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Aqueous fluorescence quenching poses a significant challenge for organic fluorophores in biological appli-
cations. This study demonstrates an effective supramolecular strategy to overcome this limitation through
host-guest complexation with methyl-8-cyclodextrin (M-S-CD). Three naphthalimide-based dyes (1a-1c)
were obtained by incorporating an azabicycloheptane auxochrome and various targeting groups. Upon M-
B-CD complexation, these dyes exhibited 2.3- to 3.4-fold enhancements in fluorescence quantum yields,
with binding constants (K;) of 1.32 x 10 (1a) and 7.09 x 103 L/mol (1b), confirming stable complex forma-
tion by '"H NMR spectra. Most remarkably, cellular imaging revealed an 18.7-fold fluorescence intensity
increase for dye 1a (0.40 pmol/L) when complexed with M-B-CD. This work establishes a dual design
strategy of using an azabicycloheptane as the auxochrome and supramolecular complexes to enhance the
aqueous performance of naphthalimide fluorophores while maintaining their targeting capabilities, offer-
ing broad potential for biological imaging applications.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Organic small molecule dyes are widely used in fluorescent la-
beling [1], bioimaging [2,3] and fluorescence detection [4-6] due
to their properties such as high fluorescence quantum yield [7],
good photostability [8], outstanding ion selectivity, and good bio-
compatibility [9]. Among them, naphthalimide dyes are commonly
used in biological imaging, but they have a low fluorescence quan-
tum yield in water [10]. Considering that biological systems mainly
operate in aqueous media, it is crucial to improve the fluorescence
quantum yield of the dyes [11]. Although chemical modification of
naphthalimide dyes can improve fluorescence quantum yields [12],
it is still low in aqueous environment, and the modification pro-
cess involves complex synthesis steps [13-15], which is one of the
challenges. Therefore, it is of great interest to establish a simple
and effective method to enhance the fluorescence emission ability
of naphthylimide dyes in aqueous environment.

Cyclodextrins (CDs) have been widely used in microencapsu-
lation of aromatic substances [16,17], drug delivery [18,19], and
dye encapsulation [20,21]. CDs have a hydrophobic cavity that
uses intermolecular forces to encapsulate guest molecules and a
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hydrophilic shell [22], thereby reducing the non-radiative transi-
tion of dyes and thus increasing their fluorescence emission in
water [23]. In the reported, most applications involve the di-
rect use of fluorophores in the aqueous medium complexed with
the host molecules, which may lead to the formation of dimers,
thereby causing fluorescence quenching of the dyes [24,25]. In ad-
dition, a lower host-guest inclusion complex constant may require
a higher proportion of CDs (800-1000 equiv.) to enhance fluo-
rescence, which can affect the microenvironment of the organism
[25,26].

Past studies have shown that adamantane-modified neutral
dyes significantly enhance their fluorescence emission when com-
plexed with methyl-S-cyclodextrin (M-8-CD) [17,27-29]. Inspired
by the previous work of our lab, we are committed to finding a
new aza-bridged ring, azabicycloheptane, that can be encapsulated
in the cavity of M-B-CD to form a complex with a stoichiomet-
ric ratio of 1:1 like adamantane [30-32]. Azabicycloheptane (7-
azabicyclo[2.2.1]heptane) serves as an amino auxochrome, achiev-
ing bright fluorescent emission of dyes in polar environments by
suppressing the pyramid flipping of the nitrogen atom. This trans-
forms traditional ACQ dyes, which suffer from quenching due to
aggregation, into dual-state emission (DSE) dyes that exhibit emis-
sion both in solution and solid states [33]. Compared with adaman-
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Scheme 1. (a) The synthetic route of dyes 1a-1c, the isolated yields: 19 %—27 %. (b)
The inclusion mechanism with M-B-CD and the structure of dyes 1a-1c.

tane, although the fluorescence enhancement factor of diazabicy-
cloheptane is smaller than that of adamantane and its binding con-
stant is slightly lower, the concentration used for cell imaging is
only 0.4 pmol/L, which is lower than the 0.5 pmol/L of adamantane
[29]. Meanwhile, the high fluorescence quantum yield and large
Stokes shift are of great significance for cell imaging and detection
applications. Therefore, this study aimed to improve the fluores-
cence emission ability of naphthalimide derivatives in water by at-
taching the azabicycloheptane to the naphthalimide chromophore
and then complexing with M-8-CD. A detailed discussion was con-
ducted on the optical properties of the naphthalimide derivatives,
dyes 1a-1c, before and after the inclusion process, as well as their
applications in cell imaging.

The simple synthesis steps for 1a-1c are shown in Scheme 1a.
Compounds 2a-2¢ (0.5mmol, 1 equiv.), 7-azabicyclo[2.2.1heptane,
hydrochloride (1:1) (0.75mmol, 12 equiv.), Pd(dppf)Cl,
(0.025 mmol, 0.05 equiv.), t-BuONa (1.25mmol, 2.5 equiv.) were
dissolved in DMSO (4.0 mL) and refluxed at 100°C under nitrogen
atmosphere for 15h. After the reaction finished, the mixture was
extracted by EA and H,O. Then, the organic solvent was removed
by a rotary evaporator. Finally, the pure products 1a-1c were
obtained by column chromatography eluted with EA/PE (1/3 ~
1/2, v/v). The detailed characterization data can be found in Figs.
S7-S15 (Supporting information).

Size matching is a key factor to consider in the preparation of
stable host-guest inclusion complexes. The configuration of azabi-
cycloheptane is like that of adamantane, therefore, the azabicyclo-
heptane can also be encapsulated in the hydrophobic cavity of M-
B-CD. Because of their higher matching size, the azabicycloheptane
and M-B-CD could form host-guest complexes with a stoichiomet-
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ric ratio of 1:1 [29]. Moreover, naphthalimide dyes can target dif-
ferent organelles by linking different targeting groups, which has
a wide range of applications in organelle imaging [34,35]. Based
on the above discussion, 1a-1c¢ were synthesized by making az-
abicycloheptane as the auxochrome for naphthalimide unit and at-
taching different targeting groups with targeting lysosomes (Lyso),
endoplasmic reticulum (ER) and Golgi apparatus (GA), respectively
(Scheme 1b). The introduction of the azabicycloheptane enhanced
the interaction between the guest dyes and the host macrocy-
cles, also avoided the -7 stacking of organic molecules in water.
Moreover, the nitrogen heterobridge ring, acted as the auxochrome.
To select a host molecule with a higher fluorescence enhancement
factor, the fluorescence spectra of the dye molecule complexed
with 8-CD and M-B-CD were obtained, respectively.

To investigate the optical properties of 1a-1c in different sol-
vents, spectroscopy tests were performed. As the increase of po-
larity, the maximum absorption wavelengths of 1a-1c in different
solvents situated in 407-423nm and had a slight trend of red-
shift, and the green color of the solution gradually became lighter
(Fig. S1 in Supporting information). While their maximum emis-
sion wavelengths located at 506-545nm and the fluorescence in-
tensity of 1a-1c basically enhanced as polarity decreased. At the
same time, the color of the solution changed from green to yel-
low (Fig. S2 in Supporting information). Specially, the fluorescence
quantum yield of the three dyes in dichloromethane (DCM) was
above 75%, indicating that they had excellent optical properties
(Table S1 in Supporting information). In addition, the fluorescence
intensity in water significantly reduced compared to that in or-
ganic solvents, but when the dye molecules were dissolved in M-
B-CD, the fluorescence intensity was 1-2 times than that in wa-
ter (Fig. S2), which indicated that M-$-CD, as the host molecule,
could enhance the fluorescence emission intensity of organic dyes
in water. Compared with in water, the fluorescence quantum yields
of the three dyes with the presence of M-S-CD greatly increased
3.4-fold (1a), 3.2-fold (1b) and 2.3-fold (1c), respectively (Table 1).
Therefore, the dyes 1a-1c, which utilized azabicycloheptane as the
auxochrome, succeeded in significantly reducing the concentration
of host molecules required and greatly enhancing the fluorescence
emission intensity of the dyes in water with large Stokes shifts
(125-138 nm) (Table 1 and Table S2 in Supporting information).

In order to obtain the stoichiometric ratio and the inclusion
equilibrium constant of the complexes formed by dyes 1a-1c (10
pmol/L) and M-B-CD, response experiments of the dyes with vary-
ing ratios of M-B-CD were conducted. As the concentration of M-
B-CD increased from O to 160 pmol/L, the fluorescence intensity
of dye 1a gradually increased, and the maximum fluorescence at
550nm was 2.3 times than that of the absence of M-B-CD (Fig.
1a). Like 1a, the fluorescent intensity of 1b at 548 nm and 1c at
544 nm enhanced by 4.0 and 3.5 times as the concentration of M-
B-CD increasing (Figs. 1b and c).

Furthermore, according to Benesi-Hildebrand equation [36], the
linear relationship between 1/(F-Fy) and 1/[M-B-CD] illustrated
that the complexing stoichiometry was 1:1 between dyes and M-
B-CD in aqueous solution. The inclusion equilibrium constants of
1a-1b were 1.32 x 10%, and 7.09 x 103 L/mol with very high correla-
tion coefficients respectively, indicating that the azabicycloheptane
of the dyes had formed a stable complex with M-$-CD in water.
However, the complexation equilibrium constant of 1¢ was only
72.08 L/mol. The reason may be that long dodecyl chain in 1¢ may
sterically hinder the access of the azabicycloheptane moiety to the
M-B-CD cavity, or alternatively, the chain itself could compete for
encapsulation, leading to a significantly reduced binding constant
(Fig. 1d). In addition, in order to obtain the stoichiometric ratio
and the inclusion equilibrium constant of the complexes formed
by dye 1a (10 pmol/L) and B-CD as a contrast, response experi-
ments of the dye 1a with varying ratios of 8-CD were conducted.
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Table 1

Optical properties of dyes 1a-1c in water with the absence or presence of M-8-CD.
Probe Absmax (NM) AEmmax (NM) Stokes shift (nm) & (x 10°L mol~' cm™1) D (%)?
1a 412 563 151 1.25 16
1a+M-B-CDP 410 548 138 1.14 54
1b 430 563 133 0.98 25
1b+M-B-CDP 419 553 134 0.82 79
1c 417 544 127 1.12 19
1c+M-B-CDP 419 544 125 1.12 43

3 Coumarin-153 (@ =54.7 % in ethanol) was used as the reference compound.
b [M-B-CD]/[dyes] = 100.
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Fig. 1. Fluorescence spectra of dyes 1a (a), 1b (b), 1c (c) (10 pmol/L) in different ra-
tios of M-S-CD solutions (slit widths: 3nm/3 nm); Inset: the relationship between
fluorescent intensity at 550 nm for 1a, 548 nm for 1b, 544 nm for 1c with the con-
centration of M-8-CD. (d) The linear relationship between 1/(F-F) and 1/[M-S-CD].

The experimental results showed that the complexation constant
between 1a and B-CD was 9.6 x 103 L/mol (Fig. S3 in Supporting
information), which was smaller than that between 1a and M-g8-
CD (1.32 x 10% L/mol). This indicated that M-8-CD was more suit-
able as the host molecule for guest dyes 1a-1c. From the experi-
mental results, it is successful to enhance the fluorescence prop-
erty of dyes in water by modifying an azabicycloheptane as the
auxochrome and encapsulating it with M-8-CD.

To demonstrate the complexation between the dye molecule
and M-B-CD, 'H NMR spectra of dye 1b were acquired before and
after complex formation (Fig. 2). Comparative analysis of the two
spectra revealed that the H,, H, and Hc¢ protons of the azabicy-
cloheptane group exhibited upfield shifts. Specifically, the chemi-
cal shifts of H,, H, and H¢ changed from 2.21 ppm to 2.16 ppm,
1.54ppm to 1.52ppm and 4.40ppm to 4.38 ppm, respectively.
These observations indicated that the azabicycloheptane moiety of
dye 1b was encapsulated within the cavity of M-$-CD, confirming
the formation of a host-guest complex between the dye molecules
and M-B-CD.

The organic small molecules 1a-1c were partially encapsu-
lated by M-B-CD, making the host-guest inclusion complexes

had amphiphilic. The amphiphilic host-guest inclusion complexes
could self-assemble in water to form fluorescent supramolecu-
lar nanoparticles. To verify the above speculation, dynamic light
scattering (DLS) experiments were conducted to verify the self-
assembly behavior. The main particle sizes of dye 1a in water
and M-B-CD solution were 216.9nm and 554.0 nm, respectively
(Fig. 3a). The increase of particle size in M-B8-CD solution indi-
cated the formation of supramolecular nanoparticles. Similar to
1a, the main particle sizes of 1c¢ in water and M-B-CD solution
were 143.1 nm and 96.8 nm, 355.4 nm (Fig. 3c), which showed that
1c formed supramolecular nanoparticles in M-8-CD solution and
some molecules aggregated to form smaller nanoparticles. How-
ever, the main particle sizes of dye 1b in water and M-8-CD so-
lution were 468.4nm and 264.9 nm (Fig. 3b), which might be due
to the poor solubility of 1b in water, many molecules aggregated
from the water to form large-sized nanoparticles. Here, the specific
mechanisms of fluorescence enhancement was speculated, namely
the high inversion energy barrier of the nitrogen atom in the
bridged ring auxochrome might inhibit the TICT effect, the fixing
effect of M-$-CD, and the AIE effect of fluorescent nanoparticles
in water [37-39].

Photostability is an important factor in measuring the quality
of dyes, so photostability test is required prior to cell experiments.
The corresponding remaining absorption of dyes 1a-1c were as-
sessed by using an iodine tungsten lamp for 5h in the presence of
M-B-CD or not (Fig. S4 in Supporting information). After contin-
uous irradiation, the remaining absorption of 1a-1c in acetonitrile
were >80%, making them suitable for long—term imaging applica-
tions. When M-B-CD was added, the increase in residual absorp-
tion indicated that the M-B-CD could enhance the photostability
of the dyes.

Selectivity and pH stability are equally important compared to
photostability for the biological applications of the probes. Differ-
ent analytes including common anions (CO3%", S,032° NO3~ HSO3"),
cations (Ca%*, Ba%t, Mn?*, Ni2*) and amino acids (Cys, Gsh, Lys,
Gly) were investigated to eliminate the interference of other fac-
tors in cells (Figs. S5a-c in Supporting information). There were
no significant changes in the fluorescence intensity of the inter-
ference groups compared to the blank group, indicating that these
species did not interfere with the optical testing of the dyes. In
addition, for some dyes, changes in pH could alter the structure of
molecules, which in turn affected their emission intensity in wa-
ter. So, the pH test displayed the fluorescence intensity of 1b-1c
almost had no change with pH, indicating that pH was not a factor
affecting the fluorescence intensity of the dyes (Fig. S5d in Sup-
porting information). While the fluorescence intensity of 1a didn’t
change when the pH was <6.0, which had no effect on lysosomes
with a pH of 4.5 to 5.5 [40].

In general, small organic molecule dyes are toxic to cells, so cy-
totoxicity experiments are also essential prior to fluorescent imag-
ing. The viability of HeLa cells co-cultured with the three dyes for
6h were all above 80% even at 2.5 pmol/L, indicating that 1a-1c
had low toxicity to cells (Fig. S6 in Supporting information). The
low cytotoxicity and favorable biocompatibility of the dyes sup-
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(c) in water and M-8-CD solu-

port their potential utility in live cell imaging applications. In or-
der to verify the rationality of the molecular design, a cell colo-
calization experiment was conducted first. HeLa cells were cocul-
tured with dyes 1a-1c¢ (1.0 pmol/L) and the commercial markers
for 10 min, followed by capturing fluorescence images using con-
focal laser scanning microscopy. The experimental results showed
that dyes 1a-1c could target lysosomes, endoplasmic reticulum,
and Golgi apparatus, respectively, which was in line with what was
expected. The green channel of the dyes matched the red chan-
nel of the commercial markers well, and their colocalization coef-
ficients were 0.87, 0.82, and 0.82, respectively (Fig. 4, e1-e3). The
fluorescence intensity in the ROI regions also exhibited a similar
trend (Fig. 4, f1-f3). The above experimental results exhibited the
introduction of the bridge ring auxochrome of azabicycloheptane
had significantly reduced the concentration of probes for cell co-
localization (Table S2 in Supporting information).

Bright field

Green channel Red channel

1a

1b

1c

.'7 3.4 8.3 3.2 3.1 3.0 2.

9
(p p m)

(9:1, v/v) solution.

0.4 ymol/L 0.6 ymol/L 0.8 ymol/L 1.0 ymol/L
(a1) (a2) (a3) (a4)
(d)
5 1a -
=1b o
H1c
4
(bT) (b2) (b3) (b4)
3
()
o
o
92
<
(c1) 1
oLy 1l

.6
(pmoI/L)

1.0

Fig. 5. Fluorescent images of dyes 1a-1c¢ with different concentrations cocultured
in HeLa cells: (al-c1) 0.40 pmol/L, (a2-c2) 0.60 umol/L, (a3-c3) 0.80 pmol/L, (a4-
c4) 1.0 pmol/L. (d) Average fluorescent intensity of dyes 1a-1c in HeLa cells. Data
were shown as mean £ SD (n=3).

In order to investigate the effects of three dyes at different
concentrations on cellular imaging, confocal experiments of 1a-1c
were conducted at four different concentrations. As can be seen in
the Fig. 5, when the concentration of dyes 1a-1c is 0.4 pmol/L, im-
ages of the cells could be observed, but in 1.0 pmol/L could provide
a clearer view. It was with the increase in dye concentration from
0.40 pmol/L to 1.0 pmol/L, the brightness of the green channel in
HelLa cells continuously raised (Fig. 5, al-a4, b1-b4 and c1-c4). The
average fluorescence intensity of dyes (1a-1c) enhanced by 9, 11
and 12 times, respectively (Fig. 5d).

From the above discussion, dyes could form stable inclusion
complexes with M-B-CD, thereby enhancing fluorescence. If the
dyes and M-B-CD were added simultaneously to the cells, it was
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Fig. 4. Colocalization images of HeLa cells with dyes 1a-1c (1.0 pmol/L) and corresponding commercial organelle-makers. (a1-a3) The bright field images. (b1-b3) The green
channel images of dyes 1a-1c. (c1-c3) The red channel images of commercial organelle-trackers (Lyso-Tracker Red, ER-Tracker Red and Golgi-Tracker Red (100 nmol/L)).
(d1-d3) Merged image of the green and red channel. (e1-e3) The fluorescent intensity correlation plots. (f1-f3) Fluorescence intensity of the region of interests (ROIs).
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Fig. 6. Fluorescent images of dyes 1a-1c (0.40 pmol/L) with the absence or presence of M-8-CD in Hela cells. (a1-c1) Without M-8-CD. The concentration of M-8-CD:
(a2-c2) 1.6 pmol/L for 1a, 5 pmol/L for 1b and 10 pmol/L for 1c; (a3-c3): 3.2 pmol/L for 1a, 10 pmol/L for 1b and 20 umol/L for 1c; (a4-c4) 4.8 pmol/L for 1a, 15 pmol/L for
1b and 30 pmol/L for 1¢; (a5-c5) 6.4 pmol/L for 1a, 20 pmol/L for 1b and 40 umol/L for 1c. (d) Average fluorescent intensity of dyes 1a-1c with different M-8-CD in Hela

cells.

certain that the amount of the dyes could be reduced. Then, would
this have any impact on the targeting property of the probes?

Therefore, further testing was conducted to evaluate the re-
sponse of the 1a-1c to M-B-CD in Hela cells. The concentrations
of all dyes were 0.4 pmol/L, and the amount of M-$-CD was deter-
mined based on optical tests (Fig. 1). With the addition of M-8-CD,
the green fluorescence of Hela cells increased almost linearly (Fig.
6), the average fluorescent intensity enhanced by about 18.7-fold
for 1a, 8.3-fold for 1b and 4.0-fold for 1c when the concentrations
of M-B-CD were 6.4 pmol/L for 1a, 20 pmol/L for 1b and 40 pmol/L
for 1c (Fig. 6d). Meanwhile, the addition of M-8-CD did not affect
the targeting property of the probes, but it reduced the amount of
the probes, which would not alter the microenvironment of cells
in the biological system.

Based on the theory of host-guest chemistry, dyes 1a-1c with
naphthylimide fluorophore that could form complexes with M-
B-CD were designed and synthesized, in which the aza-bridge
ring, azabicycloheptane, was chosen as the auxochrome. The opti-
cal properties of 1a-1c showed that M-S8-CD enhanced their flu-
orescence quantum yields in water. The complexation constants
of 1a-1c with M-B-CD indicated that they had a better ability to
bind with M-8-CD. Cell experiments exhibited that the dyes with
azabicycloheptane as the auxochromes achieved clear imaging of
Hela cells at low concentrations of host and guest. This work not
only produced a new way to solve the problem of poor fluores-
cence performance of naphthalimide dyes in aqueous solution but
also provided a strong support for bioimaging of organic small
molecules at low concentrations in cells.
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