barrel by methods such as unnatural
amino acid incorporation.

1. Introduction

Fluorescent proteins (FPs) have revolutionized fluorescence
imaging of biological systems in vivo and in vitro. Because they
are genetically encoded, they allow the tethering of a natural
light-emitting protein chromophore to any protein of
interest.[1–3] Since there are no other fluorescent tags with these
properties, the impact of FPs for biological research cannot be
overemphasized.[1,3–5] Despite their importance, the photophys-
ical properties of FPs, i. e., brightness, count-rate and
photostability,[6–8] are relatively poor compared to synthetic
organic fluorophores[9] or quantum dots.[10,11] For example the
brightness of the fluorescent dye Cy3B is three times higher
than for eGFP.[12] Extensive research has been done over the
past decades to improve the photophysical properties of FPs.[13]

These studies have resulted in numerous FP-variants[14–16] with

useful chemical and photophysical properties, such as variants
optimized for fast folding,[17,18] photoswitching,[19] and
brightness,[8,20,21] or for functions such as pH sensing.[22] Yet,
there are no FPs with photophysical properties that can
compete with synthetic dyes in terms of brightness and
photostability.[6]

Intramolecular triplet-state quenchers were recently redis-
covered as an attractive approach for photostabilization in
various fluorescence applications.[23,24] The approach was already
proposed and experimentally realized in the 1980s[25,26] and uses
direct conjugation of photostabilizing compounds such as
triplet-state quenchers or redox-active substances to a fluores-
cent reporter (typically a synthetic organic fluorophore), thereby
creating high local concentrations of photostabilizer around the
fluorophore.[27] As illustrated in Figure 1, this improves the
photophysical properties of organic dyes such as Cy5 in bulk

[a] Dr. S. S. Henrikus, K. Tassis, Dr. J. H. M. van der Velde, Prof. Dr. T. Cordes
Molecular Microscopy Research Group,
Zernike Institute for Advanced Materials,
University of Groningen
Nijenborgh 4, 9747 AG Groningen (The Netherlands)

[b] Dr. S. S. Henrikus, Prof. G. Jung
Biophysical Chemistry,
Saarland University
Campus Building B2.2, 66123 Saarbrücken (Germany)

[c] Dr. L. Zhang, C. Gebhardt, Prof. Dr. T. Cordes
Faculty of Biology, Physical and Synthetic Biology,
Ludwig-Maximilians-Universität München
Großhadernerstr. 2–4, 82152 München – Planegg-Martinsried (Germany)
E-mail: cordes@bio.lmu.de

[d] Prof. A. Herrmann
Department of Polymer Chemistry,
Zernike Institute for Advanced Materials,
University of Groningen
Nijenborgh 4, 9747 AG Groningen (The Netherlands)

[e] Prof. A. Herrmann
DWI – Leibniz Institute for Interactive Materials
Forckenbeckstr. 50, 52056 Aachen (Germany)

[f] Dr. S. S. Henrikus
Current address: Francis Crick Institute
1 Midland Road, London NW1 AT1 (UK)

[**] A previous version of this manuscript has been deposited on a preprint
server (https://doi.org/10.1101/2020.03.07.980722).
Supporting information for this article is available on the WWW under
https://doi.org/10.1002/cbic.202100276

© 2021 The Authors. ChemBioChem published by Wiley-VCH GmbH. This is
an open access article under the terms of the Creative Commons Attribution
Non-Commercial License, which permits use, distribution and reproduction
in any medium, provided the original work is properly cited and is not used
for commercial purposes.

ChemBioChem
Full Papers
doi.org/10.1002/cbic.202100276

3283ChemBioChem 2021, 22, 3283 – 3291 © 2021 The Authors. ChemBioChem published by Wiley-VCH GmbH

Wiley VCH Montag, 22.11.2021

2123 / 212226 [S. 3283/3291] 1

http://orcid.org/0000-0002-2438-7436
http://orcid.org/0000-0002-8598-5499
https://doi.org/10.1101/2020.03.07.980722
https://doi.org/10.1002/cbic.202100276
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fcbic.202100276&domain=pdf&date_stamp=2021-07-22


and single-molecule investigations via intramolecular quench-
ing of triplet or radical states (mediated in the concrete
example by the nitrophenylalanine (NPA) group; data from
Ref. [27]).

Such a strategy obviates the need for complex buffer
systems, and makes these dyes with intramolecular photo-
stabilization “self-healing”, and thus compatible with diverse
biological systems.[23,24,27–30] This is a particular advantage in
situations in which the fluorescent dye is inaccessible to
exogenously added stabilizers (e. g., when contained in certain
biological cell-compartments[31]). Based on new mechanistic
insights,[32,33] there has been exciting progress on the optimiza-
tion of the photostabilization efficiencies in self-healing
dyes,[31,34–36] the development of bioconjugation strategies for
different fluorophore types,[27] photostabilizers and
biomolecules,[27,37] and their applications in super-
resolution,[23,27,38] live-cell and single-molecule imaging. All this
activity, however, has so far been focused on the major classes
of synthetic organic fluorophores including rhodamines,[24,27,34,38]

cyanines,[23,27,29,31,35,36] carbopyronines,[38] bophy-dyes,[39]

oxazines[37] and fluoresceins.[37] The recent direct and unambig-
uous demonstration of the formation of a long-lived chromo-
phore triplet state in green fluorescent proteins[40] suggests that
intramolecular photostabilization may be a strategy applicable
to fluorescent proteins as well.

The green fluorescent protein (GFP) was discovered by
Shimomura et al. in the jellyfish Aequorea victoria (avGFP) in
1962.[5] The 27 kDa protein shows a secondary structure made
up of eleven β-strands, two short α-helices and the chromo-
phore in the center. The β-strands form an almost perfect
barrel, which is capped at both ends by α-helices.[41] Therefore
the para-hydroxybenzylidene-imidazolinone chromophore in
the center of the β-barrel is separated from exterior.[42] The
dimension of the cylinder are about 4.2 by 2.4 nm. Proper
folding is required for autocatalytic maturation of the chromo-
phore from the amino acids Ser65, Tyr66 and Gly67.[42] GFP
shows green fluorescence after excitation in the near UV and
blue spectral region. A major and minor absorption peak at
395 nm and 475 nm, respectively, describes the spectral charac-
teristics of GFP. Fluorescence emission occurs either at 503 nm
(excitation at 475 nm) or 508 nm (excitation at 395 nm). The
two emission peaks belong to the anionic form of GFP;

excellent summaries of GFP photophysics are provided in
Refs. [16,43,44].

Here, we introduce an experimental strategy to screen for
the effects of covalently linked photostabilizers on the photo-
physical behavior of fluorescent proteins. For this, we recombi-
nantly produced a double cysteine mutant (A206C/L221C,
Figure S1) of alpha-GFP (F99S/M153T/V163A)[45] for attachment
of photostabilizer-maleimide conjugates. The cysteines did not
influence the fluorescence parameters, i. e., spectrum and
quantum yield, of the protein and also labelling with cyclo-
octatetraene (COT), trolox (TX) and a nitrophenyl-group showed
negligible effects. Strikingly, we found a substantial increase of
photostability upon conjugation to the azobenzene (AB)
derivative, 4-phenylazomaleinanil (4-PAM, Figure S1C).
Although the mechanism underlying FP-photostabilization by
azobenzene remains to be elucidated, our study paves the way
towards the development and design of a second generation of
fluorescent proteins with photostabilizers placed directly in the
protein barrel by methods such as unnatural amino acid
incorporation.

2. Results

A key obstacle in designing our research was the complex
photophysical behavior of FPs, which meant that not only the
properties of the chromophore itself, but also factors such as
the β-barrel structure/biochemical state and the specific
environment of the proteins had to be considered.[46–49]

Although unnatural amino acid incorporation does present an
attractive strategy for the introduction of a photostabilizer into
an FP, this route seemed challenging due to low protein
expression levels or incorrect protein folding. Therefore, we
decided for a strategy where photostabilizers can be covalently
linked to GFP via thiolmaleimide chemistry (Figure 2A).

For this, we produced a double cysteine mutant of α-GFP, a
GFP variant with mutations F99S/M153T/V163A as compared to
wildtype GFP. We call this variant GFP-QC2 since it additionally
contains two solvent-accessible cysteine residues (A206C,
L221C, Figure 2A). The side chains of A206 and L221 are
directed to the outside of the β-barrel, and therefore, following
cysteine substitution of these residues, and labelling, photo-
stabilizers can be placed outside of the barrel.

Figure 1. (A) Structure of a self-healing organic NPA-Cy5 fluorophore on an oligonucleotide structure. (B) Experimental demonstration of photostability
increases of Cy5 that are simultaneously coupled to a biomolecule (left) and to a photostabilizer (right). Analysis of single-molecule fluorescence microscopy
data shows temporal behavior of fluorescence emission of ‘self-healing’ fluorophore and confocal scanning images and time traces from self-healing Cy5
fluorophores on oligonucleotides. Data were reprinted from Ref. [27].
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The idea was that A206C and L221C (Figure 2A) would be
points of attachment for photostabilizers that can affect the
chromophore via changes of the protein-barrel[50] or alterna-
tively via triplet energy-transfer processes using long-lived
triplet-states.[40] While the latter are believed to occur more
likely via Dexter-processes,[23,24] which would require collisions
between FP chromophore and photostabilizer, there is support
that certain triplet quenchers might utilize a Förster
mechanism.[51] We thus reasoned that intramolecular triplet-
quenching in FPs might not strictly require direct contacts
between chromophore and stabilizer but proximity. This idea is
strongly supported by the observation that FPs can also be
influenced by solution-based photostabilizers (Figure S2 and
Refs. [52–54]). Tinnefeld and co-workers[55] also demonstrated
that EYFP shows a 6-fold enhanced photostability when using
dSTORM/ROXS-buffer, i. e., a reducing-oxidizing buffer cocktail,
oxygen removal and thiol addition, which should remain
ineffective if the GFP-chromophore was fully inaccessible.

α-GFP contains two natural cysteines (C48, C70) which may
have potentially interfered with our desired labeling of the
barrel using maleimide chemistry. C48 is solvent-accessible, but
too far away from the chromophore itself to be useful for
photostabilizer attachment and was therefore removed by
substitution for a serine residue (Figure S1A). In contrast, C70 is
not solvent-accessible in the folded form of GFP, and was
therefore not expected to interfere with labeling (Figure S1B).
The final construct GFP-QC2 was verified by sequencing to carry
the following mutations: C48S/F99S/M153T/V163A/A206C/
L221C (Material and Methods and Figure S4).

The absorption and emission properties of GFP-QC2 were
analyzed by steady-state spectroscopy methods,[27] and the
results of these analysis are given in Figure 2/S3. The spectral
characteristics of GFP-QC2 resembled those of α-GFP.[56] The
absorption spectrum of GFP-QC2 shows a main peak at
~ 395 nm (neutral chromophore) and a smaller peak at
~ 475 nm (anionic chromophore). In the UV range, absorbance
by the aromatic amino acids tryptophan, tyrosine and phenyl-
alanine dominate the absorption spectrum giving rise to an
additional peak at ~ 280 nm. An important characteristic of the
absorption spectrum was that the ratio of extinction coefficients
of GFP-QC2 was slightly below ~ 1 at 280/395 nm.

Importantly, GFP-QC2 shows a fluorescence spectrum and
quantum yield[56] of 0.81�0.02 (Figure S3) which resemble
those of α-GFP. Also the presence or absence of TCEP does not
influence the spectra and quantum yield (0.81�0.01), suggest-
ing that cysteine oxidation or di-sulfide bridge formation does
not occur in GFP-QC2. We also determined the quantum yield
of eGFP to validate our method and found values of 0.63�0.02
and 0.63�0.02 in the absence and presence of TCEP,
respectively (Figure S3). All this supports the idea that the
cysteines A206 C/L221 C will provide anchor points for covalent
attachment of photostabilizers, but do not influence the photo-
physics of the FP-chromophore, e. g., by modification of the β-
barrel structure.

To test for intramolecular photostabilization, we compared
the photophysical properties of unlabeled GFP-QC2 with
labelled variants carrying the photostabilizers 4-PAM, Trolox
(TX), cyclooctatetraene (COT) and nitrophenyl (NPP); see SI for
details of photostabilizer synthesis. TX, COT and NPP are

Figure 2. (A) Crystal structure of GFP-QC2 indicating residues A206 and L221 in red. These residues were substituted by cysteines in this study for attachment
of maleimide photostabilizers. (B) Absorbance and (C) emission spectra, and (D) normalized emission spectra of unlabeled and labeled GFP-QC2.
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photostabilizers that have been extensively used in self-healing
dyes due to their triplet-state energy matching with organic
fluorophores for Dexter-transfer (COT) or photo-induced elec-
tron-transfer (TX, NPP).[23,24,27–30] Azobenzene and stilbene, used
in the original articles by Lüttke and co-workers for POPOP-
dyes, are both known as potent quenchers of triplet-states.[57]

Since solution-quenching of triplet-states with rate constants
up to ~ 1010 M� 1s� 1 were observed using azobenzene,[57] this
molecule is generally an interesting candidate for both intra-
and intermolecular photostabilization. Reasons for not selecting
azobenzene earlier on in the development of self-healing dyes
may have been caused by its additional ability to induce
phototriggered conformational changes (in biological structural
such as proteins[58–60]), which would require additional control of
preserved biochemical function.

Labelling of GFP-QC2 was achieved using a protocol
adapted from single-molecule Förster resonance energy transfer
experiments (details see SI: 2. Material and Methods).[61] The
labelling of GFP-azobenzene (GFP-AB) was monitored by size
exclusion chromatography (Figure 3) via absorbance measure-
ments at 280 nm (Trp/Tyr absorbance of GFP), 320 nm (4-PAM)
and 395 nm (GFP chromophore). For GFP-QC2, the
280/395 ratio was just below 1 (Figure 3A), whereas it was just
above 1 for GFP-AB (Figure 3B). These findings are consistent
with the absorption spectrum of GFP-QC2 in Figure 2. A clear
indication for labelling of GFP with the azobenzene-derivative
4-PAM is an absorbance increase at 320 nm (Figure 3A vs. 3B;
see 4-PAM absorbance spectrum in Figure S1).

The procedure was repeated for the other three photo-
stabilizers, although labelling could not be monitored by UV/
VIS methods, because NPP, TX and COT show no characteristic
absorbance at wavelengths >300 nm. Therefore, for these GFP-
photostabilizer conjugates (GFP-COT, GFP-NPP, and GFP-TX),
their spectroscopic characterization was performed using sin-
gle-molecule TIRF (total internal reflection fluorescence) micro-
scopy. The bulk emission spectra of unlabeled and all four
labeled GFP-QC2 proteins were indistinguishable (Figure 2D)

supporting the idea that no static complexes between photo-
stabilizer and chromophore were formed, e. g., complexes with
blue-shifted absorption spectra.[27,48]

For single-molecule TIRF studies the proteins were immobi-
lized on microscope coverslips according to published
procedures[35] (for details see Material and Methods). Unlabeled
GFP-QC2 fluorophores were observed as well-separated diffrac-
tion-limited fluorescence spots in camera images (Figure 4A).
GFP-QC2 behaved similarly to other fluorescent proteins when
studied on the single-molecule level featuring low photo-
stability (Figure 4B), poor signal-to-noise ratio (SNR) and low
brightness for both oxygenated and deoxygenated conditions
(Figure 4C). Deoxygenated conditions can increase photon
emission since oxygen may act as a fluorescence quencher or
diminish photon emission if reactive-oxygen species mediate
photobleaching pathways.[48,62,63] The analysis of detected GFP
numbers in each movie frame (Figure 4B) and fluorescence time
trace analysis (Figure 4C/5) using previously published
procedures[35] allowed us to quantitatively determine the count-
rate, SNR and photobleaching times for single molecules for
different excitation intensities (0.4, 2.0, 3.2 kW/cm2) in the
absence and presence of oxygen (Figure 4D). For unlabeled
GFP-QC2 fluorophores (Figure 4D), we observed short
fluorescence periods of ~ 20 s with count rates of ~ 0.5 kHz at
0.4 kW/cm2 (see Figure 5 for individual traces). The SNR of GFP-
QC2 at 100 ms binning was between 1.5–4 (Figure 4D).

The total number of detected photons were similar for most
excitation conditions, i. e., between ~ 25000–50000. The con-
stant values resulted from faster photobleaching, but higher
count-rate for increasing excitation intensity (Figure 4D). The
normalized number of GFP-QC2 proteins per frame always
showed an initial increase in the first 5–10 s that is consistent
with previous reports of GFP/α-GFP[56] and likely relates to
photoconversion processes (Figure 4B). We thus analyzed
photobleaching times via an exponential fit of the tail of the
decay. We also studied the influence of known solution
additives such as COT and TX as controls (Figure S2). These

Figure 3. Size exclusion chromatograms of GFP-QC2 without (A) and with (B) 4-PAM showing an absorbance increase at 320 nm where PAM shows its
maximum absorbance.
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Figure 4. Quantitative photophysical characterization of GFP-QC2 in the presence and absence of oxygen under different excitation conditions following
analysis methods described in Ref. [35]. (A) TIRF image with (B) bleaching analysis counting fluorophore number per frame as a function of time.
(C) Fluorescent time traces of individual GFP-QC2 molecules (arrows indicate photobleaching) with (D) quantitative photophysical analysis under different
excitation conditions. All experiments were repeated within independent biological repeats for at least three times. Bar graphs were derived from averages of
>5 movies per conditions per repeat.

Figure 5. TIRF time traces of GFP-QC2 (A) in the presence and (B) in the absence of oxygen at 0.4 kW/cm2 excitation intensity.
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experiments were done before we started our study on the
intramolecular stabilizers to verify previous reports[52–54] that
solution additives (and thus potentially also molecules attached
outside the β-barrel) can influence the GFP-chromophore. For
addition of both TX and COT, we found negative impacts on
photobleaching rates, yet increased photon count-rates and
constant total detected photons/SNR for single-immobilized
GFP-QC2 molecules (Figure S2). Following these investigations,
we tested covalent linkage of photostabilizers to the residues
A206C and L221C (Figure 6).

The selected photophysical parameters were improved by
conjugation of 4-PAM to GFP-QC2, referred to as GFP-AB
(Figure 6). Photobleaching was retarded by 4-PAM for all
conditions (Figure 6C), but most significantly in the absence of
oxygen. Increases in the count-rate by AB were only observed
in the absence of oxygen. SNR changes were found to be non-
systematic. Strikingly, the increases of both count-rate and
photobleaching time gave rise to a substantial gain in the total
number of observed photons before photobleaching for all
excitation conditions, especially in the absence of oxygen
(Figure 6C).

As outlined before, the barrel of GFP-QC2 was also labeled
with the photostabilizers TX, NPP, and COT to generate GFP-TX,
GFP-NPA, GFP-COT, respectively (Figure 7); see SI for synthesis
of photostabilizer maleimides and the labelling procedure.

These experiments revealed only minor effects of the different
stabilizers on the photophysical behavior of GFP-QC2 in
contrast to 4-PAM. None of these other photostabilizers
increased or decreased the photobleaching time, count-rate,
total photon count and SNR strongly. Trolox showed some
exceptions of this general statement with elevated count-rates
at 2 kW/cm2.

The observed small effects of TX, NPP, and COT were on
one hand disappointing, albeit not surprising since other blue
fluorophores (Cy2,[23] fluoresceins[37]) were shown to be only
minimally affected by these stabilizers. Importantly, these data
further support that the idea of a unique interaction between
the FP-chromophore and 4-PAM, which was not seen with any
other stabilizer.

3. Summary and Discussion

In this study, we showed that a mutant GFP with two specific
cysteine (A206/L221C) residues available for labelling with
commercial and custom-made maleimide-photostabilizers, ex-
hibited increased photostability upon conjugation to the
azobenzene derivative 4-PAM (abbreviated GFP-AB). It could,
however, not be shown that the underlying mechanism for this
improvement is related to triplet-state quenching. Triplet-state

Figure 6. TIRF time traces of GFP-AB (A) in the presence and (B) in the absence of oxygen at 0.4 kW/cm2 excitation intensity. (C) Quantitative photophysical
analysis of GFP-AB under different excitation conditions.
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quenching was, however, demonstrated for the class of self-
healing dyes,[25,26] which feature similar covalent linkage of
photostabilizers to fluorophores.[29,64] The observed positive
impact of 4-PAM on GFP photostability and the long recently
determined triplet-state lifetimes of FPs,[40] however, supports
the idea that FPs may be usefully targeted by intramolecular
photostabilization, which provides an alternative approach to
previous FP-improvement strategies using, e. g., chromophore
fluorination.[65]

While our study paves the way for a systematic investigation
of how to equip GFPs with suitable intramolecular photo-
stabilizers, there are several issues that require further attention.
The strategy to label GFP on the outside of the β-barrel may
reduce efficient interaction between the chromophore and the
photostabilizer. While there is convincing published evidence
that the β-barrel does not shield the FP-chromophore fully[52–54]

from interacting molecules in the buffer and also that triplet-
quenching processes might be mediated by a contactless
Förster mechanisms,[51] we speculate that selecting a residue
inside the β-barrel might be even more promising for future
studies. This could be done with residues such as C70 or other
selected positions. In this case, a modified labelling strategy
would be required, where the GFP is immobilized for labelling,

unfolded to make the internal residue accessible and refolded
after labelling has occurred.

Ultimately, a major point of discussion is the type of
photostabilizer and quenching mechanism (PET vs. energy
transfer) required to successfully stabilize GFP. As for a number
of blue-absorbing fluorophores (Cy2 or fluorescein), the
common quenchers TX, NPP and COT were also ineffective for
GFP. Fluorescein and other blue dyes have a triplet energy of
1.98 eV, which is much higher than those found for green- and
red-emitting dyes with values between 1.46 eV (ATTO647N) and
1.72 eV (TMR).[37] The triplet-state of GFP was recently charac-
terized and found to have a surprisingly low energy in the
range of ~ 1.72 eV.[40] This finding is not fully consistent with the
fact that COT remains ineffective for GFP-QC2, since COT is very
effective for ATTO647N. Generally, for blue fluorophores
alternative quenchers with energetically higher-lying triplet-
states such azobenzene (~ 2 eV),[57] stilbene (~ 2.4 eV)[66] might
be more optimal, also as solution additive for dyes with
absorbance in the near-UV and blue spectral range. While these
values for azobenzene’s triplet state energy are higher in
comparison to COT, azobenzene quenching was found to be
effective for a range of different sensitizers with the highest
triplet state energy in phenanthrene (triplet energy of 2.67 eV
and kq up to ~ 8.0 × 109 M� 1 s� 1) and the lowest triplet state

Figure 7. Quantitative photophysical characterization of GFP-QC2 with and without different photostabilizers in the presence and absence of oxygen at under
different excitation conditions.
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energy in 3,4,8,9-dibenzopyrene (triplet energy of 1.49 eV and
kq up to ~ 1.0 × 108 M� 1 s� 1).[57]
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