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ABSTRACT: Single-molecule dual 19F magnetic resonance
imaging (19F MRI) and fluorescence imaging (FLI) agents are
valuable tools in biomedical research. However, integrating
millimolar-sensitivity 19F MRI and micromolar-sensitivity FLI
into a single molecule remains challenging. Here, we report the use
of mechanically interlocked [5]rotaxanes to efficiently incorporate
144 symmetrical fluorines (19F) for sensitive 19F MRI and to
control the motion of tetraphenylethylene (TPE) for responsive
FLI at the molecular level, yielding a dual imaging agent with
micromolar sensitivity. The sensitivity gap between 19F MRI and
FLI is bridged by generating an intense singlet 19F peak from 144
symmetrical 19F and modulating their motion through mechanical
interlocking. Spectroscopic and imaging studies, in conjunction
with molecular dynamics simulations, highlight the critical role of [5]rotaxane formation, wheel “stationing-shuttling”, and the
introduction of fluorous bulky perfluoro-tert-butoxymethyl (PFBM) groups as effective strategies to improve 19F MRI sensitivity and
enable responsive FLI. This work not only advances the development of high-performance dual imaging agents but also provides
valuable insights into the structure, dynamics, and potential applications of [5]rotaxanes in materials science.

■ INTRODUCTION
Single-molecule dual 19F magnetic resonance imaging (19F
MRI) and fluorescence imaging (FLI) agents are invaluable
tools in biomedical research,1−8 providing complementary
capabilities. FLI offers sensitive visualization of cells and
superficial tissues,3,6 while 19F MRI enables quantitative “hot
spot” imaging of deep tissues.7 In addition, the single-molecule
agents not only simplify the imaging process but also allow for
high spatial precision and colocalization. However, the
development of such dual imaging agents has been hindered
by the significant disparity in sensitivity levels: 19F MRI
typically requires millimolar concentrations for detection,9

while FLI operates at micromolar concentrations.10,11 Strat-
egies such as integrating multiple chemically equivalent
19F12−18 or optimizing longitudinal relaxation time (T1)

19,20

have been explored to enhance 19F MRI sensitivity and bridge
the sensitivity gap between the two modalities. However, to
the best of our knowledge, no 19F MRI−FLI dual imaging
agent has successfully operated at micromolar concentrations.
The performance of imaging agents is strongly influenced by

their motion state, which affects both sensitivity and
responsiveness. For example, tetraphenylethylene (TPE)
fluorophores exhibit minimal fluorescence in a freely moving
state but become highly emissive when motion is

restricted,21,22 a phenomenon known as aggregation-induced
emission (AIE). This motion-dependent behavior is crucial for
developing stimulus-responsive FLI agents.23−25 In the case of
19F MRI agents, the mobility of 19F directly influences their
magnetic relaxation, which is critical for achieving high
sensitivity in MRI. Modulating the motion of 19F to shorten
their T1 while preserving an adequate transverse relaxation
time (T2) is an effective strategy for enhancing MRI
sensitivity.26−28 However, controlling motion in imaging
agents remains a significant challenge. For instance, while
aggregation can induce AIE in fluorophores, it often leads to
aggregation-caused quenching (ACQ),23,24,29 and the aggrega-
tion of 19F MRI agents tends to decrease signal intensity.30

Addressing these challenges requires innovative strategies to
control motion effectively.
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Rotaxanes, mechanically interlocked molecules consisting of
cyclic wheels threaded onto axles and capped by bulky
stoppers,31−37 provide a promising approach for motion
control. The formation of rotaxanes restricts the motion of
their components through mechanical interlocking, while the
responsive “stationing-shuttling” motion of the wheel enables
precise manipulation of both wheel and axle dynamics. For

example, the fluorinated [2]rotaxane Rx-2 demonstrates how
restricting the motion of 19F on the wheel can significantly
shorten T1 and improve the T2/T1 ratio.

38 In 19F MRI, a short
T1 enhances the signal acquisition speed,

19,20 while a high T2/
T1 ratio reduces signal loss,

26−28 thereby improving sensitivity.
Rx-2 has shown a 79% improvement in sensitivity compared to
its wheel molecule, illustrating the power of rotaxanes for

Figure 1. Development of fluorinated TPE [5]rotaxanes as sensitive and responsive dual 19F MRI−FLI agents by integrating 144 chemically
equivalent 19F and a TPE fluorophore and restricting their motions.

Scheme 1. Synthesis of [5]Rotaxanes R5H, R5F, R′5H, R′5F, and Capped Axle ATPES
a

aThe preparation of wheel WF, stopper S, and axle ATPE is described in the Supporting Information.
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controlling motion and enhancing imaging performance.38 The
integration of 19F MRI and FLI agents into rotaxanes�
leveraging their ability to incorporate large numbers of
chemically equivalent 19F for sensitive 19F MRI sensitivity
and modulate the motion of the fluorophore for responsive
FLI�holds promise for overcoming current challenges and
delivering high-performance dual imaging agents.
Here, as a proof of concept, we demonstrate the use of

[5]rotaxanes to integrate four fluorinated wheels and a TPE
fluorophore with motion control to enhance sensitivity and
enable stimulus responsiveness. The resulting fluorinated TPE
[5]rotaxane, R5F, serves as a sensitive and responsive dual 19F
MRI−FLI agent (Figure 1). In R5F, 16 perfluoro-tert-
butoxymethyl (PFBM) groups are symmetrically placed on
the benzene rings of the dibenzo-24-crown-8 wheels to
optimize 19F MRI sensitivity, while a TPE fluorophore is
positioned at the core of the tetragonal axle to enable FLI. This
mechanically interlocked structure integrates 144 chemically
equivalent 19F, generating an intense singlet 19F NMR peak,
which enables sensitive 19F MRI with concentrations
comparable to those used for FLI. Although many 19F MRI
agents have 27 or 36 equivalent 19F with even higher fluorine
content, R5F’s 144 equivalent 19F significantly reduces the
detectable molecular concentration.16,39−42 Furthermore,
“wheel-stationing” in R5F restricts TPE motion, thereby
enhancing fluorescence emission. In contrast, “wheel-shuttling”
in R′5F partially relaxes these restrictions, leading to reduced
fluorescence emission. By exploiting the acid/base-responsive
“stationing-shuttling” behavior of the wheels, TPE motions can
be controlled, enabling stimulus-responsive FLI with “dim-
bright” contrast. This strategy allows R5F to achieve micro-
molar 19F MRI sensitivity, effectively bridging the sensitivity
gap with FLI, and enables the stimulus-responsive manipu-

lation of FLI at the single-molecule level. Nonfluorinated
[5]rotaxanes, R5H and R′5H, were designed as controls to
investigate the influence of the PFBM groups on sensitivity and
functionality. This study also provides insights into the
structure, dynamics, motion, and aggregation behavior of
[5]rotaxanes.

■ RESULTS AND DISCUSSION
With the design in mind, [5]rotaxanes R5H and R5F were
synthesized using a one-pot thread-and-cap strategy based on
the “click reaction” (Scheme 1).38 Despite multiple reaction
centers and components, the assembly of wheels WH/WF, axle
ATPE, and stopper S into R5H and R5F was efficiently achieved.
Subsequent treatment of R5H and R5F with sodium hydroxide
afforded deprotonated [5]rotaxanes R′5H and R′5F in high
yields. Capped axle ATPES with a conventional AIE structure
was also prepared as a control. The formation of [5]rotaxanes
was confirmed by 1H/13C/19F NMR spectroscopy and mass
spectrometry (see the Supporting Information).
To evaluate the structure and intramolecular motion of R5F,

the wheel−axle interactions were investigated. Compared to
ATPES, significant downfield shifts of axle protons Hh and Hi in
the 1H NMR spectra of R5F and R5H indicated hydrogen
bonding-induced “wheel-stationing” around the positively
charged amines (Figures 2a−c and S1). Additionally, upfield
shifts of protons HA−HC, Hk, and Hl in R5F (Figures 2b and
S1a) and HA−HE, Hk, and Hl in R5H (Figures 2c and S1b)
relative to WF/WH and ATPES indicated the presence of π−π
interactions between axle phenyl groups III and wheel phenyl
groups I and II.43−45 As designed, 144 19F in R5F and R′5F
collectively produced an intense singlet 19F NMR peak (Figure
2d−f). Further 1H−1H ROESY NMR analysis revealed one set
of cross-peaks between wheel protons HC−HE and axle

Figure 2. Proposed stable conformations of the [5]rotaxanes (a, illustrated by one of their branches with labeled protons). Partial 1H NMR spectra
of WF, R5F, ATPES, and R′5F (b) and WH, R5H, ATPES, and R′5H (c). 19F NMR spectra of WF (d), R5F (e), and R′5F (f). Partial 1H−1H ROESY
NMR spectra of R5F (g) and R5H (h). Expanded 1H NMR spectra of HC−HE regions with the indicated half-peak width of R5F and R5H (i). 1H−19F
HOESY NMR spectrum of R′5F (j). NMR conditions: 2.5 mM in CD3CN at 298 K, 500 MHz for 1D NMR, and 600 MHz for 2D NMR.
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protons Hj in R5F (Figures 2g and S2a) and two sets of cross-
peaks with axle protons Hj and Hg in R5H (Figures 2h and
S2b), highlighting that the fluorinated wheels in R5F are more
centrally oriented to the TPE core compared to R5H. Finally,
the significantly broader and split 1H peaks of wheel protons
HC−HE in R5F compared to those in R5H (Figure 2i) suggested
multiple motion-restricted conformations of the fluorinated
wheels. These observations suggested that, probably driven by
the fluorous effect46,47 of the 16 PFBM groups, the fluorinated
wheels in R5F accumulated rigidly around the TPE to form a
fluorous “donut ring” with significantly restricted wheel 19F
and TPE motions.
The wheel−axle interactions in R′5H and R′5F were also

investigated. Compared with R5H and R5F, upfield shifts of axle
protons Hh and Hi in the 1H NMR spectra of R′5H and R′5F
indicated the absence of hydrogen bonding, while downfield
shifts of axle protons Hd and He suggested π−π interactions
between wheel phenyl group I and axle triazole (Figure 2a−
c).48,49 The 1H−19F HOESY NMR spectrum of R′5F displayed
cross-peaks between wheel 19F (FW) and axle protons Ho and
He, indicating their adjacency and an “S-shaped” conformation
of the wheels (Figures 2j and S3). The absence of hydrogen
bonding allowed for multiple stable conformations, as
evidenced by broad and split 1H peaks (Figures 2b,c and
S1).50 Thus, “wheel-shuttling” in R′5F released wheel 19F from
the restriction of fluorous effect and hydrogen bonding.
Since the motion of spin nuclei can be assessed by relaxation

times, with the less motion, the shorter relaxation times, the
relaxation times of characteristic fluorines and protons in the
[5]rotaxanes and their precursors were compared. For wheel
fluorines FW, the assembly of WF into R5F significantly
shortened the relaxation times (ΔT1 = −31%, ΔT2 =
−46%), while the transformation of R5F into R′5F caused
small increases (ΔT1 = 4.7%, ΔT2 = 5.1%), indicating that
[5]rotaxane formation rather than wheel positioning domi-
nated wheel 19F motion (Figures 3a, S4, S5 and Table S1). For
axle tert-butyl Ho, R5F showed slight decreases in relaxation
times compared to ATPES (ΔT1 = −5.2%, ΔT2 = −0.2%), while
R′5F showed more decreases (ΔT1 = −14.6%, ΔT2 = −11.5%),
indicating a more dramatic restriction of stopper motion by
adjacent wheels (Figures 3b, S4, S5 and Table S2). The same
trends were observed for R5H and R′5H. For TPE Hm, R5F
showed significant decreases in relaxation times compared to
ATPES (ΔT1 = −14.5%, ΔT2 = −51.0%), in contrast to much
smaller changes for R5H (ΔT1 = 19.8%, ΔT2 = −20.1%),
reflecting a more efficient restriction of TPE motion by
fluorinated wheels (Figures 3c, S4, S5 and Table S3).
Interestingly, the temperature-dependent relaxation study of
R5F and R′5F showed a good proportional relationship,
highlighting the potential of [5]rotaxanes as valuable temper-
ature probes (Figure 3d). Therefore, the incorporation of WF
into R5F significantly restricted the motion of wheel 19F and
TPE for more sensitive 19F MRI and FLI.
As designed, R5F exhibited a 45% higher T1-weighted 19F

MRI signal intensity (SI)compared to 4 equiv of WF (Figure
3e). In terms of molecular sensitivity, 5.8 equiv of WF were
required to produce the same SI as R5F, a considerable
improvement in 19F MRI sensitivity. With 144 symmetrical
19F, a short T1, and a high T2/T1 ratio of 0.68, R5F was imaged
at a low concentration of 16 μM (CF = 2.3 mM) with a short
data acquisition time of 307 s and a signal-to-noise ratio
(SNR) of 3.2 (Figure 3e). Since R5F was detected by 19F MRI
in the same concentration range as regular FLI agents, the

sensitivity gap between 19F MRI and FLI was bridged by the
[5]rotaxane scaffold.15−18 In contrast, R′5F exhibited a slightly
longer T1, resulting in an up to 5.7% lower SI compared to R5F.
For WF, R′5F, and R5F, the SI exhibited a proportional
relationship to the 19F concentration (Figure 3f), facilitating
accurate quantification. Furthermore, the slope of the SI
increase with concentration was greatest for R5F, and thus, the
differences in SI were more pronounced at higher concen-
trations. This is likely due to further restriction of fluorine
motion under high-concentration conditions.
Having established their role in enhancing 19F MRI

sensitivity, we investigated the influence of motion restriction
on the optical properties of the [5]rotaxanes. First, the
[5]rotaxanes exhibited significantly higher UV absorption and
molar extinction coefficients (ε) compared to ATPES (Figures
4a, S6, and S7). However, “wheel-stationing” in R5F and R5H
caused slight blue shifts in the characteristic TPE absorption
peaks compared to ATPES (Figures 4a and S6), while “wheel-
shuttling” in R′5F and R′5H resulted in red-shifted TPE peaks,
indicating that “wheel-stationing” weakened electronic inter-
actions in the TPE by altering its conformation. Second, the
[5]rotaxanes displayed red-shifted and enhanced FL emission
compared to ATPES (Figure 4b), with R5F exhibiting the most

Figure 3. Relaxation times of wheel fluorines FW inWF, R5F, and R′5F
(a), axle tert-butyl protons Ho in R′5F, R5F, ATPES, R5H, and R′5H (b),
and TPE protons Hm in R5F, ATPES, and R5H (c). Temperature-
dependent relaxation times of FW and Ho in R5F and R′5F (d). 19F
MRI phantom images (e, 9.4 T, 298 K, CH3CN) and the plot of
signal intensity versus concentration (19F) (f) of R5F, R′5F, and WF.
Statistical significance: *p < 0.05, **p < 0.01, and ***p < 0.001.
NMR conditions: 500 MHz (a, b, and d) or 600 MHz (c), 298 K, and
1.0 mM in CD3CN.
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pronounced enhancement, 2.7 times higher than ATPES,
suggesting restricted motion of TPE. Third, the absolute FL
quantum yield (Φf) measurement showed that R5F and R5H
exhibited 2.4-fold and 1.6-fold higher Φf in tetrahydrofuran
(THF), respectively, compared to ATPES (Figure 4c), under-
scoring the significant restriction of TPE motion due to
“wheel-stationing”. Thus, [5]rotaxane formation, especially the
fluorinated ones, effectively restricts TPE motion to enhance
FL emission and Φf, providing an effective monomolecular
strategy to manipulate TPE FL, distinct from the multi-
molecular strategy in conventional TPE fluorophores.

We also investigated the effect of aggregation on the FL
properties of the [5]rotaxanes. On the one hand, concen-
tration-dependent FL studies revealed a significant decrease in
FL emission above 150 μM for all [5]rotaxanes, in contrast to
ATPES, which showed a typical AIE effect with stable FL up to
1000 μM (Figures 4d, S8, and S9). On the other hand, solvent-
dependent FL studies showed greater water-induced enhance-
ments of FL intensity and Φf in fluorinated [5]rotaxanes
compared to nonfluorinated ones (Figures 4c,e and S10), while
the trend was reversed for FL lifetime (Figures 4f and S11).
These observations suggest that aggregation in THF is driven

Figure 4. UV absorption spectra (a), FL emission spectra (b), FL quantum yield (c), plots of maximum FL emission versus concentration (d) and
water content (e), and FL lifetime (f) of R5F, R′5F, R5H, R′5H, and ATPES. Solvents: THF for (a), (b), and (d); H2O-THF mixture for (c), (e), and
(f). Statistical significance: *p < 0.05, **p < 0.01, and ***p < 0.001.

Figure 5. SEM images of R5F (a), R′5F (b), R5H (c), and R′5H (d) aggregated in H2O-THF (4:6) on silicon chips. Partial solvent-dependent 19F
NMR spectra with fitted peaks of R5F (e) and R′5F (f). SEM images of R5F (g), R′5F (h), Rx-2 (i), and Rx-2′ (j) aggregated in H2O-THF (4:6) on
PTFE microparticles. Photos of original and R′5F- and R5F-absorbed PTFE microparticles in 2 cm dishes and their sand paintings under daylight
and a 365 nm UV lamp (k). Scale bars: 1 μm.
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by intermolecular fluorous and π−π interactions, which free
the TPE from intramolecular interactions, increasing its
motion and leading to reduced FL emission and shorter FL
lifetimes. In contrast, water-induced aggregation is driven by
hydrophilic−hydrophobic interactions to shield hydrophobic
groups, especially the bulky highly hydrophobic PFBM groups,
thereby restricting TPE motion for increased FL emission.51

Additionally, a correlation between HA and Hg was observed
(Figure S12), likely due to the pronounced aggregation of
hydrophobic groups.
The distinct solvent-dependent FL of [5]rotaxanes promp-

ted us to investigate their aggregates by scanning electron
microscopy (SEM) and 19F NMR. SEM analysis revealed that
R5F and R5H formed smooth spherical nanoparticles on silicon
chips, whereas R′5F formed highly adhesive spherical nano-
particles and R′5H formed spindle-shaped nanoparticles
(Figure 5a−d), demonstrating the significant influence of
hydrogen bonding and PFBM groups on the aggregation
behavior. Solvent-dependent 19F NMR revealed a transition of
most of the wheel 19F in R5F from a mobile state in THF to a
restricted state in H2O-THF (5:5), characterized by an almost
doubled half-peak width (14 Hz versus 27 Hz, Figure 5e).52,53

Conversely, the wheel 19F in R′5F remained mobile with similar
half-peak widths (19 Hz versus 18 Hz, Figure 5f) as the water
content was increased. The upfield shift of the 19F peaks
suggests that water induces a closer proximity between PFBM
and phenyl groups to form a hydrophobic phase. These results
underscore the influence of “wheel-stationing” and the fluorous
effect in R5F, resulting in more compact aggregates in the

presence of water with significantly restricted motion of wheel
19F.
In addition, polytetrafluoroethylene (PTFE) microparticles,

a solid-phase fluorous extraction absorbent,54 were employed
to study the morphology and fluorous effect of the fluorinated
rotaxane aggregates. In contrast to aggregation on silicon chips,
SEM images showed that R5F formed predominantly
crystalline-like particles on the PTFE surface, while R′5F
infiltrated interstitial spaces and smoothed the PTFE surface
(Figure 5g,h). Similar aggregation behaviors were observed
with fluorinated [2]rotaxanes Rx-2 and Rx-2′ (Figure 5i,j),38
highlighting that “wheel-shuttling” in R′5F and Rx-2′ enhanced
fluorous interactions with PTFE, likely due to their flexible
morphology. Notably, fluorous absorption of R5F and R′5F
resulted in brightly colored PTFE microparticles under a 365
nm UV lamp (Figure 5k), addressing the challenge of coloring
PTFE materials. Interestingly, these microparticles have been
utilized as fluorescent sands for sand painting, as shown in
images from “APM”, the acronym for this institute. The
intriguing colors under UV light may find applications in
counterfeiting.
To elucidate the molecular dynamics of the [5]rotaxanes,

simulations were performed, and movies of their motions were
generated (see the Supporting Information). Among them, R5F
showed the least motions in wheels and TPE. All four “C-
shaped” wheels in R5F “stationed” toward TPE without
significant conformational transitions, while wheels in R5H
displayed rapid “C-shaped” inversions. Upon removal of

Figure 6. Simulated representative conformations of ATPES (a), R5F (b), R′5F (c), R5H (d), and R′5H (e). Calculated dihedral angles between a
phenyl group and the ethylene plane in the TPE of ATPES (f), R5F (g), R′5F (h), R5H (i), and R′5H (j) and the plot of their fractions (k) over 100 ns.
Calculated distance fractions between axle phenyl group III and wheel phenyl groups in the [5]rotaxanes (l). The corresponding simulated movies
and the calculated distance can be found in the Supporting Information.
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hydrogen bonding, all wheels in R′5F “shuttled” to the triazoles
and remained there, while wheels in R′5H continued to
“shuttle” between the triazoles and amines. Simulated
snapshots (Figure 6a−e) show different conformations: R5F
shows a centrally oriented conformation, while R5H shows
divergent conformations. R′5F shows a more uniform
distribution of wheels at the triazoles than R′5H. These
observations highlight the significant influence of steric
hindrance and the fluorous effect of PFBM groups on the
stable conformations and responsiveness of fluorinated [5]-
rotaxanes. To show the influence of wheels on TPE motion,
the dihedral angles between its phenyl groups and ethylene
plane were calculated (Figures 6f−k and S13). ATPES showed
an approximately even distribution around 55 and 122°.
“Wheel-stationing” resulted in a dominant distribution around
127° in R5F and a dispersed distribution around 58 and 122° in
R5H, while “wheel-shuttling” resulted in distributions around
55 and 123° in R′5F. Finally, the distances between axle phenyl

groups III and wheel phenyl groups in [5]rotaxanes were
evaluated (Figures 6l and S14−S17). R5F exhibited the shortest
distance (∼3.7 Å, fraction up to 0.14), in contrast to R5H which
showed a wider distribution (3.7−9.4 Å). “Wheel-shuttling” in
R′5F and R′5H significantly increased these distances, especially
in R′5F with bulky PFBM groups, suggesting strong π−π
interactions and fluorous effect in R5F. These simulations
underscore the propensity of fluorinated wheels to restrict
wheel 19F and TPE motions, stabilize the centrally oriented
conformation of R5F, and enhance FL emission and 19F MRI
sensitivity, consistent with the 1H/19F NMR and FL results.
The responsiveness of fluorinated [5]rotaxanes was further

demonstrated through 19F MRI and FLI at a low concentration
of 25 μM. First, the incorporation of WF into R′5F and the
“wheel-stationing” in R5F led to an enhancement in 19F MRI SI
in the WF → R′5F → R5F sequence, attributed to the restricted
wheel 19F motion. Simultaneously, FLI SI showed a notable
increase in the ATPES → R′5F → R5F sequence due to the

Figure 7. Responsive 19F MRI (left circle) and FLI (right rectangle) showing the formation of R′5F and “wheel-stationing” in R5F (a), acid−base
treatment of R5F (b) and R5H (c), water-induced aggregation of R5F (d), and the linear relationship between maximum FL emission and pH in
water-THF (3:7) solutions with inserted FLI photos at typical pH (e) for R5F. Schematic illustration and DLS analysis of nanoemulsion R5FNPs
(f), 19F MRI (upper) and FLI (lower) of R5FNPs at the indicated concentrations (g), and 1H/19F MRI of nude mice bearing U87-MG tumors after
intratumoral injection of R5FNPs (h). Concentration: 25 μM for ATPES, R5F, R′5F, and R5H; 100 μM forWF. Solvents: THF for (a); chloroform for
(b) and (c); water-THF for (d) and (e).
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dramatically restricted TPE motion (Figure 7a). Second,
treatment of R5F with sodium hydroxide reduced 19F MRI and
FLI SI, while treatment of R′5F with hydrochloric acid
increased both signals (Figure 7b). This dual-response “dim-
bright” transition, driven by the “stationing-shuttling” motion
of the wheels, was reproducible over multiple cycles. In
contrast, the treatment of R5H and R′5H with acid or base
caused negligible changes in fluorescence emission (Figure 7c).
Next, increasing the water content in R5F solutions enhanced

19F MRI and FLI SI, suggesting that the aggregation-induced
restriction of wheel 19F and TPE motions contributed to the
observed effects (Figure 7d). Additionally, the shortening of
the 19F relaxation time with increasing water content further
confirmed the restricted motion of wheel 19F (Figure S18). A
pH-responsive FL spectrum study was conducted on R5F in a
H2O-THF (3:7) mixture. As the pH increased from 3.0 to 10.0
by adding sodium hydroxide, a decrease in fluorescence
emission was observed (Figures 7e and S19), showing a linear
pH-dependent decrease in fluorescence intensity with
increased pH. Notably, FLI SI exhibited more dramatic
changes than 19F MRI SI (Figure 7a−d), indicating that TPE
motion is more sensitive than 19F under the conditions. These
findings highlight the sensitivity and responsiveness of
fluorinated [5]rotaxanes as dual 19F MRI and FLI agents.
However, it is important to note that this pH-responsive
fluorescence behavior is not yet suitable for applications in a
biological environment. As the primary focus of this study is to
demonstrate the feasibility of the mechanical interlocking
strategy, we are actively working on improving the water
solubility of R5F to extend its potential for future in vivo and
biological studies.
Finally, a proof-of-concept study was conducted to

investigate the potential of R5F as a dual 19F MRI and FLI
agent under physiological conditions. Given its hydrophobic
nature and insolubility in water, like most 19F MRI agents, R5F
was formulated with clinically used tricaproin into a
monodisperse nanoemulsion R5FNPs (particle size: 193 nm,
polydispersity index (PDI): 0.166, zeta potential: −38 mV)
using lecithin and DSPE-PEG2000 as surfactants (Figure 7f).
R5FNPs were successfully imaged at a low concentration of 7
μM (CF = 1 mM) with an SNR of 5.5 (Figures 7g and S20).
The relationship between the signal intensity and the 19F
concentration followed a linear trend (Figure S20). We then
calculated the number of 19F atoms per imaging voxel (19F
spins per voxel) to evaluate the detection limit. A threshold
SNR of 2.5, consistent with a previous clinical 19F MRI cell
tracking study,55 was applied for this analysis. Under the
experimental conditions (a voxel of 17.6 μL and an acquisition
time of 768 s), the sensitivity of 19F detection is approximately
0.5 mM (R5F concentration: 3.5 μM), corresponding to a
detection limit of ∼5.3 × 1015 19F spins per voxel (Figure S20).
This detection limit is lower than those of most reported
emulsions containing fluorinated agents39,56−58 (1016−1017 19F
spins per voxel), underscoring the potential of R5F for sensitive
19F MRI. Additionally, the nanoemulsion exhibited strong
fluorescence emission (Figure 7g). Following intratumoral
injection into U87-MG tumor-bearing BALB/c nude mice, a
strong 19F MRI signal was detected (Figure 7h), demonstrating
its potential for applications.

■ CONCLUSIONS
In this study, we demonstrated the development of a single-
molecule dual 19F MRI and FLI agent using a [5]rotaxane
architecture, overcoming the sensitivity disparity between these
two imaging techniques. By integrating fluorinated wheels and
a TPE fluorophore into a mechanically interlocked [5]-
rotaxane, we achieved enhanced 19F MRI sensitivity at
micromolar concentrations and stimulus-responsive fluores-
cence emission. The ability to modulate the motions of
fluorine and fluorophore via “stationing-shuttling” behavior
allows for precise control of both imaging modalities, resulting
in significant improvements in imaging performance. This
work not only bridges the sensitivity gap between 19F MRI and
FLI within a single molecule but also introduces a versatile
rotaxane strategy for designing high-performance, responsive
dual imaging agents. The fluorous effects and steric hindrance
in the [5]rotaxane system facilitate uniform wheel motion and
enhance responsiveness, underscoring its potential as a high-
performance molecular device. This single-molecule dual-
modality approach offers promising applications in cancer
diagnosis, targeted therapy, and molecular imaging. Ongoing
investigations are focused on further enhancing sensitivity and
responsiveness, extending the fluorescence wavelength to near-
infrared regions, and exploring in vivo applications of
fluorinated rotaxanes for multimodal imaging, image-guided
drug delivery, and personalized medicine, with results to be
reported in subsequent publications.
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