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Gastric ulcers are one of the most common stomach diseases that often accompanied by inflammation,
congestion, edema, scar tissue formation, and pyloric obstruction. Fiberoptic endoscopy and X-ray
analysis of the upper GI tract have become the diagnostic procedure of choice for patients. However,
conventional diagnosis technology is either invasive or radioactive. Herein, a novel CD-MOF NIR-II

fluorophore (GPs-CH1055) was developed. The relative fluorophore intensity was largely consistent at
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various media and pH buffers, and it can swell into gel particles in solvents and be completely expelled
from the gastrointestinal tract without being assimilated. GPs-CH1055 has been further evaluated in vivo,
and exhibited strong retention effect on the gastric ulcer sites, bright NIR-II signals with high spatial and
temporal resolution. Therefore, GPs-CH1055 shows great promise for realizing real-time gastric ulcer
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Gastric ulcers, chronic ulcers which occur frequently in the
gastric antrum, gastric horn, and cardia, are considered to be one of
the most common and multiple diseases worldwide [1,2]. Factors
like Helicobacter pylori (Hp), gastric acid and pepsin, non-steroidal
anti-inflammatory drugs (NSAIDs), etc.,, would cause gastric
mucosal damage, resulting in weakened barrier function and
leading to the formation of gastric ulcers [3-5]. To diagnose gastric
ulcers, endoscopes and X-rays are currently used in clinical
practice. However, these techniques are either invasive or
radioactive hazard, or highly depending on the experience of
the manipulator [4,6]. Furthermore, considering the pathological
characteristics such as recurrence, long pathological period and
complicated complications, many tests and evaluations are often
required during the diagnosis and treatment process [6,7].
Therefore, a non-invasive, non-radiation accurate diagnostic
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technique for gastric ulcers is highly demanded. As an important
indicator of clinical gastric function, gastric emptying time can
provide valuable information for diagnosis and treatment of
diseases [8-10]. Inflammation congestion, edema, scar tissue
formation, and pyloric obstruction caused by gastric ulcers would
lead to delayed gastric emptying [8], thus making it possible to
establish the relationship between gastric emptying and gastric
ulcers for further diagnosis [9-11]. Bioadhesive materials such as
sucralfate [12,13], polyacrylic acid, cyclodextrin, cellulose and their
derivatives can form viscous colloid, and exhibit long retention
time in gastric ulcer sites [14-17], providing an ideal platform to
distinguish gastric ulcers from healthy ones. Kazuki Sada et al.
synthesized uniform cubic gel particles (CGPs) with well-defined
polyhedral shapes using cross-linked cyclodextrin metal-organic
frameworks (CL-CD-MOF) [18]. CGPs could provide mesoscopic
building blocks with a soft interface for biomedical applications.
These characters make CL-CD-MOF an attractive platform to
prepare gastric ulcer imaging agents.

In vivo fluorescence imaging in the second near-infrared bio-
transparent window (NIR-II, 1000-1700nm) is an emerging
technique with minimized tissue auto-fluorescence and light
scattering, and deeper tissue penetration at longer wavelengths
[19-29], that can noninvasively detect and monitor the
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physiological or pathological processes in vivo at the cellular and
molecular level in real-time [30-36]. Thus far, various types of
NIR-II inorganic materials [37-39], polymeric nanostructures
[40-42] and small-molecule fluorophores [43-48] have been
reported. The first NIR-II small-molecule fluorophore CH1055 in
2015 has been built up from benzo-bis(1,2,5-thiadiazole) (BBTD)
for in vivo imaging [49]. By changing functional groups of CH1055,
the resulting dye CH-4 T produced a brilliant 110-fold increase in
NIR-II fluorescence, when mixed with plasma proteins in the
blood, spontaneously forms brightly fluorescent supramolecular
assemblies [50]. However, no research based on small-molecule
NIR-II imaging technology has been reported for in vivo detecting
detailed pathological changes of gastric ulcers. Herein, we
synthesized a novel fluorophores GPs-CH1055 by covalently
bonding CH1055 to CL-CD-MOF for gastric ulcer NIR-II imaging
(Scheme 1A). GPs-CH1055 gel particles possess high biocompati-
bility, and have strong stability in different media and pH buffers.
Subsequently, in vivo studies were carried out to validate the
retention efficiency of GPs-CH1055 gel particles. GPs-CH1055
showed longer residence time in gastric ulcer mice than that in
healthy mice, while no significant difference was observed in the
control group (Scheme 1B). Besides, GPs-CH1055 was completely
excreted from the gastrointestinal tract. Therefore, GPs-CH1055 gel
particles could serve as in vivo NIR-II fluorophores for non-invasive
gastrointestinal imaging and gastric ulcer diagnosis.

Serving as a platform, cuboidal CD-MOF was simply prepared
by reacting y-CD with KOH in aqueous solution, and crystallized by
the regular diffusion method of methanol [49,51]. The y-CDs in
CD-MOF were then cross-linked with ethylene glycol diglycidyl
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ether (L) to synthesize CL-CD-MOF. In order to real-time monitor
the movement of CL-CD-MOF in the gastrointestinal tract, a NIR-II
small molecule CH1055 with four carboxyl was covalently
conjugated to CL-CD-MOF via the ester bond. The unreacted L
and potassium ions were removed by soaking CL-CD-MOF in the
mixed solvent (EtOH/H,O=1:1 (v/v)) to afford GPs-CH1055
particles. Moreover, CD-CH1055 was synthesized using the amide
reaction of CH1055 to mono-6-0-NH,-4-CD as a contrast.

The morphology of CD-MOFs was characterized by transmis-
sion electron microscope (TEM), which showed that CD-MOFs
were well-defined crystals with a diameter of approximately
200 nm (Fig. S1 in Supporting information). To confirm the cross-
linking reaction between L and y-CD, and verify the modification of
CH1055, infrared (IR) spectroscopy and UV absorption spectra
were adopted. As shown in the IR spectra (Fig. 1A), the stretching
band (2880—2920 cm™!) attributes to the stretching vibration of
methylene groups in L. Compared with the sharp peak derives from
the C—O—C stretching vibration (1020-1160 cm™!) in free y-CD, a
broad band is observed in immobilized y-CD due to the cross-
linking. These changes confirmed that L successfully served as
cross-linkers between y-CDs to form CL-CD-MOF. Furthermore, UV
absorption spectra of GPs-CH1055 were emerged a characteristic
absorption peak of CH1055 at 714 nm (Fig. 1B), indicating that CL-
CD-MOF was modified with CH1055. The UV spectra also showed
that CH1055 was conjugated to the mono-6-O-NH,-4-CD, and CD-
CH1055 was further characterized by MALDI-TOF-MS (Fig. S2 in
Supporting information).

To assess the photo-stability, GPs-CH1055, CD-CH1055 and ICG
were dispersed in water respectively, and were exposed to
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Scheme 1. Scheme illustration of the preparation of GP-CH1055 and the gastric retention test. (A) Synthetic diagram of GPs-CH1055. a) Crystallization, b) cross-linking
reaction, c) esterification reaction, d) removal of coordinated metal ions. (B) Schematic diagram of gastric retention experiment. e) The mice in the control group were given
saline, f) Ethanol and aspirin were used to establish gastric ulcer model, g) CD-CH1055 | GPs-CH1055 was given by gavage. The NIR-1l imaging was performed at the same time.
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Fig. 1. Characterization of CD-MOFs and GPs-CH1055 particles. (A) FI-IR spectra of y-CD, ethylene glycol diglycidyl ether (cross-linker), CL-CD-MOF. (B) UV-vis-NIR
absorption spectra of CH1055, GPs-CH1055, CD-CH1055 particles in aqueous solution.

continuous 808 nm laser irradiation for 2 h at a power density of
180 mW/cm?. The fluorescence intensity of ICG showed a drastic
decrease while GPs-CH1055 and CD-CH1055 maintained a stable
fluorescence intensity (Fig. 2A, Fig. S3 in Supporting information),
demonstrating the superior photo-stability of the as-prepared
materials. Moreover, GPs-CH1055 and CD-CH1055 were incubated
in water, PBS, and FBS for 2h, and no significant fluorescent
changes were observed at different times points (Fig. 2B, Fig. S4 in
Supporting information). Subsequently, the fluorescent intensity
of GPs-CH1055 and CD-CH1055 distributed at different pH buffers
ranging from 1 to 9 was sustained at different time points (10 min,
1h, 24 h) (Fig. 2C, Fig. S5 in Supporting information). The in vitro
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Fig. 2. The in vitro NIR-II fluorescence property and stability of GPs-CH1055 and CD-
CH1055. (A) Photo-stability study of GPs-CH1055 and CD-CH1055 in aqueous
solution (ICG as reference, under continuous 808 nm laser (180 mW/cm?)
irradiation for 120 min). (B) The fluorescence intensity values of GPs-CH1055 in
aqueous solution, PBS and FBS after 1 h and 2 h incubation. (C) pH-Stability study of
GPs-CH1055 and CD-CH1055 at different pH buffers, the fluorescence intensity was
measured after 10 min, 1 h, 24 h incubation. (D) Cell viability of 4T1 and MDCK cells
after incubation with different concentrations of the GPs-CH1055 NPs for 24 h (n =
3). (E) NIR-II images of GPs-CH1055 (left) and CD-CH1055 (right) NPs in aqueous
solution with different LP filters (LP880, LP1000, LP1250, LP1320, LP1550 from left
to right, exposure time: 30 ms).

imaging of GPs-CH1055 and CD-CH1055 were also acquired using
an InGaAs camera under 808 nm laser excitation with various long-
pass (LP) filters (880nm, 1000nm, 1250nm, 1320nm and
1550 nm). Intensive fluorescence of GPs-CH1055 and CD-CH1055
can be visualized under 880 nm and 1000 nm LP filters with a short
exposure time of 30 ms (Fig. 2E), thus paving the way for in vivo
NIR-II imaging.

Furthermore, as a gastrointestinal tract imaging agent, GPs-
CH1055 was supposed to be completely expelled instead of being
assimilated. To test this property, GPs-CH1055 gel particles were
given to the healthy mice by gavage, followed by using NIR-II
imaging to monitor the biodistribution of GPs-CH1055. It was
found that 36h later, NIR-II signals were diminished in the
gastrointestinal tract (Fig. S6 in Supporting information) Then
main organs of these mice were excised for further examination. As
shown in Fig. S7 (Supporting information), no NIR-II fluorescence
signals were observed in all of the organs. All these results
indicated that GPs-CH1055 was completely expelled without being
absorbed, and can be a stable NIR-II imaging agent in stomach for
long-term monitoring.

The cytotoxicity of GPs-CH1055 and CD-CH1055 to 4T1
mammary cancer and MDCK canine kidney cell lines were
evaluated by the standard 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide (MTT) assay. As shown in Fig. 2D,
the cell viability remained ~100% even at the concentration of GPs-
CH1055 up to 3.52 mg/mL, and no obvious changes were observed
in CD-CH1055 either (Fig. S8 in Supporting information), indicating
the superior bio-compatibility of these bioactive materials.

A chronic gastric ulcer animal model induced by ethanol-
aspirin was established. As one of the most representative NSAIDs,
aspirin can not only suppress the activity of COX-2 to reduce
inflammation, but also inhibit COX-1 activity, resulting in
insufficient synthesis of physiological prostaglandin E2 (PGE2)
in the gastrointestinal mucosa, which eventually lead to gastric
mucosa damage [52-54]. Thus, ethanol (100 L/20 g) was initially
gavage to ICR mice (n=10) followed by gavaging aspirin (200
mg/kg). Then aspirin was continuously given in the following 4 d to
aggravate the symptoms of gastric ulcer caused by ethanol, and
postpone the healing process to form chronic gastric ulcer mice
models [55-58]. To verify whether the gastric ulcer models were
successfully established, mice (n = 3) were randomly sacrificed. We
excised the stomach and cut along the great curvature of the
stomach to eversion the gastric mucosa, at the same time, the
stomach of an untreated ICR mouse was also excised as the control.
As shown in optical images, an obvious ulcer site accompanied by
tissue erosion was observed at the antrum of the ethanol-aspirin
treated group, while the gastric mucosa of the control group
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remained intact (Fig. S9 in Supporting information). Furthermore,
the gastric mucosa was stained with hematoxylin and eosin (H&E).
Histological analysis of the ulcer site at different magnification
showed exudate and necrotic tissues on the surface of the mucosa,
and infiltration of inflammatory cells. Furthermore, vacuoles,
nuclear shrinkage, cell rupture were found in the glandular cells
surrounding the ulcer (Figs. 3A and B). These data further verified
the successful establishment of gastric ulcer models.

Motivated by the superior NIR-II imaging performance and
stability in stomach, GPs-CH1055 was further applied to aspirin-
ethanol-induced gastric ulcer mice for non-invasive NIR-II imaging
[59]. We initially tracked GPs-CH1055 gel particles in the
gastrointestinal tract of gastric ulcer mice and healthy mice. It
was found that 1 h post-intragastric administration, a considerable
portion of GPs-CH1055 in the gastric ulcer mouse remained in the
stomach, and had significant retention effects in gastric ulcer mice,
while GPs-CH1055 was completely cleared out the stomach in
healthy mice, and entered into small intestine (Figs. 3C and D). As
comparison, CD-CH1055 was specifically synthesized by conjugat-
ing CH1055 to mono-6-O-NH,-4-CD. As shown in Fig. 4, gastric
ulcer mice (n=3 per group) and untreated ICR mice (n=3 per
group) were intravenously injected with GPs-CH1055 (0.2 mg)/CD-
CH1055 (0.2 mg), and imaged at 30 min post-injection. It was
observed GPs-CH1055 had a longer retention time in the gastric
ulcer mice (Fig. 4A), while no significant fluorescence signals were
observed in the stomach area of gastric ulcer mice dosed with CD-
CH1055 (Fig. 4B). Subsequently, the intact gastrointestinal tract
was excised in 1h for further analysis. Very strong fluorescence
signals from GPs-CH1055 were detected in the ulcerated stomach.
However, no obvious fluorescence signals were observed in the
stomach of healthy mice and gastric ulcer mice treated with GPs-
CH1055/CD-CH1055, CD-CH1055 respectively (Figs. 4C and D).
These results further proved that GPs-CH1055 can be specifically
retained in the gastric ulcer sites, and can be used for gastric ulcer
imaging and diagnosis.

In summary, we have successfully designed and synthesized a
NIR-II fluorophore with superior medium stability and high

SRS

Fig. 3. The verification of gastric ulcer models and in vivo NIR- Il imaging of GPs-
CH1055. (A, B) Hematoxylin and eosin stained images of mucosal tissues of gastric
antrum from (A) the control mice and (B) gastric ulcer mice at different multiples
(scale bar: 200 wm, 100 pm, 50 wm). Representative NIR-II images of (C) gastric
ulcer mouse and (D) healthy mouse at different time points (1, 2,4, 6, 8,12 and 24 h)
after intragastric administrating of GPs-CH1055 gel particles (200 wL/20 g) under
808 nm excitation (1000LP and 100 ms).
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Fig. 4. The in vivo NIR-II Fluorescence imaging of healthy/gastric ulcer mice. (A and
B) Representative NIR-II images of the gastrointestinal tract in healthy mice (left)
and gastric ulcer mice (right) 30 min after gavage with GPs-CH1055 (A) and CD-
CH1055 (B). (C and D) Corresponding ex vivo NIR-II fluorescence images of
gastrointestinal tract 1 h after gavage.

performance for gastric ulcer dynamic NIR-II imaging and
diagnosis. By covalently linking a NIR-II small-molecule dye
CH1055 to CL-CD-MOF, the conjugate GPs-CH1055 can realize in
real-time observation of gastrointestinal conditions. To the best of
our knowledge, as a proof-of-concept, this is the first time that
non-invasive and real-time NIR-II imaging of gastric ulcers in
health and in disease has been performed. Besides, GPs-CH1055
has excellent biosafety and significant retention effects on gastric
ulcer sites, which enables it to distinguish gastric ulcer ones from
healthy ones. Further in vivo side-by-side comparison by the
treatment of GPs-CH1055 and CD-CH1055, confirmed the specifi-
cally retention effect of GPs-CH1055 gel particles in the feature of
the pathological changes of gastric ulcers. GPs-CH1055 holds great
promise for noninvasive gastric ulcer imaging and diagnosis in the
future.
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