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Abstract: New photostable and bright supramolecular complexes 

based on cucurbit[7]uril (CB7) host and diketopyrrolopyrole (DPP) 

guest dyes having two positively charged 4-(trimethylammonio)phenyl 

groups were prepared; with spectra (H2O, abs. / emission max. 480 / 

550 nm;  ~ 19 000, fl > 4 ns), strong binding with hosts (~560 nM Kd) 

and a linker affording fluorescence detection of bioconjugates with 

antibody and nanobody. Combination of protein-functionalized DPP 

dye with CB7 improves photostability and affords up to 12-fold 

emission gain. Two-color confocal and stimulated emission depletion 

(STED) microscopy with 595 nm or 655 nm STED depletion lasers 

shows that the presence of CB7 not only leads to improved brightness 

and image quality, but also results in DPP becoming cell-permeable. 

Introduction. The progress in the chemistry of fluorescent 
dyes with functional groups often leads to advances in biology-
related optical superresolution microscopy, (bio)analytical 
chemistry and chemistry of materials.[1]  A variety of fluorophores 
including rhodamines, their carbo- and silicon-analogs, cyanines, 
and coumarins have been developed and widely used in life and 
material science.[2] Bright and photostable fluorescent dyes are 
highly demanded as the number of photons emitted from a probe 
is a key factor for the success of detection and imaging. However, 
the brightness (product of the extinction coefficient and 
fluorescence quantum yield) and the photostability of organic 
dyes are often significantly reduced in aqueous solutions 
(compared to organic solvents) and even more when bound to a 
protein of interest. The rather hydrophobic fluorescent dye cores 
are prone to (self)aggregation (-stacking of planar fluorophores), 
and non-specific labeling due to “sticking” of the emitters to 
lipophilic structures (e.g., cellular membranes). These 
shortcomings are particularly undesirable in super-resolution 
microscopy,[3] where spatial resolution down to the molecular 
scale is expected, since they compromise imaging performance 
by increasing off-target binding and reducing the signal-to-noise 
ratio. Therefore, the discovery and development of new 
fluorophores and alternative strategies to improve the 
hydrophilicity of the fluorescent markers and reduce the influence 

of the environment on their properties and performance in optical 
microscopy are highly desired. 

 The inherent disadvantages of lipophilic fluorophores 

can be overcome by decoration of the dye cores with polar 

groups[2] or by incorporation into the supramolecular complexes[4] 

The host-guest strategy is particularly attractive because the host 

not only improves the dye’s hydrophilicity and water solubility, but 

also isolates and protects the guest from the environment.[4] For 

example, Mohanty and Nau encapsulated a rhodamine dye with 

cucurbit[7]uril (CB7) to achieve a remarkable increase in 

photostability.[5] Importantly, the size of complex remains small (< 

3 nm), on the order of or smaller than most proteins and other 

biomolecules. Despite several research groups having 

demonstrated bioimaging applications using supramolecular 

complexes,[6] the applicability of supramolecular chemistry in 

modern super-resolution optical microscopy techniques has 

rarely been explored.[7] For example, different fluorophores 

containing isopercolic acid residues were encapsulated in 

cyclodextrins to boost their emission by the suppression of 

nonradiative relaxation pathways, and successfully imaged 

lysosomes in HeLa cells with super-resolution STED microscopy. 
[7a] In another example, a supramolecular assembly of a 

photochromic diarylethene and CB7 exhibited extremely high 

photo-fatigue resistance in water (ca. 2500 switching cycles) and 

afforded super-resolution imaging with low light intensities by 

RESOLFT microscopy.[7b] One of the main challenges for the 

application of supramolecular complexes in bioimaging is their 

instability and dissociation in aqueous media or in cells due to the 

presence of nucleophiles, proteins and ionic buffers.[7c] These 

challenges motivated us to search for and synthesize organic 

dyes capable of supramolecular host-guest interaction, with 

enhanced performance in confocal and STED microscopy of cells 

and biological specimen. 
Results and Discussion. Our approach involves a newly 

designed host-guest pair which, upon complexation, shows 
emission enhancement and improved photostability in 
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fluorescence (super-resolution) microscopy applications. As a 
guest dye core, we selected a bis-lactam-based DPP (3,6-diaryl-
2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione), known for large 
brightness and chemical stability of its derivatives.[8] In addition, 
the DPP core contains multiple positions to which the functional 
groups may be attached, and this makes DPP a versatile platform 
for diverse applications. For example, DPP derivatives have been 
extensively used as inks and pigments (e.g., Pigment Red 254, 
nicknamed “Ferrari Red”, Figure 1),[9] in organic solar cells, in the 
design of fluorescent sensors for biologically relevant analytes 
(e.g. ROS, metal cations, cyanide)[9b] and several other 
optoelectronic applications. As a macrocyclic host molecule, CB7 
was chosen because of its high solubility in water (≈ 5 mM), its 
favorable size (≈ 200 Å3) that can accommodate a large range of 
small molecules such as drugs and organic fluorophores, and its 
demonstrated biocompatibility. [4a,c-d]  
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Figure 1. Fluorophore design related to Ferrari Red pigment. The structures of 

guest molecules prepared in this work - 3,6-diaryl-2,5-dihydropyrrolo[3,4-

c]pyrrole-1,4-diones (DPP), DPP-COOH; as well as amino and thiol reactive 

probes (DPP-COOH-NHS and DPP-COOH-Male, respectively); the host 

cucurbit[7]uril molecule (CB7). 

In the design of our fluorescent marker, we exploited the 

high binding affinity of CB7 for positively charged residues,[10] to 

decorate the DPP core at the para-phenyl positions with 4-

(trimethylammonio)phenyl groups. N,N-Dialkylation of the pyrrole 

rings is essential to provide solubility in organic solvents, thus 

facilitating following modifications and the resulting purification 

process.[8a] We first synthesized model compound 3,6-bis[4′-

(trimethylamonio)biphenyl-4-yl]-2,5-dihydropyrrolo[3,4-c]pyrrole-

1,4-dione (DPP) to test the binding and photophysical properties. 

In general, 3,6-bis(biphenyl)diketopyrrolopyrroles with various 

“outer” phenyl rings are available via Suzuki-Miyaura reaction.[11] 

We further prepared DPP-COOH, containing two carboxylic acids 

residues attached via C5-linkers, as well as amino and thiol 

reactive derivatives intended for bioconjugation (Figure 1). The 

synthetic details are given in the Supporting Information. The new 

structures (Figure 1) belonging to the C2h symmetry group are 

moderately hydrophilic, bear a positive net charge, and hold a 

potential to have high binding affinity towards CB7. The carboxylic 

acids residues in DPP-COOH are located outside the CB7 binding 

domains, and are therefore not expected to hinder complexation. 

To assess the binding property and the complexation ability 

between guest and host molecules, we performed density 

functional theory (DFT) calculations (Figures S1, S2). The 

optimized geometries of host-guest complexes, called DPP@CB7 

and DPP-COOH@CB7, predict a 1:2 complex for both guest dyes, 

with the diketopyrrolopyrole cores and the carboxylic acid groups 

outside the CB7 barrels. The similarity between the structure of 

both complexes, with the same CB7-CB7 distance (1.6 nm), 

suggest that the presence of carboxylic acids and their location in 

DPP-COOH should not significantly perturb the complexation.  

Table 1. Absorption maxima (λabs), extinction coefficients (ε), emission maxima 

(λem), fluorescence lifetimes (τfl), fluorescence quantum yields (Φfl), radiative 

rate constant (kr), and nonradiative rate constant (knr) of DPP and DPP-COOH, 

and their complexes with CB7 (DPP@CB7 and DPP-COOH@CB7) in water. 

 λabs   

[nm] 

ε × 10-3 

[M-1cm-1] 

λemi   

[nm] 

τfl
[a] 

[ns] 

Φfl
[b]

 

[%] 

kr
[c]

 

[108s-1] 

knr
[c]

 

[108s-1] 

DPP 475 17.9 550 4.80 62 1.29 0.79 

DPP@CB7 481 19.6 550 4.57 81 1.77 0.42 

DPP-COOH 479 15.8 551 4.78 59 1.23 0.86 

DPP-COOH 

@CB7 
481 19.3 551 4.60 77 1.67 0.50 

[a] The fluorescence lifetimes were measured at 560 nm and fitted with a mono-

exponential decay. [b] The fluorescence quantum yields (absolute values) were 

measured using an integrating sphere. [c] The radiative and nonradiative rate 

constants are calculated by kr = Φfl / τfl and τfl
-1 = kr + knr. 

The photopysical properties of DPP and DPP@CB7 were 

studied in aqueous solutions by means of UV/Vis absorption and 

photoluminescence (PL) spectroscopy (Figure 2a and Table 1). 

The changes observed upon addition of CB7 correspond to the 

trend reported for other diketopyrrolopyrrole derivatives in organic 

solvents.[11b,12] Upon complexation, the absorption maximum of 

DPP is slightly red-shifted from 475 nm to 481 nm, the absorption 

increases, and the emission intensity considerably enhanced (Φfl 

= 0.62 to 0.81), with the maximum at 550 nm unaffected. The 

Stokes shifts were found to be large (ca. 2650 cm1); as for other 

diketopyrrolopyrroles with electron withdrawing groups at the 

terminal positions.[13a] The fluorescence lifetime of DPP slightly 

decreases upon complexation (τfl = 4.80 to 4.57 ns) (Figure S3 

and Table 1). From the obtained values of τfl and Φfl, the radiative 

and nonradiative rate constants (kr and knr) were calculated (Table 

1). DPP@CB7 has a faster radiative (kr = 1.77×108 s-1) than 

nonradiative (knr = 0.42×108 s-1) pathway, while these two 

constants show considerably closer values for free DPP 

(1.29×108 s-1 and 0.79×108 s-1, respectively). While a similar 

tendency has been found for the radiative and non-radiative rates 

for other dyes, a reduction in the fluorescence lifetime upon 

encapsulation is rather uncommon: coumarin, xanthene and 

cyanine dyes were found to have longer fluorescence lifetimes in  
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Figure 2. (a) Absorption and photoluminescence (PL, excitation 460 nm) 

spectra of DPP (black lines) and DPP@CB7 complex (red lines) in aqueous 

solution (10 µM). The inset shows PL changes by varying CB7 amounts. (b) 1H 

NMR spectra of DPP upon addition of CB7 in D2O ([DPP] = 2 mM). (c) 

Isothermal titration calorimetry (ITC) profiles in water at 25 °C: experimental 

integrated heat (black dots) and fitted curve (red line) of a titration of a 50 μM 

DPP solution with a 1000 μM CB7 solution. 

the host cavity due to lower polarizability in complexes with 
hosts.[4f,13b] The experimental data on DPP emission (Table 1) 
agree with the main effect of CB7 binding reducing the rotational 
freedom of the peripheric phenyl rings,[13a] while the DPP 
fluorescent core remains outside of the cavity (Figures S1, S2), 
as opposed to the case of inherently cationic cores.[4f,13b]  

To compare the photostabilities of DPP and DPP@CB7, the 

absorption changes at 480 nm in aqueous solutions were 

monitored under continuous irradiation with 470 nm light (Figure 

S4). The DPP@CB7 complex was found to be more photostable, 

as it showed two-times slower bleaching rate than DPP monomer. 

Next, the complexation behavior was studied by observing the 

changes in the UV and PL spectra. First, in titration experiments, 

the absorption and emission intensities changed by adding small 

portions of CB7 solution to a DPP solution (Figure S5). We 

observed a gradual increase in DPP emission intensity, until 2 

equiv. of CB7 were added and a plateau was reached. The 

changes in UV and PL spectra at various DPP/CB7 ratios were 

recorded, and the obtained Job’s plots (Figure S6) indicated a 1:2 

(DPP:CB7) binding ratio. 

 To study the complexation in detail, we used 1H-NMR 

spectroscopy and isothermal titration calorimetry (ITC; Figures 2b 

and 2c). The 1H-NMR spectra were recorded in D2O in the 

absence of CB7 and with 1 and 2.2 CB7 equivalents. The NMR 

peaks of DPP without CB7 were rather broad, and all aromatic 

protons gave one unresolved multiplet at ca. 7.8 ppm. The NMR 

peaks with one equivalent of CB7 were even broader and shifted, 

which suggested partial binding. When 2.2 equivalents of CB7 

were added, all peaks became sharp and well resolved. The 

proton multiplets of the “outer” phenyl rings and NMe3
+ groups 

(shown as blue, red, and black dots in Figure 2b) were shifted 

upfield, and those of the “inner” phenyl groups (shown as green 

and magenta dots) were shifted downfield. These changes 

indicate that the CB7 hosts interact with the outer phenyl rings, 

which is in good agreement with the geometry predicted by DFT 

calculations for DPP@CB7. The ITC isotherm of a CB7 solution 

titrated with a DPP solution (Figure S7) showed a step at 2.5 mol 

of CB7 per 1 mol of added DPP (N ~ 0.4). In the reversed case, 

when DPP was titrated with CB7, the sharp transition was 

observed at the DPP/CB7 molar ratio of 1:2 (corresponding to N 

~ 1.9; Figures 2C and S7).  Importantly, the dissociation constant 

(Kd) calculated by this method is ca. 360 nM, which confirms the 

strong host-guest interaction. These results support that a DPP 

molecule can be tightly “wrapped” with two CB7 barrels in an 

aqueous solution. 

Next, we investigated the cell permeability of DPP 

compound and incubated U2OS cells for 30 min with DPP (1 µM) 

in the cell medium. We observed weakly stained elongated 

structures concentrated near the nucleus (Figure 3A). Pre-

incubation of the dye with CB7 before its addition to the cell 

medium clearly increases the signal (Figure 3B), suggesting an 

enhanced cell permeability of the supramolecular complex with 

respect to the free dye and in agreement with previous reports.[14] 

As lipophilic cations are known to specifically target mitochondria, 

we co-stained the cells with commercially available mitochondria 

marker MitoTracker Deep Red FM. A high colocalization degree 

(Figure 3C-D) with a Pearson’s correlation coefficient value of 

0.978 (Figure 1E), confirms the selective targeting of 

mitochondria with DPP@CB7. 

To diversify the applicability of this dye through specific 

labelling, carboxylic acid residues were appended to the side 

chains in DPP-COOH (Figure 1). We first verified that the 

photophysical properties of DPP-COOH and its complex with CB7 

(DPP-COOH@CB7) were similar. Indeed, only minor differences 

were found (Table 1 and Figure S8). Beyond that, the 

complexation behavior of DPP-COOH with CB7 was very similar 

to that of its DPP counterpart (Figures S9, S10). Then, we 

transformed DPP-COOH to amino-reactive N-

hydroxysuccinimidyl ester DPP-COOH-NHS and thiol-reactive 
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Figure 3.  Confocal images of live U2OS cells. Cells were co-labelled with nuclear stain Höchst dye and 1 µM DPP without CB7 (A) and DPP pre-mixed with CB7 
1 mM (B). (C, D) Cells were simultaneously stained with pre-mixed 1 µM DPP + CB7 1 mM and MitoTracker Deep Red FM; (E) Corresponding colocalization 2D 
histogram. Scale bar: 10 µm. 

maleimide DPP-COOH-Male (Figure 1). The former was used for 

the labeling of antibodies, and the latter for labelling nanobodies 

incorporating two cysteine residues at the N- and C-terminus. 
Importantly, only one carboxylic acid group can be activated, 

while the other one increased the dye polarity. This carboxylate 
may be (partially) deprotonated. Thus, in their protein adducts, the 
markers are either double-positively charged, or (at physiological 
pH) exist in a zwitterionic form with a single positive net charge, 
reducing dye-aggregation and unspecific labeling of lipophilic 
structures. 

Figures 4A and 4B represent the confocal images of cells 
stained with primary antibody against tubulin and the secondary 
antibody labeled with DPP-COOH-NHS before and after CB7 
addition, respectively. Remarkably, upon CB7 addition, the 
fluorescence intensity strongly increased (~12-fold; see also 
Figure S11A-D). This effect was much higher than an increase 
expected from ensemble experiments (less than 1.3-fold in a 
cuvette; see Figure 2a and Table 1). These results suggest that 
the dye emission is highly quenched prior to complexation, 
possibly due to self-aggregation in the imaging conditions and the 
close proximity to proteins. Therefore, the observed large 
fluorescence enhancement might be due to synergistic effects: 
disaggregation followed by emission enhancement due to host-

guest complexation. The aggregation may be aggravated by the 
salt content in the mounted media used for cells (PBS) and the 
relatively high degree of labeling (DOL = 5.5). To minimize this 
problem, we quantitatively labelled nanobodies containing two 
cysteine residues (Figure S12A). This ensures uniform labelling 
positions for all proteins, a fixed and defined DOL of 2, and a dye-
dye distance of ca. 4 nm.[15] This approach prevents dye-dye 
aggregation on one and the same nanobody. Confocal images of 
cells stained with these nanobodies before and after CB7 addition 
are given in Figures 4C and 4D, displaying a large fluorescence 
enhancement (> 7 times, Figures 4E-G). These results suggest 
that despite the loss of signal due to self-aggregation of the dye 
residues - a known effect for labelled antibodies[16] and even 
nanobodies[17] - the predominant quenching is due to binding with 
the primary antibody. Assuming that quenching may be produced 
by proteins, we studied the effect of selected amino-acids 
reducing the emission of DPP (Figure S13).[18] To observe and 
compare the quenching effects, all amino acids were applied in 
0–3 mM concentration range. We found that DPP (1.6 µM) is not 
influenced by histidine, moderately quenched by lysin, methionine 
and phenylalanine, and strongly by tryptophan. In the latter case, 
while both static and dynamic quenching mechanisms were 
observed, the static one is more prominent suggesting that 
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Figure 4. Confocal images of U2OS cells stained with a primary antibody 
against tubulin and a secondary antibody (A-B) or a secondary nanobody (C-D) 
labeled with DPP-COOH-NHS or DPP-COOH-Male, respectively. Images in 
PBS (A, C) and after the addition of CB7 (B, D). Images are displayed in the 
same scale (images in PBS scaled to the full range are shown in Figure S11). 
The ratio of the signal for all pixels (above thresholds) was calculated for B and 
C and displayed in (E), together with the corresponding violin plot (F) and the 
signal correlation (G) with a linear fit. The median and the mean of the 
distribution are 7.71 and 8.35 respectively. Scale bars: 5 µm. 

the π-π stacking with tryptophan residues is the main factor 

responsible for DPP quenching. We also confirmed that CB7 (0.8 

mM) mitigates the effect in all cases, except for phenylalanine. 

This amino acid is known to bind CB7 (Kd = 8.7 µM)[19] with lower 

affinity than DPP does (0.36 µM, Figure 2C). In the presence of 

CB7, phenylalanine quenched the DPP emission stronger than 

without CB7 (Figure S13). This may be explained if we assume 

that the phenylalanine displaces DPP from the complex, thus 

reducing DPP emission present in the free form (see Figure 2A). 

Notably, the quenching of phenylalanine in proteins was observed 

mostly for terminal residues.[20]  

The complexation with CB7 in cellular environments also 

results in a remarkable protection of the dye from undesirable 

quenching in imaging experiments (Figure 3). Fluorescence-

lifetime imaging microscopy (FLIM) indicates that both static and 

dynamic quenching mechanisms are operative, since a change in 

the emission lifetime was observed upon CB7 binding (Figure 

S14A-B), in addition to the signal amplitude changes. The 

difference between the signal ratio and the fluorescence lifetime 

ratio (in the presence and absence of CB7) suggests that static 

quenching is the main mechanism. For a fairer comparison, we  

also tested the effects of CB7 addition to the free nanobody 

(labeled with DPP-COOH-Male) in cuvette experiments. The 

emission enhancement in PBS upon addition of 8 equivalents of 

CB7 was found to be 2.1-fold (Figure S15), with practically  

 

 

Figure 5. Confocal (A, D) and STED (B, E) images of U2OS cells stained with 
a primary antibody against tubulin and a secondary nanobody labeled with DPP-
COOH-Male and mounted in PBS supplemented with CB7. STED was 
performed with a 655 nm laser (B) or with a 595 nm laser (E), both at 
approximately same power. (C, F) Confocal (empty symbols) and STED (filled 
symbols) line-profiles across a single filament from the indicated positions. Data 
was fit to a Gaussian function (Confocal) and a Lorentzian function (STED), with 
the corresponding FWHM indicated. Scale bars: 2 µm. 

imperceptible changes in the fluorescence lifetime (4.8 and 4.6 ns 

in PBS and CB7, respectively).In fact, these lifetimes are 

practically identical to the ones measured for the free dye (Table 

1). 

We also tested the photostability of DPP-COOH and DPP-

COOH@CB7 in cells labeled with the nanobody (Figure S16). To 

this end, confocal images were repeated for 100 frames in the 

same corresponding regions of interest (ROIs, Figure S16A-B) 

and at the same excitation power used for the acquisition of other 

images (Figures 3-4). In principle, it appears that the free markers 

in PBS endure approximately twice as many frames (84 vs. 44), 

before half of the initial signal (average pixel intensity) has been 

bleached (Figure S16C-D). However, when considering the total 

signal (cumulative sum), the advantages of the formation of the 

supramolecular complex become evident. At its half-bleaching 

frame, the complex provided a 4-fold increase in the total signal 

(Figure S16E) compared to the free dye in PBS (without CB7). 

Likewise, it is necessary to accumulate 8 frames in PBS to obtain 

the same signal as with CB7 in one (first) frame (Figure S16F). 

Thus, despite the complexity of cellular environment and the fact 

that in confocal imaging the fluorophore is exposed to a much 

higher excitation intensity than in cuvette experiments, a better 

photo-fatigue resistance was also observed for DPP after 

treatment with CB7 in cells. 

Encouraged by the strong fluorescence enhancement of 

DPP emission upon CB7 addition to nanobody-labeled cells, we 

imaged the stained cell by means of super-resolution STED 

microscopy. Based on the emission spectra (Figure 2a), we used 

two commercially available STED lasers for the depletion, 595 nm 

and 655 nm. As shown in Figure 5, STED microscopy with both 

lasers was possible, with optical resolution clearly beyond the 

diffraction limit. As two different microscopes were used, the 

excitation was performed with different lasers (485 nm and 518 

nm respectively), and therefore slightly different detection 

10.1002/anie.202410217

A
cc

ep
te

d 
M

an
us

cr
ip

t

Angewandte Chemie International Edition

This article is protected by copyright. All rights reserved.

 15213773, ja, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202410217 by M

ax-Planck-Institut fur M
ultidisziplinare N

aturw
issenschaften, W

iley O
nline L

ibrary on [26/06/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Research Article          

6 
 

Figure 6. Two-color image of fixed U2OS cells stained with primary antibodies 
against tubulin (rabbit) and vimentin (mouse), a secondary nanobody (anti-
rabbit) labelled with DPP-COOH-Male and a secondary antibody (anti-mouse) 
labelled with STAR635P. Color channels were imaged sequentially: first the red 
channel with 775 nm STED laser and then the green channel with 595 nm STED 
laser. Images were acquired after the addition of CB7. (A, B) Confocal and 
STED images recorded with 640 nm excitation and 650-763 nm detection; (C, 
D) Confocal and STED images recorded with 485 nm excitation and 510-585 
nm detection; (E, F) Images for confocal and STED channels overlapped; (F, 
G) Confocal (empty symbols) and STED (filled symbols) line profiles across a 
single filament from the corresponding channels. Data were fit to a Gaussian 
function (Confocal) and a Lorentzian function (STED), with the corresponding 
FWHM indicated. Scale bar: 2 µm. 

windows were used. No undesired re-excitation produced by the 

STED laser was observed, even when a 595 nm STED laser was 

used. A direct comparison of STED imaging with and without CB7 

(Figure S17) further demonstrates the advantages of our 

supramolecular complexation strategy. 

The well-performing STED dyes with excitation and emission 
maxima of DPP (480 nm / 550 nm, respectively) are scarce. The 
nearest spectral analog is the long Stokes shift dye Dyomics 
485XL with its 485 nm / 560 nm excitation / emission maxima in 
ethanol,[21] and it has been reported to excel in STED imaging with 
a 647 nm depletion laser.[22] Therefore, we compared the 
performance of DPP and this benchmarked dye. For that, we took 
the same unlabeled nanobody and stained it with a maleimide 
derivative of Dyomics 485XL, also achieving quantitative labelling 
(Figure S12B). Then, cells were stained under very similar 
conditions: the same primary antibody, nanobody concentrations, 
etc. For Dyomics 485XL, the observed signal enhancement upon 
CB7 addition was only 4-12% (~1.1-fold, Figure S18). The STED 
microscopy with this dye gave similar results as for DPP (Figure 
S19). The apparent sizes of single filaments were similar to the 
values reported in the literature,[22b] and slightly larger than the 
values obtained with DPP@CB7. In general, we found that DPP 
conjugates gave better images when used with a 595 nm STED 
laser, while DY-485XL was performing better with a 655 nm STED 
laser. Probably, a higher re-excitation produced by the 595 nm 
STED laser for DY-485XL, on the one hand, and the better fatigue 
resistance of this dye at higher STED laser powers (Figure S20), 
on the other hand, were the reasons for this difference. In fact, it 
was possible to increase the STED power to the maximum 
available for DY-485XL (Figure S19E), in order to improve the 
optical resolution, with still acceptable photobleaching (Figure 
S20). 

We finally evaluated the applicability of the DPP@CB7 

complex for two-color imaging in combination with a benchmark 

far-red emitting dye STAR635P. The rhodamine STAR635P was 

selected due to its absorption and emission maxima (638 / 651 

nm), high brightness (90% fluorescence quantum yield, ε ~105 M-

1cm-1),[23] photostability, and its excellent performance in STED 

microscopy with a 775 nm STED laser. As the complex 

DPP@CB7 has yellow fluorescence, the emission colors of the 

two components can be easily separated by using 485 nm and 

640 nm excitation and proper detection ranges (see Figure 6A, 

6C and the legend therein). The fluorescence lifetime and signal 

intensity of the far-red emitting dye STAR635P did not change 

upon CB7 addition (Figure S14C-D and S21A). Furthermore, two-

color super-resolution STED imaging was demonstrated (Figure 

6) by using a sequential process with the far-red STED channel 

recorded first, as the powerful 595 nm STED laser bleaches the 

red dye. This sequential imaging approach was necessary due to 

the low STED efficiency of DPP at 775 nm (Figure S22), 

preventing an imaging approach with a single STED laser. Other 

established and commercially available dyes with spectral 

properties similar to STAR635P (e.g., SiR – silicon rhodamine, 

and Alexa Fluor 647 – a cyanine dye) can also be combined with 

DPP@CB7, (Figure S21B-C), accounting for the versatility of the 

DPP@CB7 complex in multi-color fluorescence imaging. 
 
Conclusion. We prepared a supramolecular complex 

containing a diketopyrrolopyrrole fluorophore as a bright, 
photostable, long Stokes-shift dye for STED microscopy with 
depletion at yellow-red wavelengths (595-655 nm). Replacing the 
chlorine atoms in Ferrari Red core, we developed compounds 
with (trimethylammonio)phenyl groups having fairly good 
solubility in water, tightly binding with CB7 ligands, with the 
absorption and emission bands fitting commercially available 
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laser lines for excitation and depletion, respectively. After 
studying the binding properties, and upon photophysical 
characterization, the imaging performance in far-field 
fluorescence microscopy was evaluated. The DPP@CB7 pair 
shows specific labelling of mitochondria in living cells, with 
enhanced cell-membrane permeability boosted by CB7 
complexation. After decoration with carboxylic acid residues, the 
reactive forms of DPP-COOH were conjugated with secondary 
antibodies and nanobodies, affording specific labelling on fixed 
cells. The partial quenching of dye emission on proteins was 
overcome by addition of CB7. The protection offered by CB7 
enhanced the emission, improved the fatigue resistance of the 
fluorophore, and allowed super-resolution imaging in a 
commercial STED microscope. We demonstrated a resolution 
enhancement, comparable to a bench-marked STED dye with  

large Stokes shift, but belonging to a distinct fluorophore class. 

We finally combined the new dye with the far-red emitting 

rhodamine and applied this pair in two-color STED microscopy 

with either 485 nm / 595 nm, or 640 nm / 775 nm 

excitation/depletion combination. The main challenge pertaining 

to future applications in life science, particularly in experiments 

with living cells, relates to the observation that large amounts of 

the CB7 host are necessary to overcome the competing effect of 

the cations present in aqueous buffers (despite the fact that in 

pure water binding is saturated with 2-4 equiv. of CB7). However, 

the CB7 concentration used in our live-cell experiments has been 

previously found to be non-toxic and well tolerated by cells. This 

study shows that the supramolecular nanosized complexes, 

based on fluorophores with optical properties enhanced by the 

host, are promising candidates for developing STED and other 

super-resolution techniques beyond their present limits.  
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Bright and stable assembly of cucurbit[7]uril as a host and diketopyrrolopyrole (DPP) as a guest was functionalized. In conjugates 

with proteins, DPP dye shows up to 12-fold emission gain upon addition of CB7. In two-color confocal and stimulated emission 

depletion (STED) microscopy with 595 nm or 655 nm STED depletion lasers, the presence of CB7 is recommended for improving 

brightness and image quality. With CB7, DPP dye becomes cell-permeable.      

Institute and/or researcher Twitter usernames: @mpi_nat 

10.1002/anie.202410217

A
cc

ep
te

d 
M

an
us

cr
ip

t

Angewandte Chemie International Edition

This article is protected by copyright. All rights reserved.

 15213773, ja, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202410217 by M

ax-Planck-Institut fur M
ultidisziplinare N

aturw
issenschaften, W

iley O
nline L

ibrary on [26/06/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense


