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Multivalent supramolecular fluorescent probes for

accurate disease imaging

Qian Wut, Zhixuan Zhout, Li Xu, Haichen Zhong, Bin Xiong, Tianbing Ren, Zhe Lij,

Lin Yuan¥*, Xiao-Bing Zhang*

Optical imaging is a powerful tool for early disease detection and effective treatment planning, but its accuracy is
often compromised by the uptake of imaging materials by the mononuclear phagocyte system (MPS). Herein, we
leverage multivalent host-guest interactions between cyanine dyes and $-cyclodextrin polymers to develop
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supramolecular probes with enhanced stability, optical, and transport profiles for accurate in vivo imaging. These
multivalent interactions not only ensure the stability of the probes but also enhance fluorescence efficiency by
minimizing nonradiative decay. Our self-assembly approach effectively modulates probe size and surface properties,
enabling evasion of MPS clearance and promoting prolonged bloodstream circulation, thereby improving the
signal-to-background ratio for imaging. The effectiveness of our design is demonstrated by substantial advancements
in the early diagnosis of acute kidney injury and by providing high-contrast imaging and precise surgical navigation
across various tumor models. Our strategy not only advances optical imaging materials toward clinical translation
but also establishes a versatile platform applicable to multiple imaging modalities.

INTRODUCTION

The quest for accurate imaging with high signal-to-background ra-
tio (SBR) is crucial in the early diagnosis, treatment, and prevention
of numerous diseases that substantially affect human health (1). Opti-
cal imaging stands out among various modalities for its noninvasive,
high-resolution, and real-time imaging capabilities, which are essential
in clinical settings (2, 3). Nevertheless, a notable challenge arises with
the rapid uptake of imaging materials by the mononuclear phago-
cyte system (MPS) following intravenous administration, leading to
their undesired accumulation in nontarget tissues (4-6). This rapid
systemic clearance, coupled with nonspecific interactions with serum
proteins, reduces the circulation half-life and thus hampers their efficient
delivery to lesions, even when molecular probes are modified with
targeting ligands, hindering the accurate and high-contrast imaging
of diseases (7-9). Therefore, developing strategies to circumvent
MPS capture, thereby enhancing the accumulation of molecular
probes at the desired lesion sites, is pivotal for realizing the full clinical
potential of optical imaging probes.

Current strategies for mitigating MPS capture typically involve
conjugating hydrophilic moieties, such as sulfonates, polyethylene
glycol, peptides, and macrocycles, to molecular probes (10-14).
While this approach increases the renal clearance rate of the probes,
it concurrently shortens their circulation half-life, thus restricting
their use primarily to renal disease imaging (13). There is a pressing
need for a versatile and effective probe design that circumvents MPS
capture without accelerating clearance, thereby extending the circu-
lation time of the probe, which is crucial for achieving accurate
imaging with high SBRs across a variety of lesions.

Molecular self-assembly recently emerged as a versatile and
effective strategy for developing materials with desired properties in
optical, catalytic, and biomedical applications, effectively bypassing
complex synthesis and purification processes (15-18). With its ability
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to finely regulate the nanoscale morphology, colloidal size, and surface
chemistry of materials (15-18), which are critical for interactions
with macrophages and subsequent phagocytosis (19, 20), molecular
self-assembly is positioned as a promising technique for enhancing
the in vivo transport of materials. In addition, fabricating supra-
molecular materials through the self-assembly of hydrophobic fluoro-
phores and complementary hydrophilic precursors not only improves
the compatibility of the fluorophores with aqueous environments
but also substantially reduces nonradiative energy decay, thereby
enhancing fluorescence efficiency (21, 22). Consequently, the design
of supramolecular probes may offer a synergistic combination of
optimal in vivo transport and superior optical properties, facilitating
accurate imaging with high SBRs. However, translating these advance-
ments into clinical settings remains a challenge, largely attributed to
the dynamic and reversible nature of the self-assembly processes when
interfaced with biological systems (23).

Herein, we report the development of a series of supramolecular
fluorescent probes through the multivalent molecular self-assembly
of cyanine dyes and p-cyclodextrin polymers (CDP) (Fig. 1). Inspired
by the principle of multivalency, a hallmark of nature’s strategy for
high-affinity molecular interactions (24), we incorporated multiple
hydrophobic moieties into the dye structures. This design fosters robust
multivalent host-guest interactions with CDP, resulting in supra-
molecular probes with exceptional in vivo stability. These probes
evade MPS clearance and demonstrate minimal interactions with
serum proteins, attributed to the surface hydroxyl groups of the
cyclodextrins, which reduce positive surface charge and enhance
surface polarity. In addition, the encapsulation of the dyes within
the cyclodextrins leads to pronounced fluorescence in aqueous envi-
ronments, due to the effective prevention of aggregation and shielding
of the dye molecules from the external environment. The combined
in vivo stability, superior optical properties, and favorable transport
profile of our supramolecular probes enable accurate imaging across
a variety of diseases with elevated SBRs. The effectiveness of this
approach is underscored by its application in the early detection of
drug-induced acute kidney injury (AKI) and in providing precise
imaging and surgical guidance in subcutaneous and orthotopic tumor
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Fig. 1. Design and working mechanism of the supramolecular probes formed through multivalent self-assembly between f-cyclodextrin polymers and cyanine
dyes. These host-guest interactions, marked by its multivalency, yields fluorescent supramolecular probes with a specific nanosize and strong in vivo stability. Incorporating
cyclodextrin enhances the optical properties of the supramolecular probes in aqueous environments, further reducing MPS capture and minimizing its interaction with
serum proteins. These attributes lead to prolonged blood circulation and enhanced tumor accumulation. Furthermore, the supramolecular probes undergo clearance
through the renal secretion pathway. Such capabilities bolster both the early diagnosis of AKI and potent tumor imaging, providing precise guidance for tumor excision.

models. This versatile supramolecular platform not only lays the
groundwork for enhanced applications in optical imaging diag-
nostics but also opens avenues for integration with clinical modalities
like magnetic resonance imaging (MRI), x-ray computed tomography
(CT), and positron emission tomography (PET). This expansion
promises to substantially elevate clinical diagnostics, enabling more
accurate disease characterization and tailored treatment strategies,
thereby improving treatment outcomes across various medical dis-
ciplines.

RESULTS

Design and optimization of the supramolecular probes
Cyanine dyes were chosen for our study due to their narrow absorption
half-peak widths, large molar extinction coeflicients, and tunable
absorption and emission profiles, characteristics that have been high-
lighted for their broad applications in bioimaging (25, 26). To address
stability concerns in biological systems, our probe design incorporates
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multivalency, a widespread and effective mechanism in nature that
facilitates strong and selective interactions through multiple binding
sites. This is particularly advantageous when univalent interactions
prove insufficient. Following this design principle to ensure structural
integrity and functional efficacy of our supramolecular probes in
complex biological systems, hydrophobic indo or benzo[e]indo
moieties were integrated as the terminal groups of the symmetric poly-
methine skeleton, which resulted in guest fluorophores denoted as Cyn
and Cyn.5, where n = 3, 5, and 7. Subsequently, adamantane groups
were introduced via the nitrogen atoms inherent in the dye structures,
yielding symmetric derivatives CynAA and Cyn.5AA. Asymmetric
Cy7.5 AC bearing one adamantane and one carboxyl group was also
prepared. CDP was used for the fabrication of the supramolecular
probes, given its ease of acquisition and propensity to enhance host-
guest interaction strength via multivalency (Fig. 1).

The apparent association constant (K,) between the designed
cyanine dyes and CDP was determined through fluorescent titration
experiments (27). As both the number of hydrophobic binding sites
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and the length of the polymethine skeleton in the guest fluorophores
expanded, the K, for the host-guest interactions showed a pronounced
increase. This increase spans from 10° to values exceeding 10’ M™"
(Fig. 2A, fig. S1, and table S1), indicating affinities that not only are
strong but, in some cases, also exceed those of many natural protein-
ligand interactions (28, 29). In addition, fluorescent titration experi-
ments and isothermal titration calorimetry (ITC) analyses suggest
that the interactions involving the univalent (2-hydroxypropyl)-p-
cyclodextrin (HPPCD) and cyanine dyes were markedly reduced
relative to those with the multivalent CDP (figs. S2 and S3 and table
S2). These observations highlight the effectiveness of multivalent inter-
actions in fabricating robust supramolecular systems, thereby facili-
tating the development of supramolecular nanomaterials that have
adequate stability for in vivo applications. Further titration experi-
ments on the supramolecular system with the highest K, Cy7.5AA@
CDP, determined that the optimal concentration is 10 mM for CDP
(fig. S6). The average number of Cy7.5AA dye molecules binding to
each CDP in the synthesized Cy7.5AA@CDP was estimated to be
3.45 (fig. S7), closely matching the theoretical estimate of 3.24,
calculated based on sample preparation parameters. While this value
might seem modest, it not only confirms the precision and effective-
ness of our synthetic methodology but is also crucial for ensuring
the stability and functional integrity of the supramolecular probes
in vivo, where adaptation to the complex and dynamic nature of bio-
logical environments is essential.

Dynamic light scattering (DLS) analysis revealed that the multi-
valent interactions between Cy7.5AA and CDP lead to the formation
of a nanosized material with an average hydrodynamic diameter (Dy,)
of 459 nm (Fig. 2B) and a slightly positive zeta potential of 1.2 mV
in phosphate-buffered saline (PBS) (Fig. 2C). In contrast, because of
limited solubility, the small molecule precursor Cy7.5AA forms nano-
aggregates with broad size distribution, with an average Dy, of 531 nm
and large aggregates of more than 1000 nm, and a considerably stronger
positive zeta potential of 14.1 mV. An analog of the guest cyanine
dyes, the US Food and Drug Administration (FDA)-approved indo-
cyanine green (ICG), exhibited a Dy, of 1.3 nm due to its good solu-
bility in water endowed by its sulfonic acid groups (fig. S8). Scanning
electron microscopy (SEM) images highlighted Cy7.5AA@CDP as
spherical nanoparticles with approximate diameters of 323 + 29 nm
(fig. S9), while Cy7.5A A appeared as an amorphous aggregate (fig. S10).
These observations were further corroborated by transmission elec-
tron microscopy (TEM) analysis (Fig. 2D and fig. S11). These obser-
vations suggested that multivalent host-guest interactions facilitate
the formation of nanoparticles, endowing them defined colloidal
sizes and enhanced compatibility with water.

The supramolecular probes presented well-defined absorption
and emission spectra in PBS (Fig. 2, E and F), reminiscent of ICG in
an organic phase (EtOH) (Fig. 2, E and F). Conversely, analogous
small molecular cyanine dyes displayed pronounced aggregation in
PBS, coupled with marked fluorescence quenching (figs. S12 and S13).
The absolute fluorescence quantum yield of Cy7.5AA@CDP was
found to be 15.5% in PBS, a notable improvement over ICG (2.0%)
(table S3). Cy7.5AA@CDP exhibited good stability within the pH range
of 4 to 11 (fig. S14), which is broader than the pH range encoun-
tered in in vivo biological systems that typically vary from slightly
acidic to neutral and can occasionally extend to more acidic or alkaline
conditions in specific microenvironments such as lysosomes or certain
diseased tissues, suggesting the robustness of the supramolecular probe
across various physiological conditions. Furthermore, self-assembly
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also improved the chemical and photostability of the fluorescence
dye (Fig. 2G and figs. S15 to S28) and reduced nonspecific interac-
tions with serum proteins (Fig. 2H and fig. $29). Collectively, these
findings underscore that multivalent host-guest interactions endow
supramolecular probes with commendable biostability and optical
attributes, making them suitable for in vivo imaging.

In vivo transport and stability

Inspired by the defined nanoscale dimensions and favorable optical
properties of the supramolecular probes, we explored their potential
for in vivo applications. The biocompatibility of the probes was exam-
ined, revealing minimal cytotoxicity (figs. S30 to S32) and negligible
tissue damage after intravenous injection (figs. $33 and S35). Further-
more, biochemistry and hematology analyses were conducted on
healthy mice treated with Cy7.5AA@CDP up to 72 hours after injection
(fig. S34), with all indicators remaining in the normal range, suggesting
negligible biological toxicity of the supramolecular probes.

The in vivo transport profiles of the supramolecular probes were
then investigated. Real-time in vivo imaging of probes using different
hosts (CDP and HPBCD) and guest fluorophores (Cy7.5/Cy7AA/
Cy7.5 AC/Cy7.5AA) was performed. Fluorescence signals were ob-
served in both the kidneys and liver of the mice injected with any of
these supramolecular probes (Fig. 2, I to K, and fig. $36). Mice in-
jected with Cy7.5AA@CDP showed the most pronounced fluores-
cence in the kidneys, whereas weaker signals were detected in those
given complexes with lower K,. The accumulation of the supra-
molecular probes in the kidney is further supported by fluorescence images
of mice organs post-injection of the probes (figs. S44 and S50).
When comparing the in vivo imaging efficacy of the host-guest
complexes, it became evident that strong multivalent interactions
originating from both host and guest molecules are essential for
good stability and shielding of the dye molecule from the aqueous
environments (fig. S37) to obtain optimal imaging results of supra-
molecular probes in vivo.

The concentrations of either ICG or Cy7.5AA@CDP in the blood
were quantified by collecting fluorescence signals post-intravenous
injection via fluorescence imaging (Fig. 3, A and B) as well as high-
performance liquid chromatography (HPLC) analysis (Fig. 3C). In
both studies, Cy7.5AA@CDP exhibited an elimination half-life ex-
ceeding 210 min, with its concentration remaining above 30% of the
injected dose (ID) even 300 min after injection. On the other hand,
the concentration of ICG detected in the blood was 16% ID at 5 min
after injection (Fig. 3B). The extended circulation time of the supra-
molecular probe was facilitated by its almost neutral surface charge
and surface hydroxyl groups, which improved polarity and hydro-
philicity, minimizing nonspecific protein interactions and uptake by
the MPS in living organisms (12, 30-32). This is further supported by
the minimal cellular uptake of the supramolecular probe Cy5AA@CDP
by hepatocyte cell line AML12 and macrophage cell line RAW264.7
compared to the corresponding small molecule probes Cy5 and
Cy5AA (fig. S38). The clearance pathways of the probes were inves-
tigated using whole-body longitudinal fluorescence imaging (Fig. 3D).
Five minutes after ICG was injected into mice, a strong fluorescent
signal was detected in the liver, with the intensity increasing steadily
over the course of 50 min (Fig. 3E). In contrast, mice treated with
Cy7.5AA@CDP exhibited bright fluorescence signals in the kidneys
(Fig. 3F). The fluorescence intensity ratios of Cy7.5AA@CDP to
ICG in the kidneys and liver, 100 min after injection, were mea-
sured to be 4.01 + 0.67 and 0.33 + 0.02, respectively (Fig. 3G). These
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Fig. 2. Self-assembly, optical properties, and in vivo biodistribution of the supramolecular probes. (A) Apparent association constants (K,) between the designed
guest cyanine dyes and p-cyclodextrin polymers (CDP), determined through fluorescent titration experiments. (B) Hydrodynamic diameters of Cy7.5AA and Cy7.5AA@CDP
in PBS determined by DLS analysis. (C) Zeta potential values for Cy7.5AA, CDP, and their assembly Cy7.5AA@CDP. (D) Representative TEM image of Cy7.5AA@CDP. (E) Normalized
absorption spectra of ICG (10 pM, in PBS or EtOH) and Cy7.5AA@CDP (10 pM in PBS). (F) Fluorescence (Fl.) spectra of ICG (10 uM, in PBS or EtOH) and Cy7.5AA@CDP (10 pMin PBS).
a.u,, arbitrary units. (G) Relative absorbance for ICG (778 nm) and Cy7.5AA@CDP (788 nm) in PBS upon addition of agents such as ONOO™ (5 uM), H,0, (100 uM), H,S (100 pM),
glutathione (GSH) (1 mM), and Cys (100 pM). Cy7.5AA@CDP demonstrated superior stability with minimal changes, in contrast to ICG. (H) Time-dependent absorption
spectra Cy7.5AA@CDP (1 pM) in PBS with HSA (50 uM) at 37°C. A consistent absorption profile with no peak shifts suggested minimal interaction between the supra-
molecular probe and HSA. (1) Fluorescence images of live mice post-intravenous administration of various supramolecular probes (100 uM, 100 pl) at different intervals. Red
and yellow arrows indicate the kidneys and liver on the dorsal and ventral sides, respectively, while yellow circles indicate the bladder. (J and K) Post-injection fluores-
cence intensities over time in the kidneys (J) and liver (K) of mice administered with different supramolecular probes. Cy7.5AA@CDP, having the highest K, displayed
the brightest kidney fluorescence. Conversely, weaker kidney signals and enhanced liver signals were noted for complexes with diminished binding strengths. The data
are the means + SD. n = 3 independent experiments.
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Fig. 3. In vivo clearance pathways of the supramolecular probes after intravenous injection. (A and B) Fluorescence images (A) and corresponding intensity (B) in
blood samples from mice post-administration of either ICG or Cy7.5AA@CDP at various time intervals. (C) Relative concentrations of Cy7.5AA@CDP in blood samples from
mice at various time intervals post-administration. (D) Representative fluorescence images of mice following treatment with ICG or Cy7.5AA@CDP, captured over different
durations post-injection. (E and F) Fluorescence intensities of liver (E) and kidneys (F) in mice after injections of ICG or Cy7.5AA@CDP, tracked over different time intervals.
(G) Fluorescence intensity ratio of Cy7.5AA@CDP to ICG in both kidneys and liver from mice at different post-injection timeframes. High kidney values and low liver values
indicate a shift in clearance routes from hepatic to renal for the supramolecular probe. (H) Renal clearance study of Cy7.5AA@CDP using HPLC 24 hours after injection.
Other organs were also examined but showed concentrations too low for quantification. (I) Normalized absorption spectra of urine samples of mice treated with ICG or
Cy7.5AA@CDP and Cy7.5AA@CDP in PBS as a reference. (J) MALDI-TOF mass spectrum from urine samples of Cy7.5AA@CDP-treated mice after addition of amantadine (5 mM).
This addition led to the release of the free Cy7.5AA molecule from the complex Cy7.5AA@CDP, rendering a discernible peak for Cy7.5AA in the spectrum, suggesting the
optimal in vivo stability of Cy7.5AA@CDP during both circulation and clearance phases. The data are the means + SD. n = 3 independent mice.
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observations suggest that CDP encapsulation of the small molecular
probes primarily shifts the clearance pathway from hepatic clearance
to renal clearance.

Urinalysis was then conducted to quantify the differences in
clearance pathways between the probe and the small molecule probe.
The renal clearance efficiency of Cy7.5AA@CDP 24 hours after
injection was determined to be 76.4 + 9.3% ID, considerably higher
than the efficiency of ICG at 1.8 + 0.6% ID (figs. S39 and S40 and
tables S4 and S5). This discrepancy is likely due to ICG’s strong binding
to serum proteins (fig. S29A) and its rapid transfer to the liver post-
intravenous administration (11, 33), resulting in minimal renal
accumulation and an almost negligible urine signal. Comprehensive
analysis of the urine, feces, and major organs 24 hours after injection
using HPLC further supports that most (>70% ID) of the Cy7.5AA@
CDP were renally cleared, 5% ID underwent hepatic clearance, and both
the liver and kidney showed ~9% residual presence of the probe
(Fig. 3H). These findings are supported by second near-infared
(NIR-II) fluorescence images of the major organs of mice taken
24 hours after injection of Cy7.5AA@CDP, along with urine and feces
collected over the entire period (fig. S42). Strong fluorescence signals
were observed in the urine, while weak signals were detected in the
liver, kidney, and feces.

The in vivo stability of Cy7.5AA@CDP was confirmed by the
detection of its characteristic absorption peak in the urine of mice,
consistent with that in PBS (Fig. 3I). Furthermore, mass spectrum
signals corresponding to the free Cy7.5AA molecule were only
detected when excess amantadine was added to the urine of mice
treated with Cy7.5AA@CDDP, leading to the release of free Cy7.5AA
molecules from the complex (Fig. 3]) (34). This observation indicates
that complex Cy7.5AA@CDP remained remarkably stable even after
24 hours of circulation and subsequent clearance.

Clearance of the supramolecular probe through

renal secretion

Renal clearance encompasses three pathways: glomerular filtration,
tubular secretion, and tubular reabsorption (Fig. 4A) (35). Considering
the mesoscale colloidal sizes of our supramolecular probes, which
exceed the glomerular filtration threshold (36), they likely passively
localize within the renal proximal tubular epithelium during circulation,
facilitating renal clearance through tubular mechanisms (37, 38). To
examine the renal clearance pathway of the supramolecular probes,
mice were treated with cimetidine or probenecid, which selectively
inhibit renal tubular secretion and reabsorption (39). All mice were
then intravenously injected with Cy7.5AA@CDDP, and the whole-body
longitudinal fluorescence imaging was conducted (Fig. 4B and fig. $43).
At 15 min after injection, mice that had received either inhibitor
displayed pronounced fluorescent signals in their kidneys (Fig. 4C).
This intensity consistently increased with the extension of imaging
time. In comparison, saline-treated mice showed an initial increase
in the kidney signal that plateaued between 60 and 90 min after injection
and then began to gradually decline. Notably, an intense signal was
detected in the bladders of saline-treated mice as early as 5 min after
injection (Fig. 4D). This bladder signal was markedly diminished
in the inhibitor-treated groups, indicating that the clearance of
Cy7.5AA@CDP was predominantly via tubular secretion and re-
absorption pathways. The ratios of kidney-to-bladder intensity in
saline-treated mice were 0.56 + 0.04 at 5 min and 0.63 + 0.02 at 120 min
after injection (Fig. 4E). This data clearly suggests the excretion of
Cy7.5AA@CDP. In comparison, the ratios in cimetidine-treated mice
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were 1.61 + 0.04 and 1.84 + 0.10 at the aforementioned time inter-
vals and 1.93 + 0.22 and 2.78 + 0.81 in probenecid-treated mice,
implying a markedly slower clearance rate for Cy7.5AA@CDP in the
presence of the inhibitors.

Supramolecular probe Cy5AA@CDP was used to investigate the
clearance mechanism. Cy5AA@CDP was selected due to its similar
in vivo transport and distribution profiles compared to Cy7.5AA@CDP
(fig. S44), as well as its high fluorescence efficiency and brightness in
the visible light region (table S3), matching the setups of commer-
cial fluorescence microscopes. The supramolecular probe was intro-
duced intravenously into mice, with kidneys dissected 10 min
following the injection. Fluorescence images of the entire kidney
sections revealed a widespread signal corresponding to the supra-
molecular probe throughout both the renal cortex and medulla
(Fig. 4F). Detailed images of the renal cortex showcased intense
fluorescence corresponding to the supramolecular probes primarily
in the proximal tubule, suggesting that the supramolecular probes
undergo renal clearance in vivo largely through renal secretion
pathway. This unique clearance property not only extends its reten-
tion time within the body, facilitating enhanced accumulation at lesion
sites and improved imaging efficacy compared to probes cleared
rapidly through MPS or glomerular filtration, but also ensures minimal
toxicity, in contrast to probes undergoing hepatic clearance, which
often induce adverse toxic effects (40, 41).

Real-time imaging of AKI

AKI, marked by a rapid decline in renal function, is a substantial
global health concern that affects over 13 million people and resulting in
1.7 million deaths annually worldwide, with clinical drugs accounting
for over 20% of these cases (42, 43). A timely and accurate diagnosis
in the early stages of AKI is crucial for initiating protective interven-
tions and predicting potential drug toxicity (44). Although serum
creatinine (CREA) and blood urea nitrogen (BUN) serve as stan-
dard biomarkers to assess kidney dysfunction, their applicability for
early diagnosis is limited, and they can be influenced by various
diseases (45). The renal tubules, notable for their high metabolic
rates, are highly susceptible to drug-induced damage during secre-
tion and reabsorption processes (46). This damage often originates
from drug accumulation on the tubular surface or within cells. For
instance, cisplatin, a prevalent anticancer drug, tends to accumulate
in the kidneys (47), subsequently causing irreversible acute necrosis
of the proximal tubular epithelial cells during AKI (48). In this con-
text, our supramolecular probes distinguish themselves with a unique
clearance mechanism through tubular secretion and reabsorption,
offering a notable advantage over the recently reported optical
probes (49, 50), which depend on the glomerular filtration mecha-
nism for the diagnosis of AKI (51-53). We anticipate that our supra-
molecular probes will be retained in the kidneys when faced with
compromised renal function caused by AKI, leading to enhanced
kidney fluorescence and reduced bladder fluorescence, thereby
facilitating a more accurate and earlier diagnosis.

To explore this diagnostic potential, we conducted real-time fluo-
rescence imaging on cisplatin-treated mice. After administering
various doses of cisplatin intraperitoneally, Cy7.5AA@CDP was in-
jected intravenously 24 hours after cisplatin treatment (fig. S45).
Notably, after a 20 mg/kg dose of cisplatin, there was a marked in-
crease in kidney signals, accompanied by a substantial reduction in
bladder signals, indicative of nephrotoxicity. We then proceeded with
whole-body longitudinal living fluorescence imaging to monitor the
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Fig. 4. Renal clearance mechanism of the supramolecular probes. (A) Schematic illustration of the renal clearance mechanisms, including glomerular filtration, tubular
secretion, and tubular reabsorption. (B) Representative fluorescence images of live mice at diverse intervals after intraperitoneal administration of either saline, organic
cation transporter (OCT) cimetidine (150 mg/kg), or organic anion transporter (OAT) probenecid (150 mg/kg), followed by an intravenous injection of Cy7.5AA@CDP
(100 pM, 100 pl). Red and yellow arrows highlight the locations of the kidneys and liver, dorsally and ventrally, respectively, while the yellow circle indicates the bladder on
the ventral side. (C and D) Time-dependent fluorescence intensities measured from the kidneys (C) and bladder (D) after administering Cy7.5AA@CDP to mice that were
pretreated with either saline, cimetidine, or probenecid. (E) Time-dependent ratios of kidney-to-bladder fluorescence intensity post-injection of Cy7.5AA@CDP in mice pretreated
with saline, cimetidine, or probenecid. (F) Fluorescence microscopy images of entire kidney sections from mice post-intravenous injection of Cy5AA@CDP. Fluorescent
Alexa Fluor 568 phalloidin was used to highlight the abundant filamentous actin present in both glomeruli and the brush border. DAPI, 4’,6-diamidino-2-phenylindole; G,
glomerulus; T, tubules. Intense fluorescence attributed to Cy5SAA@CDP was primarily detected in the proximal tubule. This observation suggests that the supramolecular
probe primarily follows a renal secretion mechanism for in vivo renal clearance. The data are the means + SD. n = 3 independent mice.
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progression of this induced damage (Fig. 5, A and B). Within the
saline-treated control group, after Cy7.5AA@CDP administration, a
progressively intensifying fluorescent signal became evident in the
bladder (Fig. 5C). This signal revealed a gradual rise and plateaued
over 2 hours, consistent with the fluorescence pattern in the kidneys.
In contrast, 6 hours after cisplatin treatment, the introduction of
Cy7.5AA@CDP resulted in a continuous enhancement in kidney
signals, manifesting a fluorescence intensity surpassing that of the
control group (Fig. 5D). Meanwhile, minimal signal enhancement is
observed in the bladder. This trend persisted in mice treated with
cisplatin for 12 and 24 hours, highlighting the prolonged retention
of Cy7.5AA@CDP in the kidneys and diminished renal clearance
after cisplatin exposure. Evaluating the kidney-to-bladder fluores-
cence intensity ratios after cisplatin exposure at 6-, 12-, and 24-hour
intervals yielded ratios of 2.75 + 0.29, 3.97 + 0.17, and 5.51 + 0.67,
respectively, after 10 min Cy7.5AA@CDP administration (Fig. 5E).
These values are markedly increased relative to the control group’s
ratio of 0.73 + 0.07. This observation aligns with the reduced renal
clearance of Cy7.5AA@CDP in cisplatin-treated mice for all examined
doses and durations (fig. S46). Furthermore, histological examina-
tions revealed discernible damage (fig. S47), including hyaline
alterations and tubular edema, 48 hours after cisplatin treatment,
suggesting that prolonged exposure to cisplatin led to its accumula-
tion within renal tubules, inducing damage and consequently impeding
the clearance of Cy7.5AA@CDP.

The translational potential of Cy7.5AA@CDP was further sup-
ported by online urinalysis, which entails the direct measurement of
the fluorescent signal from the excreted Cy7.5AA@CDP in the urine
of cisplatin-treated mice (Fig. 5F). A noticeable signal reduction
compared to the control mice manifested 6 hours after cisplatin
treatment. This decline in fluorescence continued, with reductions
of 2.2-fold and 4.8-fold observed at 12 and 24 hours after cisplatin
administration, respectively (Fig. 5G). This observation reflected
findings from real-time fluorescence imaging, collectively indicating
a decelerated clearance rate of Cy7.5AA@CDP after cisplatin-induced
kidney damage. In comparison, traditional metrics CREA and BUN
required 72 hours to provide a notable signal (Fig. 5, H and I). Thus,
optical imaging and online urinalysis with Cy7.5AA@CDP offered a
substantially earlier detection of cisplatin-induced AKI, advancing
ahead of conventional methods by ~66 hours and exceeding other
optical probes reported in prior studies.

Tumor accumulation and image-guided surgical resection
Currently, malignant tumors are among the leading health threats
worldwide (54). Although the FDA-approved optical probe ICG has
been extensively used in cardiovascular studies, liver function investi-
gations, and intraoperative imaging, it still has limitations such as a
short blood circulation half-life, rapid clearance, and poor stability, ne-
cessitating multiple injections to achieve an ideal imaging SBR (55-57).
In contrast, our supramolecular probes, endowed with enhanced opti-
cal properties, extended blood circulation half-life, nanoscale dimen-
sions favorable for potential enhanced permeability and retention
(EPR) effects, and the capability of renal clearance, exhibit substantial
promise for the accurate and convenient imaging of tumors.

NIR-II imaging offers enhanced spatial resolution and imaging
depth due to reduced scattering compared to the NIR-I window (58, 59).
ICG captures only about 5% of the total emission in the NIR-II
window (60), yet it remains effective for NIR-II imaging in applica-
tions such as lymphatic and vascular imaging (61, 62). Given the
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structural similarities between our guest fluorophores and ICG, we
explore the potential of the supramolecular probe in NIR-II imaging.
In the penetration depth assay, Cy7.5AA@CDP displayed remarkable
imaging depth and brightness in aqueous solutions, delineated the
capillary’s sharp contours with an SBR reaching 62, whereas ICG only
achieved an SBR of 8 (fig. S48). Moreover, 1 hour after intravenous
injection, NIR-II fluorescence imaging of the kidney with Cy7.5AA@
CDP revealed a substantially improved in vivo SBR of 8.8 (fig. S49).
Furthermore, we re-examined the in vivo transport profiles and clear-
ance mechanism of Cy7.5AA@CDDP, as well as its potential for AKI
diagnosis, using NIR-II imaging. The results obtained are consis-
tent with the imaging studies previously conducted in the NIR-I
window, validating the reliability and robustness of our findings (figs.
S50 to $52). These findings suggest that Cy7.5AA@CDP exhibits su-
perior NIR-II optical attributes, positioning it as a promising candi-
date for effective NIR-II imaging in vivo.

Motivated by the prolonged circulation time and precise nanoscale
dimensions, we investigated the in vivo tumor accumulation prop-
erties of the supramolecular probe. Upon intravenous injection of
Cy7.5AA@CDP into mice with subcutaneous CT-26 cancer xeno-
grafts, we proceeded with NIR-II fluorescence imaging (Fig. 6A). A
steady increase in fluorescence within the tumor, with a clear NIR-II
signal noticeable at 1 hour, peaks at 24 hours. The imaging SBR for
Cy7.5AA@CDP remained consistent at ~6.4 from 1 to 24 hours after
injection, a value that was 4.6 times greater than the control group
treated with ICG (averaging 1.4) (Fig. 6B). Moreover, experiments
using a lower supramolecular probe dose still yielded imaging effi-
cacy comparable to that of higher doses (fig. S53). By 48 hours, the
tumor sites remained intensely fluorescent, in stark contrast to the
kidney and liver, where signals had considerably receded. These
findings suggest the effective passive accumulation of our supra-
molecular probe within tumor sites, likely attributed to the com-
bined advantages of prolonged circulation time and the EPR effect (63),
which together facilitate optimal imaging outcomes without the need
for high injection dosages or frequent administration.

Image-guided surgery offers a powerful approach for precise tumor
removal (64-66). Given the superior accumulation of Cy7.5AA@CDP
in tumor sites compared to ICG, it emerges as a promising agent for
fluorescence-guided surgical resection. To assess this potential, sur-
gical resection was conducted on mice bearing a subcutaneous tumor
48 hours following the intravenous injection of the supramolecular
probe (Fig. 6C). Under the guidance of the NIR-II fluorescence, the
tumor boundaries were clearly delineated, leading to an efficient and
accurate tumorectomy (Fig. 6D). The encapsulation of tumor re-
mained intact with no evident distant metastasis (Fig. 6E). Further
fluorescence imaging studies on tumor sections revealed that the
fluorescence signals from Cy7.5AA@CDP were confined to the tumor
tissues and were not present in adjacent normal tissues, suggesting the
precise applicability of Cy7.5AA@CDP in surgical navigation (fig. S54).
Post-surgery, the mice displayed robust health, no signs of tumor
recurrence, and prolonged postoperative survival (figs. S55 and S56).
These findings highlight the proficiency of NIR-II fluorescence
imaging in ensuring comprehensive tumor removal while minimizing
collateral damage to nearby healthy tissues.

We proceeded to evaluate orthotopic breast cancer models to
assess the potential of supramolecular probes in primary tumor
detection and deep surgical navigation. We established an ortho-
topic cancer model by injecting luciferase-expressing 4T1 cells directly
into the fourth pair of mammary fat pads in mice (67) and administered
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Fig. 5. Real-time in vivo fluorescence imaging of cisplatin-induced AKI using the supramolecular probes. (A) Schematic illustration of the development of cisplatin
induced AKI mouse model and subsequent fluorescence imaging at various post-treatment intervals. (B) Representative in vivo fluorescence images of mice post-injection
with either saline or cisplatin, followed by an intravenous Cy7.5AA@CDP injection (100 pM, 75 pl). Red and yellow arrows highlight the kidneys and liver, on the dorsal and
ventral sides, respectively. The yellow circle denotes the bladder on the ventral side. (C and D) Time-resolved fluorescence intensities of the bladder (C) and kidneys (D) following
Cy7.5AA@CDP injection in mice administered with saline or cisplatin. (E) Time-dependent kidney-to-bladder fluorescence intensity ratios in mice post-intraperitoneal
administration of saline or cisplatin, followed by intravenous Cy7.5AA@CDP injection. (F) Schematic illustration of the online urinalysis procedure. (G) Fluorescence images
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Fig. 6. NIR-Il fluorescence-guided in vivo tumor imaging and resection using Cy7.5AA@CDP. (A) Time-dependent NIR-Il fluorescence imaging of mice bearing sub-
cutaneous CT-26 tumor xenografts post-intravenous administration of either Cy7.5AA@CDP or ICG. Red circles indicate subcutaneous CT-26 tumor. (B) Analysis of SBRs
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Cy7.5AA@CDP. (E) Histological assessment (H&E staining) of excised subcutaneous CT-26 tumor sections confirming intact encapsulation and absence of remote metas-
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tumor site. (G) Analysis of SBR for Cy7.5AA@CDP and ICG during NIR-Il imaging in mice bearing orthotopic breast tumors. (H) Identification and subsequent resection of
orthotopic breast cancer tumor guided by the NIR-I fluorescence of Cy7.5AA@CDP. The post-injection time is 24 hours to ensure high imaging SBR by the supramolecular
probe while reducing the fluorescence signals resulting from nonspecific accumulation of the probe. Yellow arrows highlight the tumor. (I) Post-surgical bioluminescence
and bright-field images of treated mice. The absence of a bioluminescence signal suggests successful removal of the orthotopic breast tumor. (J) Histological assessment
(H&E staining) of dissected orthotopic breast tumor samples, confirming comprehensive removal and the absence of residual or metastatic cancerous sites. The data are
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Cy7.5AA@CDP or ICG intravenously. NIR-II fluorescence images
at various time points were then captured (Fig. 6F). Predictably,
mice treated with Cy7.5AA@CDP exhibited a steady enhancement
in fluorescence signals at the tumor site. A notable imaging SBR
above 7.0 between 3 and 6 hours after injection highlighted the
efficient passive accumulation of Cy7.5AA@CDP within the ortho-
topic breast cancer (Fig. 6G). Conversely, ICG-injected mice showed
barely any fluorescence changes at the tumor site, but the liver dis-
played pronounced and increasing signals. The correlation between
imaging duration and SBR in mice was then examined, which pin-
pointed the optimal surgical navigation window for orthotopic breast
cancer to 24 hours after injection. Leveraging the precision of the
NIR-II imaging system, we accomplished complete resection of in
situ mammary carcinoma in mice (Fig. 6H). Under fluorescence
guidance, no minor or metastatic lesions were detected. After the
surgical procedure, the mice’s wounds were sutured, followed by an
intraperitoneal injection of luciferase substrate. The absence of a
bioluminescence signal, which arises only from the reaction between
the luciferase substrate and luciferase expressed by tumor cells (67),
confirmed the complete resection of the tumor (Fig. 6I). Histological
evaluations further substantiated that the tumor’s encapsulation was
intact (Fig. 6]). Post-surgical observations indicated that the mice
were in good health (fig. S57).

DISCUSSION

In summary, by using robust multivalent host-guest interactions
between cyanine dyes and CDP, we present a straightforward yet
potent approach to enhance the stability, optical properties, and
transport efficiency of molecular optical probes in living systems.
With association constants reaching 10" M, these interactions en-
sure the structural robustness of the probes, overcoming a notable
limitation often faced by supramolecular systems in biological envi-
ronments. Moreover, CDP encapsulation prevents dye aggregation
and protects it from the external environment, leading to a 7.8-fold
increase in absolute fluorescence quantum yield compared to the
clinically used dye ICG, addressing a key challenge in the applica-
tion of optical imaging probes for clinical diagnostics.

CDP encapsulation introduces hydroxyl groups to the surface of
the supramolecular probe, resulting in a near-neutral surface charge
and increased polarity. These attributes substantially reduce the po-
tential for MPS sequestration and minimize interactions with serum
proteins. Further investigations reveal that the supramolecular probes
undergo renal clearance predominantly through tubular secretion,
attributed to their average hydrodynamic diameter of ~400 nm (37, 38).
This unique clearance property not only extends their retention time
within the body compared to probes cleared rapidly through MPS
or glomerular filtration but also substantially prolongs their circulation
in the bloodstream, with an elimination half-life exceeding 210 min.
These properties ensure that a higher proportion of the administered
dose remains available for interaction with target lesions, resulting
in a substantially higher SBR, which is a critical factor in achieving
accurate imaging outcomes.

Consequently, the imaging and diagnostic capabilities of the probes
are substantially enhanced, as demonstrated in the early detection of
drug-induced AKI, where abnormalities were detectable as early as
6 hours, marking a notable 66-hour improvement over current clinical
strategies. This improvement offers a reliable method for the mecha-
nistic study of nephrotoxicity and enables timely renoprotective
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interventions in patients with early-stage AKIL. In addition, the supra-
molecular probe achieves higher imaging SBRs across a spectrum of
tumor models, facilitating precise excision in both subcutaneous
and orthotopic tumor models under the guidance of NIR-II fluo-
rescence.

Thus, our design introduces a generic strategy in the development
of optical materials for accurate clinical disease imaging and holds
promise for elucidating physiological and pathological mechanisms
inherent in tumor progression, such as growth, invasion, and metas-
tasis. Furthermore, the robust and versatile design principles under-
scored by our research encourage exploration into other molecular
imaging modalities where evasion of MPS capture can be similarly
beneficial. These include MRI, x-ray CT, and PET, ensuring safe and
accurate lesion imaging crucial for clinical diagnostics, or the devel-
opment of precise drug delivery systems that optimize the delivery
of anticancer or immunotherapeutic agents to tumor lesions for
enhanced treatment efficacy and safety.

In conclusion, our study not only demonstrates the potential of
multivalent supramolecular probes to enhance optical imaging but
also sets a foundation for future developments in clinical imaging
and diagnostics. By addressing critical limitations related to MPS
sequestration and providing a scalable platform for integrating various
imaging modalities, this research promises substantial advancements
in clinical diagnostics and therapeutic strategies, ultimately enhancing
our ability to diagnose, monitor, and treat diseases with unprecedented
precision.

MATERIALS AND METHODS

Materials and equipment

Unless otherwise stated, all chemical reagents were obtained from com-
mercial suppliers and were used without further purification. The
B-cyclodextrin polymer (CDP) was purchased from Sigma-Aldrich
(United States). Solvents were purified using standard methods before
use. All experiments used twice-distilled water. Matrix-assisted laser
desorption/ionization time-of-flight (MALDI-TOF) analyses were
conducted using a Bruker Ultraflex TOF/TOF instrument. High-
resolution electrospray ionization (ESI-HRMS) mass spectra were ac-
quired with an Orbitrap Exploris 120 (Thermo Fisher Scientific).
Nuclear magnetic resonance (NMR) spectra were recorded using a
Bruker-400 spectrometer with tetramethylsilane as an internal stan-
dard. Absorption spectra were obtained using a UV-1800 spectropho-
tometer (Shimadzu Corporation, Japan). Fluorescence spectra were
measured at room temperature using a HITACHI F7000 fluorescence
spectrophotometer and an Edinburgh FLS1000 machine. pH measure-
ments were conducted using a PHS-3C pH meter (INESA Instrument).
In vivo imaging of living mice was conducted using an IVIS Lumina XR
(IS124N6071) imaging system. The NIR-II images were captured using a
custom small animal imaging system equipped with a 640- X 512-pixel
two-dimensional (2D) InGaAs NIRvana charge-coupled device (CCD)
camera. Thin-layer chromatography analysis was carried out on silica
gel plates, and column chromatography was conducted using silica
gel (mesh 200-300), both sourced from Yantai Jiangyou Silica Gel Devel-
opment Company Limited. SEM images were captured using a MIRA3
LMH (TESCAN), and TEM images were obtained with a JEM-F200
(JEOL). DLS and zeta potential measurements were conducted using
a Malvern Zetasizer Nano ZS90 (Malvern). The absolute fluorescence
quantum yields of the compounds in solutions were measured using
an integrating sphere by an Edinburgh FLS1000 machine.
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General procedure of the synthesis of guest fluorophores
The cyanine dyes (fig. S58) were synthesized based on previously
described methods (fig. S59) (68).

General procedure for the synthesis of compound Cy3AA

and Cy3.5AA

(B)1-COOH (2.0 mmol), N,N’-diphenylformamidine (1.0 mmol),
and AcONa (2.0 mmol) were dissolved in Ac,O (20.0 ml). Next,
the mixture was stirred at 60°C for 4 to 6 hours. After cooling,
Cy3/3.5COOH precipitated as a red powder and was collected by
filtration (40 to 45%). Then, compound Cy3/3.5COOH (0.5 mmol),
O-(7-azabenzotriazol-1-yl)-N,N,N',N'-tetramethyluronium hexafluo-
rophosphate (HATU; 0.75 mmol), and triethylamine (Et;N; 200 ul)
were dissolved in anhydrous CH,Cl,, and the mixture was stirred at
room temperature for 0.5 hours. Subsequently, a CH,Cl, solution of
amantadine (1.0 mmol) was added dropwise and the reaction mix-
ture was stirred for another 3 hours at room temperature. The sol-
vent was removed under vacuum, and the mixture was purified by
column chromatography on silica gel with CH,Cl, and methanol
(100/1, v/v) to offer compounds Cy3AA (88% yield) and Cy3.5AA
(85% yield). Cy3AA: 'H NMR (400 MHz, methanol-dy) 8 8.54
(t,J=13.4Hz, 1H), 7.54 (d, ] = 7.4 Hz, 2H), 7.47-7.42 (m, 2H), 7.37
(d,J=7.8Hz,2H), 7.31 (t,J = 7.4 Hz, 2H), 6.50 (d, J = 13.5 Hz, 2H),
417 (t, ] = 7.2 Hz, 4H), 3.21 (q, ] = 7.3 Hz, 2H), 2.20 (t, ] = 6.9 Hz,
4H), 1.98 (d, ] = 8.3 Hz, 16H), 1.87-1.82 (m, 3H), 1.77 (s, 12H), 1.66
(s,9H),and 1.29 (d, ] = 2.5 Hz, 8H). "C NMR (101 MHz, methanol-dj)
5 175.8, 152.0, 143.2, 142.0, 129.8, 126.6, 123.3, 112.3, 103.7, 52.6,
50.5,44.7,42.1, 37.2, 37.0, 32.6, 30.7, 28.2, 27.6, 24.1, 23.5, and 14.2.
HRMS (ESI): mass/charge ratio (m/z) calcd for Cs3H; 1 N,O,1: 795.5572,
found: 795.5551. Cy3.5AA: '"H NMR (400 MHz, methanol-d,) & 8.80
(t,J=13.5 Hz, 1H), 8.32 (d, ] = 8.5 Hz, 2H), 8.05 (dd, J = 12.1, 8.4 Hz,
3H), 7.75-7.71 (m, 2H), 7.71-7.63 (m, 4H), 7.54 (t, ] = 7.5 Hz, 2H),
6.57 (d, ] = 13.5 Hz, 2H), 4.32 (q, ] = 6.4 Hz, 4H), 4.24 (dd, ] = 5.7,
2.1 Hz, 1H), 2.24 (t, ] = 6.9 Hz, 3H), 2.12 (d, ] = 3.7 Hz, 10H), 1.96
(s, 13H), 1.84-1.78 (m, 3H), 1.64 (s, 8H), 1.49-1.45 (m, 3H), 1.38-1.36
(m, 4H), and 1.33-1.30 (m, 10H). *C NMR (101 MHz, methanol-dy)
0 177.2,174.5, 140.6, 134.8, 133.4, 132.2, 132.1, 131.7, 131.0, 129.7,
129.1, 128.7, 126.2, 123.2, 112.1, 103.1, 66.4, 52.6, 52.2, 44.9, 42.1,
40.0,37.2,37.1, 31.4, 30.6, 30.5, 29.9, 27.9, 24.8, 24.1, 23.8, 23.5, 20.1,
14.2,13.8,and 11.2. HRMS (ESI): m/z caled for Co;H75N4O,™: 895.5855,
found: 895.5862.

General procedure for synthesis of compound Cy5AA

and Cy5.5AA

(B)1-COOH (2.0 mmol), N-(3-(phenylamino)allylidene)aniline
hydrochloride (1.0 mmol), and AcONa (2.0 mmol) were dissolved
in CH3CN (20.0 ml). Next, the mixture was stirred at 75°C for 5 hours.
After cooling, Cy5/5.5COOH precipitated as a blue powder and
was collected by filtration (35 to 40% yield). Then, compound
Cy5/5.5COOH (0.5 mmol), HATU (0.75 mmol), and Et;N (200 pl)
were dissolved in anhydrous CH,Cl,, and the mixture was stirred at
room temperature for 0.5 hours. Subsequently, a CH,Cl, solution of
amantadine (1.0 mmol) was added dropwise, and the reaction mix-
ture was stirred for another 3 hours at room temperature. The sol-
vent was removed under vacuum, and the mixture was purified by
column chromatography on silica gel with CH,Cl, and methanol
(100/2, v/v) to offer compounds Cy5AA (83% yield) and Cy5.5AA
(80% yield). Cy5AA: 'H NMR (400 MHz, methanol-ds) &
8.23 (t, J=13.1 Hz, 2H), 7.49 (d, ] = 7.4 Hz, 2H), 7.39 (d, ] = 8.4
Hz, 2H), 7.31 (d, J= 7.9 Hz, 2H), 7.26 (t, ] = 7.4 Hz, 2H), 6.66 (t, ] = 12.4
Hz, 1H), 6.27 (d, ] = 13.7 Hz, 2H), 4.11 (d, ] = 4.4 Hz, 3H), 3.11
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(s, 3H), 2.81 (s, 2H), 2.18 (t, J = 6.8 Hz, 4H), 2.01 (s, 6H), 1.98
(s, 10H), 1.84-1.79 (m, 3H), 1.73 (s, 13H), and 1.67 (s, 11H). *C NMR
(101 MHz, methanol-d,) & 155.2, 143.4, 129.5, 126.7, 126.0, 123.2,
111.9,104.4,52.6,50.4,44.4,42.1, 40.1, 37.3,37.0, 30.7, 27.7, 27 4,
and 24.1. HRMS (ESI): m/z calcd for CssHy3N,O,": 821.5729, found:
821.5707. Cy5.5AA: '"H NMR (400 MHz, methanol-d,) & 8.34
(t, J = 13.1 Hz, 2H), 8.25 (d, ] = 8.5 Hz, 2H), 8.03-7.97 (m, 4H),
7.69-7.58 (m, 5H), 7.50 (d, ] = 7.5 Hz, 2H), 7.29 (s, 1H), 6.71
(t, ] = 12.1 Hz, 1H), 6.34 (d, J = 13.8 Hz, 2H), 4.31 (d, ] = 6.6 Hz,
1H), 4.25 (t, ] = 7.0 Hz, 4H), 2.21 (t, ] = 6.8 Hz, 4H), 2.03 (s, 12H),
1.97 (s, 18H), 1.92-1.87 (m, 4H), 1.80-1.73 (m, 5H), and 1.65 (s, 10H).
13C NMR (101 MHz, methanol-d,) & 175.7, 174.5, 174.4, 154.0, 140.8,
134.9, 133.2, 132.1, 131.5, 130.9, 129.7, 129.3, 128.5, 126.6, 125.9,
123.1, 111.9, 66.4, 52.7, 52.6, 52.2, 44.5, 42.1, 42.1, 37.3, 37.1, 37.0,
32.9, 30.6, 30.5, 30.3, 27.8, 27.7, 27.5, 24.1, 23.5, 20.0, 14.2, and 13.9.
HRMS (ESI): m/z caled for Ce3sH77N4O,™: 921.6042, found: 921.6017.
General procedure for synthesis of compound Cy7AA

and Cy7.5AA

(B)1-COOH (2.0 mmol), N-((2E,4E)-5-(phenylamino)penta-2,4-dien-1-
ylidene)aniline hydrochloride (1.0 mmol), and AcONa (2.0 mmol)
were dissolved in EtOH (20.0 ml). Next, the mixture was stirred at 78°C
for 6 hours. After cooling, Cy7/7.5COOH precipitated as a green pow-
der and was collected by filtration (40 to 45% yield). Then, compound
Cy7/7.5COOH (0.5 mmol), HATU (0.75 mmol), and Et;N (200 pl)
were dissolved in anhydrous CH,Cl,, and the mixture was stirred at
room temperature for 0.5 hours. Subsequently, a CH,Cl, solution of
amantadine (1.0 mmol) was added dropwise and the reaction mixture
was stirred for another 3 hours at room temperature. The solvent was
removed under vacuum, and the mixture was purified by column chro-
matography on silica gel with CH,Cl, and methanol (100/1, v/v) to offer
compounds Cy7AA (80% yield) and Cy7.5AA (75% yield). Cy7AA: 'H
NMR (400 MHz, chloroform-d) § 7.72 (t, ] = 12.2 Hz, 2H), 7.42
(d,J=10.9 Hz, 1H), 7.38-7.28 (m, 4H), 7.18 (t, ] = 7.4 Hz, 2H), 7.08
(d, J=7.9 Hz, 2H), 6.61 (t, ] = 11.8 Hz, 2H), 6.12 (d, ] = 13.4 Hz, 2H),
5.58 (s, 2H), 3.94 (d, ] = 6.8 Hz, 4H), 3.48 (s, 4H), 2.80 (s, 1H), 2.23
(t, J = 6.5 Hz, 4H), 2.01 (d, J = 15.6 Hz, 17H), 1.78 (s, 8H), and 1.64
(s, 20H). >*C NMR (101 MHz, chloroform-d) & 171.8, 171.3, 142.3,
140.9, 128.8, 126.8, 124.9, 122.2, 110.5, 51.9, 50.9, 49.1, 44.1, 41.5, 38.7,
36.7,36.4,34.7,29.8,29.5,27.9,27.0, 26.8, 25.3, 23.0, 22.8, 22.7, 22.7,
14.2,and 11.5. HRMS (ESI): m/z caled for Cs;H7sN40,™: 847.5885, found:
847.5862. Cy7.5AA: 'H NMR (400 MHz, chloroform-d) & 8.10 (d,
J=8.5 Hz, 2H), 7.92 (d, ] = 8.6 Hz, 5H), 7.85 (d, ] = 12.6 Hz, 2H), 7.59
(t,J= 7.6 Hz, 2H), 7.45 (t, J = 7.5 Hz, 2H), 7.38 (d, ] = 8.8 Hz, 2H),
6.71-6.60 (m, 2H), 6.17 (d, ] = 13.3 Hz, 2H), 5.58 (s, 2H), 4.08
(d, J = 7.0 Hz, 4H), 2.27 (t, ] = 6.6 Hz, 4H), 2.03 (d, ] = 12.7 Hz, 17H),
1.96 (s, 11H), 1.86 (dd, ] = 16.8, 10.9 Hz, 8H), and 1.66 (s, 14H).
3C NMR (101 MHz, chloroform-d) 8 171.7, 131.7, 130.7, 130.0, 128.9,
127.7, 124.9, 122.1, 110.5, 51.9, 50.9, 41.4, 36.7, 36.4, 29.4, 27.5,
27.0, and 23.0. HRMS (ESI): m/z caled for CgsH7oN4O,*: 947.6198,
found: 947.6182.

Determination of apparent association constants

For the determination of the apparent association constants (K,),
the fluorescence spectra of the supramolecular probes were assessed
at various guest fluorophores concentrations. The relationship between
the concentration and fluorescence intensity was then illustrated as
a scatter plot. Nonlinear curve fitting, using the Hill 1 function in
Origin2018, was used for data analysis (27). According to the Hill 1
function equation, the dissociation constant (Kg) corresponds to the
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concentration at half of the maximum fluorescence intensity, and
the complexation constant (K,) is determined as K, = 1/Kgy. The cal-
culation equation was estimated as

_ A+ RX|c]
T Ky+(cl

where K is the apparent dissociation constant, A is a constant associ-
ated with multivalent supramolecular assembly systems, R is defined
as the difference in fluorescence intensity before and after the reac-
tion of supramolecular probes, and [¢] is the concentration of supra-
molecular probes.

ITC analysis on the supramolecular interactions

ITC experiments were performed using a NANO ITC instrument
(TA Instruments, United States). Before each experiment, the sample
cell and syringe were thoroughly cleaned with PBS containing 5%
dimethyl sulfoxide (DMSO) (blank solvent). For the control group,
Cy7.5AA was titrated with PBS containing 5% DMSO, with Cy7.5AA
in the syringe and the blank solvent in the sample cell. During the
experiment, the syringe contained Cy7.5AA (50 pl, 70 pM), which
was titrated 25 times into the sample cell containing host molecules
(10 pM), with each addition being 2 pl. The temperature was main-
tained at 25°C, with a stirring speed of 350 rpm, and injections were
made every 2 min. The data obtained were analyzed using the inde-
pendent model to determine parameters such as the dissociation
constant (1/K,) and stoichiometry ratio (n).

Preparation of the supramolecular probe

The multivalent supramolecular probe Cy7.5AA@CDP was prepared
by combining Cy7.5AA with CDP (final CD concentration of 10 mM)
in a 1-ml aqueous solution. This mixture was agitated at room tem-
perature for 3 hours, followed by ultrafiltration using a filter with a
molecular weight cutoff of 100 kDa. Subsequently, Cy7.5AA@CDP
was isolated as a solid via freeze-drying. Throughout this manu-
script, the expression of Cy7.5AA@CDP concentration is based on
the amount of the encapsulated Cy7.5AA dye.

Determination of loading efficiency

To ascertain the loading efficiency of Cy7.5AA@CDP for in vivo ap-
plications, we dissolved 1.0 mg of the solid Cy7.5AA@CDP in 1.0 ml
of PBS. The absorption spectrum of this resultant solution exhibited
well-defined bands, with a prominent peak at 790 nm, characteristic
of Cy7.5AA, and an absorbance of 1.0363 (fig. S7A).

To quantify the concentration of Cy7.5AA in the Cy7.5AA@CDP
complex, we established a standard curve based on the absorbance
measurements of varying concentrations of Cy7.5AA@CDP at 790 nm
(fig. S7B). The relationship between the absorbance (A79) and con-
centration (c) is described by the equation

Asgp = 0.1118¢ — 0.019

In this equation, ¢ represents the concentration of Cy7.5AA in
the Cy7.5AA@CDP complex, while A799 denotes the absorbance of
this complex in PBS. Applying this standard curve, the concentra-
tion of Cy7.5AA in our test solution was determined to be 9.4 pM.

Consequently, the mass of Cy7.5AA in the solution was calcu-
lated using the formula

Mey75aA = Coyr.5aa XV X Mey75aa
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Here, mcy7.saa is the mass of Cy7.5AA, ccy7.saa is its concen-
tration of Cy7.5AA (9.4 pM) in the solution, v is the volume of
the solution (1.0 ml), and Mcy75a4 is the molar mass of Cy7.5AA
(947 g mol ™). Therefore, the calculated mass of Cy7.5AA in the
solution is 8.9 pg.

To determine the mass of CDP in our test solution, we use the
following formula

Mcpp = My — Mcy75AA

In this formula, m, denotes the total mass of the solid added to
prepare the solution (1.0 mg), and #1cy7544 is the mass of Cy7.5AA
obtained from previous calculations (8.9 pg). Consequently, the cal-
culated mass of CDP in the solution is 991.1 pg.

The concentration of CDP in the solution can be calculated using
the formula

Mcpp

C, = —
CDP
Mecpp XV

Here, mcpp represents the mass of CDP in the solution (991.1 pg),
v is the volume of the solution (1.0 ml), and Mcpp is the average
molar mass of CDP determined by gel penetration chromatography
(90,331 g mol ™). On the basis of this calculation, the concentration
of CDP in the solution is found to be 10.9 pM.

To estimate the average number of Cy7.5AA molecules that can
bind to each CDP in the test solution, we assume that each binding
site on Cy7.5AA has an equal and independent chance of binding
with any CD unit on a CDP. Under this assumption, the calculation
uses the following formula

e X v X Binding sites per Cy7.5AA
Average number of Cy7.5AA per CDP = Cy7sah

Ccpp XV

Given that each Cy7.5AA molecule has four binding sites for a
CD unit, the average number of Cy7.5A A molecules that can bind to
each CDP is ~3.45. This value closely matches the theoretical esti-
mate of 3.24, calculated based on sample preparation parameters.
While this value might seem modest, it not only confirms the precision
and effectiveness of our synthetic methodology but is also crucial
for ensuring the stability and functional integrity of the supra-
molecular probes in vivo, where adaptation to the complex and
dynamic nature of biological environments is essential.

The loading capacity (LC) of Cy7.5AA@CDP is calculated using
the formula

Mcy7.5AA

LC= X 100

m,

where m; is the total mass of the solid used in the preparation (1.0 mg),
and mcy7.saa is the mass of Cy7.5AA as previously determined (8.9 pg).
The calculated LC of Cy7.5AA@CDP is 0.89%, which closely aligns
with the theoretical value of 0.83%, a figure derived from the parameters
set during the sample preparation process.

Serum protein binding test

To assess the impact of supramolecular assembly on protein interac-
tions with the probes, Cy7.5AA@CDP, ICG, Cl-Cy7ZAA@CDP, and
Cl-Cy7COOH were incubated with human serum albumin (HSA)
under physiological conditions at 37°C for 0 to 5 hours, followed by
evaluation of their ultraviolet absorption spectra.
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Preparation of PBS solutions and acidified/alkaline saline
solutions with phosphate at different pH values
Commercially available PBS powder was dissolved in Milli-Q water
to obtain a solution with a pH range of 7.2 to 7.4. To adjust the pH
within the range of 6.0 to 8.0, HCI or NaOH was added to the PBS
solution, with continuous stirring and monitoring using a pH meter
until the desired pH was achieved. For more acidic or alkaline solutions,
additional HCl or NaOH was added to obtain acidified or alkaline
saline solutions with phosphate. Although these resulting solutions
can no longer be considered standard PBS due to the overwhelmed
buffering capacity of the phosphate components, they were used for
comparison because they maintain similar ion types and concentra-
tions compared to PBS.

Photostability assay

Solutions of Cy7.5AA@CDP and ICG (both at 10 puM) in PBS
(10 mM, pH 7.4) were prepared, and their absorption spectra were
recorded. The solutions were subjected to continuous light irradiation
at 808 nm with a power density of 110 mW/cm?. Absorbance of the
solutions was recorded every 5 min. The absorbance of the fluoro-
phores (788 nm for Cy7.5AA@CDP and 778 nm for ICG) was plotted
against irradiation time.

Cytotoxicity

CT26, HK-2, or LX-2 cells were obtained from Wuhan Pricella Bio-
technology Co. Ltd. The cells were plated in 96-well flat-bottom
plates at 1 X 10° cells per well and allowed to grow overnight prior to
exposure to the probes. Then, MTT (3-(4,5-dimethylthiazol-2-yl)-2,5
diphenyl tetrazolium bromide) reagent (0.5 mg/ml) was added for 4 hours
at 37°C and DMSO (100 pl per well) was further incubated with cells
to dissolve the precipitated formazan violet crystals at 37°C for 15 min.
The absorbance was measured at 490 nm by a multidetector micro-
plate reader. The following formula was used to calculate the
viability of cell growth: Cell viability (%) = (mean of absorbance of
treatment group/mean of absorbance of control) X 100.

Cellular uptake studies

AML-12 and RAW264.7 were obtained from Wuhan Pricella Bio-
technology Co. Ltd. The cells were cultured in high-glucose Dulbecco’s
modified Eagle’s medium (Hyclone) supplemented with 10% fetal bo-
vine serum (BI) and 1% antibiotics [penicillin (100 U/ml) and strep-
tomycin (100 pg/ml), Hyclone] at 37°C and 5% CO,. Before imaging,
the cells were washed three times with PBS. Microscopic imaging
was performed using a Nikon confocal microscope equipped with a
640-nm excitation filter, and fluorescence was collected in the red
channel within the wavelength range of 663 to 738 nm.

Blood biochemistry and hematology analysis

Healthy BALB/c mice (n = 3) received intravenous injections of ei-
ther saline or Cy7.5AA@CDP (100 pM, 100 pl) and were observed for
24, 48, or 72 hours. Blood samples were collected following standard
protocols and sent to Wuhan Servicebio Technology Co. Ltd. for analysis.

In vivo fluorescence imaging

All animal procedures were performed in accordance with license
nos. SYXK (Xiang) 2018-0006 and SYXK (Xiang) 2023-0010 approved
by the Laboratory Animal Center of Hunan, and experiments were
approved by the Animal Ethics Committee of the College of Biology
(Hunan University). The in vivo (living mice) imaging was carried
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out using an IVIS Lumina XR (IS1241N6071), with an excitation
wavelength of 745 nm and an emission band at 820 to 880 nm. The
imaging SBR was calculated as SBR = fluorescence/background. For
tumor imaging, the background was determined by selecting an
area contralateral to the tumor (normal tissue). Specifically, in the
subcutaneous tumor models where tumors were implanted on the
upper side of the right hind leg, the background was consistently
selected from an area of the same size on the upper side of the left
hind leg. For the orthotopic breast cancer model, where cells were
injected into the fat pads beneath the fourth pair of mammary glands
on the left side, an area of the same size on the right side was used as
the background. For renal imaging, the background was consistently
chosen from an area of the same size as the kidneys, located on
the upper side of the hind legs of the mice. In the capillary depth
experiments, the background signal was calculated as the average
signal from the left and right sides of the capillary.

In vivo renal clearance kinetics and stability studies
BALB/c mice were intravenously injected with ICG or Cy7.5AA@CDP
and then placed in metabolism cages. The separated mouse urine
from ICG or Cy7.5AA@CDP was collected at 24 hours after injec-
tion. Subsequently, the urine was quantified based on absorption,
and each probe’s standard curve was constructed in control urine.
To determine the in vivo stability of Cy7.5AA@CDDP, the absorp-
tion spectra of Cy7.5AA@CDP collected from urine were measured
and compared with its pure form in PBS. In addition, after 24 hours
of injection of the probe Cy7.5AA@CDP, urine was collected and
tested for mass spectra, and the molecular weight of Cy7.5AA was
determined following the addition of an excess amount of amantadine
(5 mM) that release the free Cy7.5AA molecule by the formation of
complex amantadine@CDP.

Pharmacokinetics studies

Pharmacokinetics studies were performed in accordance with pre-
vious methods (6). Mice were anesthetized using a rodent ventilator
at 2 liters/min of air mixed with 4% isoflurane for the duration of the
experiment. The end of the tail was cut for blood extraction, and the
blood was sampled in heparinized capillary tubes as a reference be-
fore injection. Mice were intravenously injected with probes (ICG
or Cy7.5AA@CDP), and the blood was sampled at different times
thereafter.

For analysis using the fluorescence emission of the probes, the
collected blood was placed in an anticoagulant solution, and the
NIR-II fluorescence images of the blood samples were collected using
a home-built small animal imaging system with a 640- X 512-pixel
2D InGaAs NIRvana CCD camera. The initial fluorescence intensity
after probe injection was taken as the 100% intensity value, and the
time point corresponding to half of the initial intensity value was
considered as the in vivo half-life of the probe. Images were pro-
cessed using the LightField imaging software and Image]. The exci-
tation wavelength was 808 nm, and the emission band was at 1040 to
1700 nm.

For HPLC analysis, the collected blood samples were stored in an
ice box to prevent clotting. An amantadine solution was added to
release Cy7.5A A molecules from Cy7.5AA@CDP before centrifuga-
tion at 4500 rpm for 15 min. The concentrations of Cy7.5AA in the
blood were then analyzed using HPLC. The HPLC analysis was per-
formed by measuring the peak area for Cy7.5AA at a detection
wavelength of 700 nm. The initial HPLC peak area after probe injection
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was taken as the reference (100% concentration), and the subsequent
peak areas were plotted as a function of time to calculate the elimi-
nation half-life.

Renal clearance studies
Mice were intravenously injected with Cy7.5AA@CDP or ICG
(100 pM, 100 pl) and placed in metabolic cages (n = 3).

For analysis based on the absorbance of the probes, the urine was
collected 24 hours after injection, and the absorbance of the urine
were recorded.

For HPLC analysis, urine and feces were collected 24 hours after
injection, diluted in an amantadine solution in ethanol, centrifuged
at 4500 rpm for 10 min, and filtered using a 0.22-pm syringe filter.
The resulting solution was analyzed using HPLC. The renal clear-
ance rate of Cy7.5A A was calculated based on the standard curve of
Cy7.5AA established in a control ethanol/saline solution. Mice were
euthanized, and major organs were collected and homogenized in a
1:1 buffer solution [containing 10 mM PBS (pH 7.4) and 50% etha-
nol solution of amantadine]. The homogenates were centrifuged
at 4500 rpm for 15 min to remove insoluble components. The super-
natant containing the extracted molecules was analyzed using
HPLC. Cy7.5AA was quantified based on the standard curve of
Cy7.5AA established in a control ethanol/saline solution.

Histopathologic studies and serum kidney function assay
All tissues of bare BALB/c mice were immediately fixed in 10%
formaldehyde immediately after resection. Histological examination
was performed by Wuhan Servicebio Technology Co. Ltd. according
to a conventional method and then applied for hematoxylin and
eosin (H&E) staining.

For the serum biochemistry test, mouse serum was collected at
t=6, 12,24, 48, and 72 hours after treatment with cisplatin (20 mg/kg)
or saline. Creatinine and BUN levels were assessed using commer-
cial kits, following the manufacturer’s protocol. Three mice were
analyzed per sample.

Fluorescent immunohistochemistry of kidney tissue

For immunofluorescence analysis, mice were intravenously injected
with Cy5AA@CDP. Fluorescent Alexa Fluor 568 phalloidin was used
for staining the filamentous actin, prevalent in the glomeruli and the
brush border.

Animal model preparation

All animal procedures were performed in accordance with the Guide-
lines for Care and Use of Laboratory Animals of Hunan University,
and all animal experiments were approved by the Animal Ethics
Committee of the College of Biology (Hunan University). Female
BALB/c mice (18 to 20 g) were purchased from Hunan SJA Labora-
tory Animal Co., Ltd., China.

For the establishment of drug-induced AKI models, mice were
randomly selected and treated with different doses of cisplatin
(10, 15, and 20 mg/kg) or at different times (6, 12, and 24 hours).
The control groups were treated with saline (0.2 ml).

For the establishment of subcutaneous tumor models, 50 pl of
CT-26 cells (2 x 10°) was subcutaneously implanted on the right side
of the back of BALB/c female mice.

For the establishment of orthotopic breast tumor models, 50 pl of
the luciferase-expressing 4T1 (4T1-Luc) cells (1 X 10%) was injected
into the fourth pair of mammary fat pads at the base of the nipple
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followed by continued tracking and analysis of tumor growth. One
week after implantation, these mice were used for in vivo imaging.

Urinalysis of kidney injured mice

Online urinalysis: Urine samples were collected from living mice
that were intravenously injected Cy7.5AA@CDP (100 pM, 100 pl) at
t =6, 12, and 24 hours after treatment with cisplatin (20 mg/kg) or
saline-treated mice. The collected urine samples were centrifuged at
5000 rpm for 5 min. Fluorescence images were acquired using the
IVIS Lumina XR (IS1241N6071). The excitation wavelength was
745 nm. The emission band was at 820 to 880 nm.

Statistics and reproducibility

Data were reported as mean values with error bars representing
the SD. Differences were considered statistically significant when
P < 0.05. Unless otherwise specified, all of the experiments were
repeated at least three times with similar results to ensure reproduc-
ibility. Cell and animal imaging experiments were performed in bio-
logically independent replicates with the n (at least three times)
noted in the figure captions. Previous studies have demonstrated
that a sample size of three is sufficient to detect significant differences
in similar experimental setups, particularly when the effects are robust
and consistent across replicates. In addition, we aimed to minimize
the use of animals in accordance with ethical guidelines, ensuring
that we only use the minimum number of animals necessary to
achieve reliable results.
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Erratum

Post date 25 April 2025

Erratum for the Research Article “Multivalent supramolecular fluorescent probes for accurate
disease imaging” by Q. Wu et al.

The original version of the Research Article, “Multivalent supramolecular fluorescent probes for accurate
disease imaging” by Q. Wu ef al. contained errors in two main text figures and one supplemental figure.

The following corrections have been implemented:

* In Fig. 2, J and K, the x axes were corrected to display consistent increments. The display of datapoints in the
figure has been updated following the x axes adjustments.

* In Fig. 2K, the label for the yellow line has been corrected from “Cy7.5AA@HPB” to “Cy7.5AA@HPBCD.”
* In Fig. 3D, the image used for the Cy7.5AA@CDP group at the ventral position at the 10-minute
postinjection time point was inadvertently duplicated from the 5-minute time point during figure assembly. The
image for the 10-minute postinjection time has been corrected.

* In Fig. 3D, the image for the ICG group at the ventral position at the 50-minute postinjection time was
inadvertently duplicated from the 30-minute time point during figure assembly. The image for the 50-minute
postinjection time point has been corrected.

* In fig. S45A, the images of mice following intraperitoneal injections of cisplatin at 20 mg/kg (bottom row of
the figure), inadvertently used images from a different experiment conducted under identical conditions but on
a different date. These images, which also appear in the bottom row of Figure 5B, were inadvertently reused
due to similarity in file structure and experimental setup. The images in the bottom row of fig. S45A have been
corrected.

Figures 2 and 3 have been corrected to reflect these changes in the updated PDF and HTML versions of the
article and the Supplementary Materials PDF has been corrected.

10.1126/sciadv.adx9431
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