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A B S T R A C T   

Two-photon absorbing fluorescent probes have emerged as powerful imaging tools for subcellular-level moni-
toring of biological substances and processes, offering advantages such as deep light penetration, minimal 
photodamage, low autofluorescence, and high spatial resolution. However, existing two-photon absorbing probes 
still face several limitations, such as small two-photon absorption cross-section, poor water solubility, low 
membrane permeability, and potentially high toxicity. Herein, we report three small-molecule probes, namely 
MSP-1arm, Lyso-2arm, and Mito-3arm, composed of a pyridinium center (electron-acceptor) and various 
methoxystyrene “arms” (electron-donor). These probes exhibit excellent fluorescence quantum yield and decent 
aqueous solubility. Leveraging the inherent intramolecular charge transfer and excitonic coupling effect, these 
complexes demonstrate excellent two-photon absorption in the near-infrared region. Notably, Lyso-2arm and 
Mito-3arm exhibit distinct targeting abilities for lysosomes and mitochondria, respectively. In two-photon mi-
croscopy experiments, Mito-3arm outperforms a commercial two-photon absorbing dye in 2D monolayer HeLa 
cells, delivering enhanced resolution, broader NIR light excitation window, and higher signal-to-noise ratio. 
Moreover, the two-photon bioimaging of 3D human forebrain organoids confirms the successful deep tissue 
imaging capabilities of both Lyso-2arm and Mito-3arm. Overall, this work presents a rational design strategy in 
developing competent two-photon-absorbing probes by varying the number of conjugated “arms” for bioimaging 
applications.   

1. Introduction 

In recent years, small-molecule fluorescent probes have emerged as 
essential and versatile tools for the real-time observation of biological 
processes (Grimm and Lavis, 2022; Kim and Cho, 2015; Wu et al., 2021; 
Yin et al., 2021). These probes possess the ability to freely enter cells and 
can be readily modified to target various biological substances, making 
them highly suitable for bioimaging requirements. Notably, advance-
ments in chemical design strategies have paved the way for the creation 
of novel fluorophores with diverse properties. Currently, the majority of 
fluorescent probes employed for live cell imaging are based on 

derivatives such as coumarin, anthracene, BODIPY, fluorescein, naph-
thalene amide, quinoline, and rhodamine (Beija et al., 2009; Boens et al., 
2012; Cao et al., 2019; Chan et al., 2012; Duke et al., 2010). However, 
these fluorophores primarily operate through one-photon absorption, 
necessitating UV/visible light excitation. Unfortunately, this approach 
has several limitations. Firstly, the requirement for short-wavelength 
light excitation hinders deep tissue imaging due to poor penetration 
into media. Moreover, high-energy photons can induce photodamage to 
biological species. Additionally, many dyes exhibit low resistance to 
photobleaching, rendering them unsuitable for prolonged observation. 
Lastly, short-wavelength light can induce autofluorescence, which may 
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interfere with the original fluorescence signal (Wu et al., 2021). 
In contrast, near-infrared (NIR) light excitation offers a solution to 

overcome the aforementioned limitations. Consequently, NIR fluores-
cent probes have attracted growing attention in the field of bioimaging 
(Chai et al., 2022; Yuan et al., 2013). NIR probes exhibit outstanding 
properties, including deep light penetration, low fluorescence back-
ground, high sensitivity, reduced photodamage, minimal auto-
fluorescence, and non-invasiveness, providing scientists with many 
opportunities for in vivo imaging to explore and understand biological 
processes at the subcellular level (Guo et al., 2014; Yuan et al., 2013). 
Within this context, two-photon-absorbing fluorescent fluorophores 
have emerged as promising NIR probes that generate fluorescence sig-
nals through the simultaneous absorption of two photons, with each 
photon having a wavelength twice that of its corresponding one-photon 
absorption wavelength (Fig. S1a). Compared to one-photon imaging, 
two-photon imaging offers significantly higher spatial resolution as it 
occurs exclusively at the focal point of the pulsed laser beam (Bolze 
et al., 2017; Xu et al., 2020). However, most fluorophores employed in 
two-photon microscopy are originally designed for one-photon excita-
tion and possess low two-photon absorption cross-sections (δ, 1 GM =
10−50 cm4 s photon−1 molecule−1), limiting their applicability in 
two-photon microscopy (Makarov et al., 2008; Xu et al., 1996). There-
fore, there is an urgent need to develop a diverse range of two-photon 
absorbing probes with exceptional performance, precise targeting 
capability, and excellent two-photon absorption cross-section in order to 
achieve enhanced two-photon microscopy. 

Extensive research aimed at understanding the relationship between 
molecular structure and two-photon absorption has facilitated the 
rational design of two-photon absorbing fluorophores. Previous in-
vestigations have demonstrated that an increased degree of intra-
molecular charge transfer can result in a larger two-photon absorption 
cross-section (Kim and Cho, 2015; Wu et al., 2021). As depicted in 
Fig. S1b, there are general structural features that exhibit enhanced 
two-photon absorption: (1) Dipolar structure (D-π-A): This design in-
corporates an electron-donating group and an electron-accepting group 
connected through π-conjugation bridges, resulting in large transition 
dipole moment (Singh et al., 2022). (2) Quadrupolar structures 
(“pull-pull” A-π-D-π-A or “push-push” D-π-A-π-D): These structures 
involve extending the π-delocalized conjugation or increasing the sym-
metrical charge transfer from the middle of the molecule to the ends, or 
vice versa (Albota et al., 1998). (3) Octupolar structures (D (-π-A)3 or A 
(-π-D)3): By introducing electron-donating or electron-accepting sub-
stituents with three dipolar branches, the two-photon absorption 
cross-section can be cooperatively amplified through excitonic coupling 
effects, which refer to the electronic coupling between the branches 
(Chung et al., 1999; Pascal et al., 2021; Singh et al., 2022; Terenziani 
et al., 2008). Although these design strategies have led to the develop-
ment of many two-photon absorbing molecules with decent 
cross-sections, they often feature large planar conjugated backbones and 
hence poor solubility in aqueous media, limiting their applications in 
bioimaging (Hu et al., 2017; Macoas et al., 2011; Rodrigues et al., 2018). 
Besides, an increase in intramolecular charge transfer is often accom-
panied by a decrease in fluorescence, leading to a lower two-photon 
absorption “action” cross-section (δΦ), a parameter dictating the bio-
imaging capability of a fluorescent probe (Kim and Cho, 2015; Wu et al., 
2021). In recent years, there has been significant interest in developing 
two-photon-absorbing probes by replacing the acceptor in A (-π-D)3 
octupolar structures with metal cations, forming transition metal com-
plexes coordinated with extended π-conjugation ligands, albeit with 
cytotoxicity concerns (Han et al., 2022; Karges et al., 2020; Wu et al., 
2019). 

To overcome these limitations, we embarked on exploring the po-
tential of metal-free small organic molecules with multiple branches of 
π-delocalized conjugation for two-photon bioimaging. In this study, we 
present a rational design of a novel series of fluorophores featuring a 
pyridinium center moiety (electron acceptor) and 4-methoxystyrene 

“arms” (electron donor). By incorporating the cationic charge, the 
methylpyridinium group exhibits enhanced electronegativity, improved 
aqueous solubility, and reduced π-π stacking. As a result, we observed 
red-shifts in both absorption and emission spectra, accompanied by 
amplification of two-photon absorption as the number of “arm” in-
creases. Furthermore, the inclusion of a viscosity-sensitive vinylene 
group in these probes enhances the emission intensity under high- 
viscosity conditions, thereby providing high signal-to-noise ratio for 
bioimaging. Through one-photon structured illumination microscopy 
(SIM), a super-resolution imaging technique, we observed distinct tar-
geting abilities of the arm-system probes towards lysosomes and mito-
chondria. In comparison to commercially available two-photon 
absorbing dyes, our arm-system probes demonstrate superior two- 
photon imaging capabilities, including higher resolution, broader two- 
photon NIR light excitation window, and improved signal-to-noise 
ratio. Remarkably, our arm-system probes achieved excellent two- 
photon microscopy results of 3D human forebrain organoids, indi-
cating their potential for deep-tissue bioimaging applications. 

2. Results and discussion 

2.1. Synthesis and photophysical properties of “arm” probes 

As shown in Fig. 1a, depending on the number of “arms”, we named 
three probes as MSP-1arm, Lyso-2arm, and Mito-3arm. The synthesis of 
MSP-1arm first started from the methylation of commercially available 
4-methylpyridine (1) using methyl triflate, which resulted in 1,4-dime-
thylpyridinium (2). Next, condensation between 2 and 4-methoxyben-
zaldehyde produced the dipolar MSP-1arm with a yield of 76%. 
Analogously, the quadrupolar Lyso-2arm and octupolar Mito-3arm 
could be obtained via simply replacing 1 with commercially available 
2,6-dimethylpyridine and 2,4,6-trimethylpyridine, respectively. The 
experimental details and characterization results of synthetic in-
termediates and final products are included in the supplementary in-
formation (Figs. S2–S7). 

MSP-1arm exhibits prominent absorption in the near UV region with 
a peak at 372 nm (ε = 37,810 M−1cm−1). Along with the increase of 
“arm” groups, bathochromic shifts are observed for the absorption 
spectra of Lyso-2arm and Mito-3arm, whose absorption maxima red shift 
to 387 nm (ε = 44,410 M−1cm−1) and 396 nm (ε = 44,080 M−1cm−1), 
respectively, with broad absorption tails beyond 450 nm (Fig. 1b). All of 
the three “arm” probes are highly fluorescent. Similar to the trend in the 
absorption spectra, their emission spectra also exhibit red shifts along 
with the increased number of “arm” groups. The fluorescence maximum 
of MSP-1arm is located at 493 nm, however, the emission peaks of Lyso- 
2arm and Mito-3arm move to 516 and 540 nm, respectively (Fig. 1c). 
Furthermore, the fluorescence quantum yields also increase from 1.3% 
for MSP-1arm to 2.7% for Lyso-2arm and 7.3% for Mito-3arm. These 
results strongly suggest that changing the “arm” numbers can largely 
modulate the photophysical properties of the resulting “arm” probes. 

To detect the early processes of these fluorescent probes upon exci-
tation, femtosecond transient absorption spectra were also collected 
with an excitation wavelength of 400 nm. As shown in Fig. 1d, the 
ground-state bleaching of Mito-3arm was observed between 380 and 
420 nm. A prominent excited-state absorption band was detected in the 
range of 420–530 nm, which could be attributed to those intra- 
molecular charge transfer states. Fitting the signals at 460 nm resulted 
in fast internal conversion and a longer excited-state lifetime, in 
agreement with the measurement of its emission lifetime (0.6 ns). The 
slight spectral shift could be due to the fast structural reorganization, 
including solvation dynamics, upon excitation. A similar pattern of 
transient absorption evolution could be observed for MSP-1arm and 
Lyso-2arm (Fig. S8), although the excited-state absorption peaks blue 
shifted and their lifetimes were shorter, 36 ps for MSP-1arm and 175 ps 
for Lyso-2arm. 

To shed light on the above photophysical properties, density 
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functional theory (DFT) calculations were also performed 
(Tables S1–S6). Fig. 2a presents the distribution of the highest occupied 
and lowest unoccupied molecular orbitals (HOMO/LUMOs) of these 
probes. All the HOMOs are primarily located at the peripheral 
methoxyphenyl ends, in agreement with their electron-donating capa-
bilities. In contrast, the LUMOs are mainly distributed over the central 
pyridinium core, consistent with their positive charge and electron- 
deficient nature. In addition, along with the increase in “arm” groups, 
the HOMO-LUMO gap decreases from MSP-1arm (3.2 eV) to Lyso-2arm 
(3.08 eV) and Mito-3arm (2.95 eV). As expected, the time-dependent 
DFT calculation results indicate that the lowest singlet excited states 
(S1, mainly HOMO→LUMO transitions) show a red shift from MSP-1arm 
(377 nm) to Lyso-2arm (403 nm) and Mito-3arm (406 nm), matching 
their corresponding experimental absorption spectra quite well 
(Fig. 2b). Furthermore, the calculated electron density difference maps 

(EDDMs) of S1 states highlight the intra-molecular charge transfer 
character from the peripheral end(s) to the center upon excitation 
(Fig. 2c). 

2.2. Viscosity-dependent emission 

Since viscosity is not evenly distributed among subcellular organelles 
and the change in viscosity is closely related to many physiological and 
pathological processes (Dou et al., 2020; Kao et al., 1993), 
viscosity-dependent fluorescent probes have attracted increasing 
attention recently (Chai et al., 2022; Liang et al., 2021). It is known that 
the average viscosity is predominantly 2–4 cP (1 cP = 1 mPa⋅s) in 
cytoplasm, ~62 cP in mitochondrion, and ~65 cP in lysosome (Dijk-
sterhuis et al., 2007; Wang et al., 2013; Yang et al., 2013). Hence, this 
drastic viscosity difference can be exploited to achieve better imaging 

Fig. 1. (a) Synthetic scheme of MSP-1arm, Lyso-2arm, and Mito-3arm. (b) Absorption spectra of MSP-1arm, Lyso-2arm, and Mito-3arm in water. (c) Normalized 
emission spectra of MSP-1arm, Lyso-2arm, and Mito-3arm in water (λex = 405 nm). (d) Transient absorption spectral evolution of Mito-3arm within 1 ns. 
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results such as high signal-to-noise ratio (Chai et al., 2022; Chen et al., 
2020a). Because of the presence of vinylene bridges in our “arm” probes, 
we suspected that the molecular rotation around these C––C bonds may 
result in viscosity-sensitive fluorescence. As shown in Fig. 3a and S9, all 
the probes exhibited slight red shifts in their absorption spectra collected 
in glycerol versus in water. As expected, strong enhancement in fluo-
rescence was observed for the three probes along with the increase of 
glycerol in water/glycerol mixed solutions. For instance, Fig. 3b pre-
sents the rapid rise of the emission intensity of MSP-1arm in water upon 
the continuous addition of glycerol. A nearly linear relationship between 
solution viscosity and fluorescence intensity was confirmed by fitting 
the Fӧrster–Hoffmann equation (Fig. 3b inset) (Chen et al., 2019; Song 
et al., 2021; Zhu et al., 2014). Overall, a 6-fold enhancement was 
observed for MSP-1arm′s emission from water to glycerol. The ratio of 
the fluorescence intensity of each probe measured in glycerol versus in 
water is compared in Fig. 3c. Given the presence of more vinylene 
bridges in Lyso-2arm and Mito-3arm, their fluorescence enhancements 
were even larger, 18- and 23-fold, respectively (Figs. S10 and S11). In 
agreement with its emission enhancement, the lifetime of Mito-3arm 
also increased from 0.6 ns in water to 1.5 ns in glycerol (Fig. 3d). 

To assess whether the observed fluorescence enhancement can also 
be triggered by other factors, such as polarity, pH, ions, and biologically 
relevant species, we further collected their emission spectra under 
various conditions. Fig. S12 compiled the corresponding emission 

spectra of each probe in different solvents, including THF, CHCl3, 
CH2Cl2, acetone, DMF, DMSO, acetonitrile, ethanol, methanol, glycerol, 
water; while Fig. S13 plotted the relationship between the emission 
intensity of each probe and the polarity of the testing solvent. It is 
apparent that no clear relationship was obtained and the emission 
enhancement could only be detected in glycerol for all three probes. In 
addition, no drastic fluorescence change was observed for these probes 
in aqueous solutions when the pH varied from 4 to 8 (Fig. S14). 
Furthermore, as illustrated in Fig. S15, the presence of representative 
cations (Na+, K+, Zn2+, Fe2+, Fe3+, Mg2+, Ag+, Ni2+), anions (NO3

−, 
SO4

2−, Ac−, HCO3
−, HSO3

−, SCN−, F−, Cl−, Br−, I−), and reactive oxygen/ 
sulfur species (H2O2, glutathione, homocysteine, cysteine) led to negli-
gible fluorescence variation for MSP-1arm, Lyso-2arm, and Mito-3arm 
in aqueous solutions. Finally, the fluorescence intensity of each probe 
was not altered during 300 s continuous irradiation (Fig. S16). Collec-
tively, these above results demonstrate that the fluorescence of these 
“arm“ probes is highly viscosity sensitive and the observed emission 
enhancement is not due to other factors but viscosity increase. The great 
photostability further renders them excellent fluorescent probes for 
bioimaging studies. 

2.3. One-photon SIM imaging in live cells 

Encouraged by the outstanding photophysical properties of the 

Fig. 2. (a) Calculated HOMOs and LUMOs of MSP-1arm, Lyso-2arm, and Mito-3arm. (b) Comparing the calculated wavelengths of the S1 states with the experimental 
absorption spectra. (c) EDDMs of the S1 states (red and yellow indicate decrease and increase in electron density, respectively). 
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above arm probes, we next investigated their potential applications in 
bioimaging using structured illumination microscopy (SIM) (Zhang 
et al., 2023). SIM is a novel technology that can overcome Abbe’s 
diffraction limit in traditional confocal microscopy, providing better 
imaging results (Chen et al., 2020b, 2023; Fang et al., 2019, 2021; Qiu 
et al., 2022a, 2022b, 2022c; Wang et al., 2022). Since MSP-1arm has no 
absorption beyond 450 nm, shorter than the available excitation 
wavelength of our SIM instrument, hence we primarily used Lyso-2arm 
and Mito-3arm in the following studies. Based on the Cell Counting Kit-8 
(CCK-8) assay, Lyso-2arm and Mito-3arm showed no significant 
decrease in cell viability after 24 h incubation with a concentration of 5 
μM, suggesting that they can be employed in cellular experiments 
without toxicity concerns (Fig. S17). Taking Mito-3arm as an example, 
comparison of its fluorescence images collected via SIM versus con-
ventional confocal microscopy clearly proved the better imaging quality 
and less background noise of the SIM images (Figs. S18 and S19). 

Next, we co-stained these two probes with commercial lysosome dye 
LTR (LysoTracker Red) and mitochondrion dye MTDR (MitoTracker 
Deep Red) to find out their distribution in live cells. As shown in Fig. 4a 
and S20, Lyso-2arm and LTR exhibited the same puncta fluorescence 
and high overlap. The Pearson’s correlation coefficient (PCC) value 
between Lyso-2arm and LTR was ~0.76 (Fig. 4b). However, a much 
lower PCC value (~0.18) was measured between Lyso-2arm and MTDR 
(Fig. S21). On the other hand, Mito-3arm exhibited clear rod fluores-
cence (Fig. S22) with a high PCC value of ~0.77 with MTDR (Fig. 4c and 
d) instead of LTR (Fig. S23). Overall, these SIM imaging results 
demonstrate that Lyso-2arm and Mito-3arm have distinct organelle 
targeting abilities towards lysosomes and mitochondria, respectively. 

To understand the different targeting abilities of Lyso-2arm and 
Mito-3arm, we investigated their lipophilicity by measuring the n- 
octanol/water partition coefficient value (Log P). As illustrated in Fig. 4e 
and S24, along with the increase of “arm” groups, the Log P value in-
creases from −0.3 for Lyso-2arm to 0.1 for Mito-3arm. Based on the 
theory of Horobin et al. a cation shows a high probability of lysosomal 
targeting when its Log P value is between −5 and 0, but prefers mito-
chondrial localization when the Log P value is between 0 and 5 (Horobin 
et al., 2013; Qiu et al., 2016). Therefore, the measured Log P values of 

Lyso-2arm and Mito-3arm indicate that their different lipophilicity 
could be the primary reason for the distinct targeting abilities in live 
cells. 

Next, we evaluated the photostability of Mito-3arm for long-term 
imaging studies. As shown in Fig. 4f–k, when exposed to continuous 
SIM laser at the 100% power mode, Mito-3arm displayed a much 
stronger photobleaching resistance than MTG. The fluorescence in-
tensity of MTG disappeared quickly after 36 s laser exposure (Fig. 4h), 
however Mito-3arm retained 25% of its original fluorescence intensity 
even after 81 s laser irradiation (Fig. 4k). 

2.4. Two-photon imaging in live cells 

Along with an increase in the number of “arms”, it was anticipated 
that two-photon absorption of our arm-type probes in the near infrared 
region would also be enhanced. Therefore, we collected the broadband 
two-photon absorption spectroscopy of all the probes using an ultrafast 
pump-probe technique (Figs. S25–S27). Fig. S27a compares the UV–vis 
absorption and the two-photon absorption spectra of Mito-3arm, plotted 
against the transition wavelength. Indeed, over 1200 GM of two-photon 
absorption could be obtained for Mito-3arm at the transition wavelength 
of 350 nm with a tail extended beyond 450 nm. In other words, it is 
feasible to collect two-photon microscopy of Mito-3arm using excitation 
light wavelength beyond 900 nm. Fig. S27b plotted the “action” cross- 
section (Φσ2) profiles of MSP-1arm, Lyso-2arm, and Mito-3arm. 
Because Mito-3arm possesses the highest quantum yield and two- 
photon absorption cross-section, it is natural that it also shows the 
best action cross-section, followed by Lyso-2arm and then MSP-1arm. 
Therefore, the following two-photon microscopy studies were mainly 
performed using Mito-3arm as the fluorescent probe. 

We then compared the one-photon microscopy (Fig. 5a, λex = 488 
nm) and two-photon microscopy (Fig. 5f, λex = 840 nm) of Mito-3arm in 
the same emission window. By randomly zooming-in images captured 
by each microscopy (Fig. 5b,g), the cell morphology and boundaries 
between mitochondria and nucleus could be clearly identified in the 
two-photon microscopy. As expected, the FWHM of Mito-3arm image 
captured by two-photon microscopy was only 2.89 μm (Fig. 5h), less 

Fig. 3. (a) Absorption comparison of MSP-1arm in 
water versus in glycerol. (b) Emission spectra of MSP- 
1arm in water-glycerol mixed solution along with the 
increasing volume percentage of glycerol (λex = 371 
nm). Inset: the scatter plot and linear fitting between 
Log I (I: emission intensity at 490 nm) and Log η (η =
solution viscosity). (c) Emission intensity ratios of 
MSP-1arm, Lyso-2arm, and Mito-3arm in glycerol 
versus in water. (d) Emission decay profiles of Mito- 
3arm measured in water and glycerol.   
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than half of that measured by one-photon microscopy (6.44 μm, Fig. 5c). 
Considering that Mito-3arm has a broad two-photon absorption 

profile in the near infrared region (i.e., transition wavelength ranges 
from 340 to 450 nm shown in Fig. S27a, hence a two-photon excitation 
window of 680–900 nm) and an emission peak around 540 nm, the 
excitation-induced background noise can be extremely reduced in 
upconversion fluorescence imaging. In addition, the autofluorescence 
emitted by intrinsic species such as flavins and NAD(P)H can be further 
vanished if using near infrared light as the excitation source, resulting in 
a high signal-to-noise ratio (Chatterjee et al., 2008; Georgakoudi et al., 
2002; Monici, 2005). To demonstrate this merit, we stochastically 
selected two regions of background for both one-photon and two-photon 
images and drew their 3D fluorescence intensity distribution maps (Liu 
et al., 2020). The results strongly prove that the background fluores-
cence intensity of Mito-3arm in the two-photon excitation images 
(Fig. 5i and j) was significantly lower than that in the one-photon 
excitation images (Fig. 5d and e), in agreement with our hypothesis 
that the background noise of can be dramatically decreased in 

two-photon imaging under near infrared light excitation. 
We next compared the two-photon bioimaging properties of Mito- 

3arm with a commercial two-photon absorbing mitochondrion dye 
MitoBlue (Sanchez et al., 2020). As expected, Mito-3arm and MitoBlue 
exhibited excellent co-localization with a PCC value of 0.84 (Fig. S28). 
Under three different two-photon excitation channels of 750, 840, and 
900 nm, MitoBlue only showed appreciable fluorescence in the 750 nm 
channel due to its narrow two-photon absorption window. In contrast, 
Mito-3arm displayed bright and clear images in all channels (Fig. S29a). 
These observations are consistent with the calculated fluorescence in-
tensity difference between MitoBlue and Mito-3arm in each channel 
(Figs. S29b–d), wherein comparable intensity was only measured in the 
750 nm channel. 

Subsequently, we compared the imaging contrast of MitoBlue and 
Mito-3arm, which is defined as the fluorescence intensity enhancement 
ratio of a dye to the background (Gong et al., 2016). As shown in 
Figs. S30a and b, we randomly selected four different regions of interest 
(ROI), where ROI1 represents the background (ROIB) and ROI2-4 

Fig. 4. (a) SIM images of HeLa cells co-stained with Lyso-2arm and LTR. (b) PCC values of Lyso-2arm with commercial dyes. (c) SIM images of HeLa cells co-stained 
with Mito-3arm and MTDR. (d) PCC values of Mito-3arm with commercial dyes. Data were presented as M ± SEM (n = 3). Lyso-2arm channel: Ex 488 nm, Em 
500–550 nm; Mito-3arm channel: Ex 488 nm, Em 500–550 nm; LTR channel: Ex 561 nm, Em 570–640 nm; MTDR channel: Ex 640 nm, Em 660–735 nm. (e) Log P 
values of MSP-1arm, Lyso-2arm, and Mito-3arm. (f, g) Photobleaching property of MTG under continuous 488 nm laser irradiation at 100% power mode. (h) 
Normalized fluorescence intensity changes of MTG along the white dotted line in (g). (i, j) Photobleaching property of Mito-3arm under continuous 488 nm laser 
irradiation at 100% power mode. (k) Normalized fluorescence intensity changes of Mito-3arm along the white dotted line in (j). 
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represent the fluorescent dye (ROID). MitoBlue showed weak imaging 
brightness (Fig. S30c) and an ROID/ROIB ratio of 29-fold (Fig. S30e). 
Meanwhile, because of the viscosity-enhanced fluorescence, Mito-3arm 
not only displayed high imaging brightness (Fig. S30d) but also achieved 
a considerably high ROID/ROIB ratio of 82-fold. Furthermore, 
Mito-3arm displayed remarkable resistance to photobleaching in 
two-photon fluorescence imaging. As depicted in Fig. S31, under the 
excitation wavelength of 840 nm, Mito-3arm still exhibited distinct 

fluorescence imaging and maintained high fluorescence intensity after 
480 s continuous laser irradiation. 

2.5. Two-photon imaging in organoids 

Compared to two-dimensional (2D) cell models, 3D cultured orga-
noids offer a more comprehensive representation of intercellular 
communication, as they encompass various cell types that engage in 

Fig. 5. (a) One-photon confocal microscopy 
image of HeLa cells stained with Mito-3arm. 
Ex 488 nm, Em 500–550 nm. (b) Enlarged 
image for the dashed rectangle in (a). (c) 
Fluorescence intensity changes along the 
white line in (b). (d, e) 3D fluorescence in-
tensity plots of the selected rectangles in (a), 
constructed by ImageJ. (f) Two-photon 
confocal microscopy image of HeLa cells 
stained with Mito-3arm. Ex 840 nm, Em 
500–550 nm. (g) Enlarged image for the 
dashed rectangle in (f). (h) Fluorescence in-
tensity changes along the white line in (g). 
(i, j) 3D fluorescence intensity plots of the 
selected rectangles in (f).   

R. Chen et al.                                                                                                                                                                                                                                    



Biosensors and Bioelectronics 239 (2023) 115604

8

complex interactions. Organoids provide realistic human organ models 
for the study of relevant diseases, making them valuable for both basic 
research and clinical diagnosis and treatment (Koike et al., 2019; Lan-
caster and Knoblich, 2014; Shinozawa et al., 2016; Takebe and Wells 
James, 2019). Nevertheless, the increased depth of 3D organoids ne-
cessitates the use of longer wavelength light, preferably NIR photons, as 
the excitation source. Encouraged by the above two-photon microscopy 
results of Mito-3arm in cells, we sought to further perform the bio-
imaging of Mito-3arm in organoids. Specifically, the human forebrain 
organoids approximately ~600 μm in size derived from human em-
bryonic stem cells were treated with Mito-3arm. 

To explore whether Mito-3arm can penetrate 3D organoids and 
achieve deep-tissue imaging, fluorescent images were captured at every 
1.5 μm depth by using the Z-stack model of confocal microscopy in both 
one-photon (488 nm) and two-photon (840 nm) channels. As shown in 
Fig. 6a, the fluorescence of Mito-3arm was observed in organoids, which 
indicates that Mito-arm is able to break the matrix between cells in 
organoids and enable imaging of large tissue regions. While the one- 
photon fluorescence imaging revealed very faint fluorescent signals in 
organoids, the great two-photon action cross section of Mito-3arm in the 
NIR region resulted in bright and clear green fluorescence signals in 
nearly each depth layer of organoids. Tracking the central fluorescence 
intensity at different depths of organoids revealed that the one-photon 
imaging signal vanished at a depth of 120 μm (Fig. 6b). In contrast, its 
two-photon imaging was able to provide detectable signals even at a 
depth of 160 μm (Fig. 6c). 

Finally, the Z-stack reconstruction images and 3D fluorescence in-
tensity thermal maps of organoids obtained through one-photon and 
two-photon excitation are further compared. As shown in Fig. 6d, the 
one-photon 3D images only displayed weak fluorescence from the sur-
face of organoids. However, the corresponding two-photon 3D images 
exhibited much stronger fluorescence from not only the surface but also 
the inner side of organoids (Fig. 6e). Increasing the incubation time of 
Mito-3arm could further enhanced the two-photon imaging of organoids 
(Fig. 6f and g). In addition, excellent two-photon imaging of Mito-3arm 
in 3D organoids could be obtained in excitation channels of 750 and 900 
nm as well (Fig. S32), consistent with the results measured in 2D 
monolayer cells. 

Besides Mito-3arm, Lyso-2arm was also employed in the two-photon 
imaging of organoids. As shown in Figs. S33–S35, Lyso-2arm indeed 
exhibited decent two-photon imaging properties under the excitation of 
750, 840, and 900 nm, in agreement with its two-photon absorption 
profile (Fig. S26). 

3. Conclusions 

In summary, we have demonstrated that, built upon a pyridinium 
center, varying the number of π-conjugated methoxystyrene arms is an 
effective strategy in developing competent organic TPA fluorescent 
probes for bioimaging, thanks to the prominent intramolecular charge 
transfer and excitonic coupling effect between branches. Owing to their 
positive charge, these arm probes are soluble in aqueous media without 

Fig. 6. (a) Z-stack confocal microscopy images of organoids stained with Mito-3arm were recorded at different imaging depths using one-photon (488 nm) or two- 
photon (840 nm) excitation. Central fluorescence intensity plots were generated for one-photon (b) or two-photon (c) excitation, showing the relationship with 
imaging depth. 3D reconstructions of Z-stack confocal microscopy images were created for organoids under (d) one-photon or (e) two-photon excitation, along with 
corresponding fluorescence intensity distribution maps, constructed by ImageJ. Two-photon confocal microscopy images of organoids stained with Mito-3arm were 
obtained at different time points: (f) 30 min and (g) 120 min. 
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π-π stacking. Variation in the number of “arms” also resulted in distinct 
lipophilicity of Lyso-2arm and Mito-3arm, rendering them with high 
targeting specificity towards lysosomes and mitochondria, respectively. 
In addition, the alkene-bridge arms also led to viscosity-sensitive fluo-
rescence, beneficial for obtaining high signal-to-noise ratio in subcel-
lular organelles. Notably, Mito-3arm exhibits great two-photon imaging 
capability for deep-tissue environments, including high resolution and 
wide NIR light excitation window, superior to the commercially pur-
chased dye MitoBlue. These results highlight the promising potential of 
Mito-3arm for various bioimaging applications, especially in the 
observation of the dynamics of mitochondria. 

In comparison to previously reported two-photon fluorescent probes 
featuring large π-conjugation structures (Table S7), our arm-system 
probes show distinct merits. First, the synthetic routes are straightfor-
ward, allowing facile production on a large scale. Second, Lyso-2arm 
and Mito-3arm exhibit symmetrical quadrupolar and octupolar config-
urations, respectively, resulting in significantly enhanced two-photon 
absorption cross-section values. Most notably, these “arm” probes 
have decent solubility in aqueous media and their targeting capability to 
different subcellular organelles can be precisely regulated by varying the 
number of “arms”. These attributes highlight the promising prospects of 
our probes for advanced fluorescence imaging. Ongoing work centers on 
the development of new TPA fluorescent probes based on the core 
structure of these “arm” probes integrated with diverse functional 
moieties. In summary, the success of our arm-based probes opens an 
avenue in the rational design of molecular TPA fluorescent probes built 
upon small organic cations with diverse targeting specificities and 
enhanced TPA capability. 
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