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Colon cancer remains a major cause of cancer-related mortality, which necessitates continuous advancement in
treatment efficacy and prognosis evaluation methods. Despite the progress, existing imaging techniques often fail
to provide timely, real-time insights in dynamic tumor environments. Thus, achieving precise targeting and
effective visualization during treatment remains challenging. In this study, we address these limitations by
developing an asymmetric nanosensor based on a core—shell Janus NPs@MOFs centered on gold nanorods (Au
NRs) with photothermal capabilities. The nanoparticles were modified with titanium dioxide (TiOy) to form
Janus ATs (J ATs), functionalized with Cy5.5-pep, and coated with folic acid (FA)-doped zeolite imidazole
framework-8 (ZIF-8) to allow for targeted cancer cell delivery and confer responsiveness to a weakly acidic
environment. This configuration enabled the release of Zn?* under acidic conditions while inducing ion overload
and enhancing reactive oxygen species (ROS) production in mitochondria. This approach could effectively
promote tumor cell death. Laser irradiation-activated photodynamic therapy (PDT) and photothermal therapy
(PTT) synergistically promoted apoptosis via caspase-3 activation and restored fluorescence signal, which led to
tumor ablation. Additionally, the nanosensor utilized ion interference therapy (IIT) to disrupt ion homeostasis in
tumor cells, which further enhanced therapeutic efficacy. The J ATPZFs (Janus Au NRs-TiOy-pep@ZIF-8-FA)
nanosensor was successfully applied to in vitro and in vivo imaging, which is demonstrative of its potential for
real-time monitoring and as an adjuvant therapeutic tool for colon cancer treatment. This work provides a
reference for achieving the goals in the precise, real-time visual monitoring of cancer prognosis.

1. Introduction

Colon cancer is one of the main types of cancer. Although its
occurrence has a low percentage, colon cancer is a serious threat to
human health due to its high incidence rate and mortality rate [1-5].
With the continuous development of medical technology, common
treatment methods such as surgery, chemotherapy, and radiotherapy are
constantly being improved and applied in the treatment of this disease
[6-9]. For early-stage tumors, the cure rate increases after surgical
removal of the primary tumor. With the improvement of science and
technology, the supervision of the treatment process and its efficacy

have become a concern for medical workers [10-13]. This result is
closely related to the patient’s prognostic status, and timely and effec-
tive feedback on the efficacy is required to improve the treatment plan.
Therefore, the visualization and monitoring of the diseased area in real-
time remains a challenge that needs to be resolved.

In the field of imaging, the detection of biomarkers using fluores-
cence nanosensors based on the Forster resonance energy transfer
(FRET) effect has attracted considerable attention and been widely used
due to the probes’ characteristics such as simple operation, powerful
imaging ability, and high signal-to-noise ratio [14-16]. The use of FRET
detection methods can greatly increase the sensitivity and applicability

* Corresponding authors at: College of Chemistry, Jilin Province Research Center for Engineering and Technology of Spectral Analytical Instruments, Jilin Uni-

versity, Qianjin Street 2699, Changchun, 130012, PR China (P. Ma).

E-mail addresses: mapinyi@jlu.edu.cn (P. Ma), jiaoshan@jlu.edu.cn (S. Jiao), songdq@jlu.edu.cn (D. Song).

https://doi.org/10.1016/j.cej.2025.161091

Received 26 November 2024; Received in revised form 18 February 2025; Accepted 26 February 2025

Available online 27 February 2025

1385-8947/© 2025 Elsevier B.V. All rights are reserved, including those for text and data mining, Al training, and similar technologies.


https://orcid.org/0000-0002-4866-1292
https://orcid.org/0000-0002-4866-1292
mailto:mapinyi@jlu.edu.cn
mailto:jiaoshan@jlu.edu.cn
mailto:songdq@jlu.edu.cn
www.sciencedirect.com/science/journal/13858947
https://www.elsevier.com/locate/cej
https://doi.org/10.1016/j.cej.2025.161091
https://doi.org/10.1016/j.cej.2025.161091
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cej.2025.161091&domain=pdf

J. Yang et al.

of nanosensors. The effective combination of fluorescence imaging and
nanosensors for tumor efficacy evaluation provides a solution for visual
real-time monitoring capability. As an important biological target in
apoptosis, caspase-3 can be activated during the treatment of tumors
[17-19]. Therefore, the use of caspase-3 as the detection target of the
nanosensors can play a certain role in the evaluation of the therapy.
Additionally, because caspase-3 can recognize the amino acid sequence
of special fragments, it provides good selectivity [20-22].

The local surface plasmon resonance (LSPR) effect is commonly
observed in some precious metal nanoparticles, which can provide the
nanoparticles with a thermal effect after laser irradiation [23-25]. In
addition to the use of heat produced after laser irradiation in photo-
thermal therapy (PTT), photodynamic therapy (PDT) is another com-
mon light therapy in tumor treatment used to achieve the ablation of
tumors [26-28]. At the same time, the effective implementation of PTT
and PDT is inseparable from the production of heat and reactive oxygen
species (ROS) by photosensitizer and photosensitizer, respectively
[29-32]. By optimizing the synthesis process to integrate the two media,
the assembly of materials and double promotion can be achieved
simultaneously. Among all, gold nanorods are widely used as a photo-
thermal sensitive agent due to their excellent properties [33-35]. By
improving the synthesis method, a photosensitizer, titanium dioxide
(TiO3), can be effectively modified on one end of gold nanorods (Au
NRs) to form asymmetric nanoparticles J ATs (Janus Au NRs-TiO3) to
combine the advantages of the materials. In addition to the above
treatment methods, the abnormal accumulation of ions can lead to
changes in the physiological environment in the cells by disrupting ion
homeostasis and inducing cell damage through a process called “ion
interference therapy (IIT)” [36-38]. The overload of Zn?" can greatly
promote the production of ROS in mitochondria and induce cell death
[39,40]. This principle can work synergistically with PDT to promote
ROS production. In this work, we coated the nanosensor with MOFs
material ZIF-8 and used it as the nanosensor shell. Then, a Zn?* carrier
was introduced to allow for the simultaneous response to the tumor
microenvironment (TME) and to increase the content of Zn?*t in tumor
cells, which in turn increased the production of ROS, leading to adjuvant
combination therapy.

Here, to synchronize the response to the effects of combination
therapy, J ATs were first constructed by assembling Au NRs and TiO5
into the nanosensor. Then, the probe was modified with Cy5.5-modified
polypeptide chain, which allows for a specific response to caspase-3, to
form Janus Au NRs-TiO; NPs-pep (J ATPs). To enhance the tumor-
targeting ability of the nanosensor, we modified the folic acid (FA)-
doped ZIF-8 outer shell of the nanosensor through self-assembly to
generate J ATPZFs (Janus Au NRs-TiO»-pep@ZIF-8-FA) fabricated based
on the core—shell structure of Janus NPs@MOFs [41,42]. J ATPZFs could
be injected to allow for real-time visual feedback on the effects of IIT on
tumors in vivo and simultaneous treatment.

2. Experimental section
2.1. Synthesis of J ATs

Solution A: 400 pL of concentrated Au NRs was added to 100 pL of
0.2 M CTAB solution. Then, 20 mL of anaerobic water was added to the
mixture. Solution B: 100 pL of TiCls solution was first mixed with 2 mL
of anaerobic water before the addition of 350 pL of 1.0 M NaHCO3 so-
lution, which caused the solution color to gradually turn dark blue. Next,
5 mL of solution A was mixed with solution B, and the mixture was
gently stirred for 30 min. The product was centrifuged and washed with
ethanol. The obtained J ATs were dispersed in ultra-pure water and
stored at 4°C.

2.2. Synthesis of J ATPs

The above product (5 mL) was dispersed in 5 mL of water before
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being mixed with 200 pL of 1 mM mPEG-SH. The mixture was then
stirred overnight. The product was collected by centrifugation and
dispersed into 5 mL of water. After the addition of 30 pL of 2 mg/mL
Cy5.5-pep, the mixture was stirred for 24 h in darkness. The resultant
products were collected by centrifugation and washed with water.

2.3. Synthesis of J ATPZFs

Firstly, 10 pL of 0.2 M CTAB solution was mixed vigorously with 1
mL of 1.32 M 2-MIM. Then, 1 mL of 24 mM Zn(NOs), solution was added
to the mixture, followed by 1 mL of J ATPs and 1 mL of 1 mg/mL FA.
After stirring for 5 min, the mixture was left to stand for 5 h and then
washed with methanol to obtain the final products.

2.4. Invitro -OH detection

First, 600 pL of 100 pg/mL J ATs was mixed with HyO, (1000 pM),
and 5 pL of 1 mg/mL MB was then added. After that, the mixture was
continuously irradiated with an 808 nm laser (1 W/cm?). The reaction
was carried out for 0, 5, 10, 15, 20, and 30 min. After centrifugation, the
UV absorption spectra of the supernatant were recorded. A reaction time
of 30 min was selected for subsequent experiments.

The experiment was repeated using H20> at concentrations of 0, 100,
200, 500, and 1000 pM to verify the effect of HoO5 concentration on ROS
generation.

2.5. Invitro caspase-3 detection

First, 300 pL of 100 pg/mL J ATPs was mixed with 200 ng/mL
caspase-3 and then shaken on an oscillator at 37 °C. The fluorescence
intensity of the reaction was measured after 0, 5, 10, 15, 30, 60, and 90
min. The reaction time of 60 min was selected as the optimal reaction
time.

J ATPs were diluted with 300 pL of buffer (100 pg/mL) and then
incubated with caspase-3 at different concentrations (0, 0.5, 15, 10, 25,
50, 100, or 200 ng/mL). The fluorescence signal of the reaction was
measured thereafter.

Verification experiments were also conducted at different times or
temperatures to assess the nanosensor’s stability.

A variety of enzymes or molecules were used as disruptors to replace
caspase-3 to determine the selectivity of the nanosensor. At the same
time, during the incubation of the nanosensor with caspase-3, Z-DEVD-
FMK (the inhibitor of caspase-3) was added to inhibit the enzyme before
the measurement of the fluorescence signal.

2.6. Detection of cellular ROS production

To further validate the increase in intracellular ROS production,
DCFH-DA was used as a fluorescent nanosensor to monitor the intra-
cellular ¢OH generation. SW620 cells were treated with different con-
ditions described above. After various treatments, the cells were
incubated with PBS and DCFH-DA (10 pM) for 30 min before being
stained with 1 mM DAPI and stored at 37 °C for 5 min in darkness.
Finally, the cells were rinsed with PBS and then subjected to imaging.

2.7. Cell imaging applications

First, a time optimization experiment was carried out to determine
the incubation time for fluorescence imaging. The cells were incubated
with J ATPZFs (100 pg/mL) and then subjected to imaging after 6, 12,
24, and 36 h. The incubation time of 24 h was in subsequent reactions.

To confirm the performance of the nanosensor, the cells were sub-
jected todifferent treatment conditions: J ATPs, J ATPs + 808 nm laser, J
ATPZFs, J ATPZFs + 808 nm laser, and J ATPZFs + 808 nm laser + Z-
DEVD-FMK. Fluorescence imaging was performed after 24 h.
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Scheme 1. Schematic illustration of J ATPZFs synthesis process and application.

2.8. In vivo applications

To assess biotoxicity, we injected nanosensors into the tail vein of
healthy mice, and stained the heart, liver, spleen, lungs, and kidneys
with hematoxylin and eosin (HE) and performed routine blood
biochemical analysis 30 days later.

Firstly, the experiments were designed to verify the feasibility of in
vivo imaging. J ATPs and J ATPZFs (1 mg/mL, 50 pL) were injected in
situ at the tumor of mice, 808 nm laser irradiation (power: 1 W/cmz,
time: 5 min) was conducted, and the temperature changes were moni-
tored in real-time. At different times after injection, mice were anes-
thetized with isoflurane before being subjected to imaging.

Next, to confirm the tumor-targeting ability, J ATPs and J ATPZFs (1
mg/mL, 100 pL) was injected into the mouse through the tail vein. The
mouse was imaged at 6, 12, and 24 h after injection.

To further evaluate the therapeutic effect of the nanosensors,
different experimental groups were set up and compared: PBS, J ATPs, J
ATPZFs, and J ATPZFs + 808 nm laser. The weight and tumor volume of
the mice were recorded every other day. The tumor volume was calcu-
lated by the following formula: V (tumor volume) = [tumor length x
tumor widthz]/z‘

3. Results and discussion
3.1. Preparation and characterization of nanosensors

The design and synthesis procedure of the nanosensor is shown in
Scheme 1. Au NRs were first synthesized and characterized by TEM. The

nanoparticles showed an rod-like appearance with a uniform size and
excellent dispersion. The crystal lattice of gold could be clearly seen

under the High Resolution Transmission Electron Microscope (HRTEM,
Fig. 1A). CTAB-modified Au NRs synthesized by the seed growth method
had a length-to-diameter ratio of about 62.78 x 15.81 nm (Fig. S1), and
the solution was brown (Fig. S2). Then, Janus Au NRs-TiO (J ATs) was
synthesized by wet chemistry. Assisted by CTAB, TiO, was selectively
deposited on Au NRs in an anisotropic manner, and the solution had a
purple color. TEM (Fig. 1B), elemental analysis (Fig. S3) and X-ray
electron spectroscopy (XPS) (Figs. S4 & S5) were able to confirm the
successful synthesis of TiO3 and the deposition on the top of the gold
nanorods. Next, the Cy5.5-peptide, which could be specifically recog-
nized by caspase-3, was modified on J ATs to form the nanosensor J
ATPs. To imbue the nanosensor with a Zn?" carrier to enhance ROS
production and tumor targeting ability, folic acid (FA)-doped ZIF-8 was
modified through self-assembly on the outside of the nanosensor. This
modification led to the generation of J ATPZFs based on Janus
NPs@MOFs.

UV-Vis absorption spectra of each product were characterized, and
the results are shown in Figs. 1D and S8A. The results showed that the
near-infrared absorption peak of Au NRs was redshifted after modifi-
cations: from 792 nm to 840 nm after TiO, modification and from 861
nm to 888 nm after ZIF-8 coating. These processes were confirmed by
changes in the zeta potential (Figs. 1E and S8C). The CTAB-modified Au
NRs were positively charged, and the potential was changed to —12.3
mV after TiOy modification. Then, the peptide was modified to form J
ATPs causing the negative charge on the nanosensors to increase (—19.6
mV). After the final coating with doped ZIF-8, the zeta potential also
changed. In addition, the XPS of each product was found to correspond
to the modification process (Figs. S6 and S7) [43].

The nanostructure of J ATPZFs could effectively maintain the crys-
talline phase of Au NRs and ZIF-8, which also demonstrates the
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Fig. 1. TEM images of (A) Au NRs (scale bar: 100 nm, scale bar of the inset: 5 nm), (B) J ATs (scale: 100 nm, scale bar of the inset: 60 nm), and (C) J ATPZFs (scale
bar: 60 nm). (D) UV-visible absorption spectra of Au NRs, J ATs, J ATPs, and J ATPZFs. (E) Zeta potentials of Au NRs, J ATs, J ATPs and J ATPZFs. (F) XRD images of
nanosensor J ATPZFs and the characteristic peak of the control material. (G) Thermogravimetric (TG) curves of J ATPZFs and ZIF-8. (H) TEM mapping of each

element of J ATPZFs (scale bar: 100 nm).

coexistence of the two structures (Figs. 1F and S9). Meanwhile, it
showed an amorphous state, according to the HRTEM and XRD results
(Figs. S9 and S10), without exhibiting obvious diffraction peaks of TiOo
crystalline, which is consistent with the literature [44]. The TEM-
mapping results (Fig. 1H) revealed the elemental distribution of the
nanosensor J ATPZFs. The results showed that Ti was mainly distributed
at the rod end of Au NRs, and Zn (the characteristic element of ZIF-8)
had a slightly wider distribution compared to Ti and Au. This observa-
tion is consistent with the arguments described above and proves the
effective combination of the components. In addition, the FTIR spectra
(Fig. S11) showed the characteristic peaks at 2921 and 2852 cm’l,
corresponding to the stretching vibrations of methylene and methyl
groups in Au NRs, a strong absorption peak at 500-700 cm™! of TiO,,
and peaks at 1579 (0O-H), 1145, and 758 cm~! (imidazolium bending) of
ZIF-8 [45]. The peaks confirm the presence of these components.
Comparison of the TG curves of the composite nanosensors with those of
ZIF-8 revealed that J ATPZFs were thermally stable at 400 °C, similarly
to ZIF-8 (Fig. 1G).

3.2. ROS generation capability of nanosensors

The ROS-generating ability of J ATs under laser irradiation is shown
in Fig. 2A. According to the reported literature, there is electron transfer

from Au NRs to TiO; structure under laser irradiation, which can pro-
mote ROS production[46,47]. Because methylene blue (MB) can be
gradually degraded in the presence of -OH, MB was chosen as the
nanosensor to detect the capability of J ATs in promoting -OH genera-
tion. The MB degradation was verified under different conditions at a
fixed reaction time of 30 min. The results demonstrated that the external
laser could substantially enhance the ROS production capacity (Fig. 2B).
And both the absence of HyO, and J ATs affect the production of ROS.
Based on this finding, the relationship between ROS production and
laser irradiation time was explored under a constant MB concentration.
As shown in Fig. 2C, with increasing laser irradiation time, the MB
degradation increased, and the intensity of the corresponding UV-Vis
absorption peak became weaker. Similarly, increasing the concentration
of raw material HyO> also increased the ROS generation ability (Fig. 2D).

3.3. Photothermal properties of nanosensors

Au NRs are common nanomaterials with excellent photothermal
properties. Herein, Au NRs were modified, and all the products were
found to have significant Localized Surface Plasmon Resonance (LSPR)
absorption at 808 nm (Figs. 1D and S8A). The photothermal properties
of the nanosensors, using J ATs as an example, were then validated.

In this experiment, an 808 nm near-infrared laser (1 W cm’z) was
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Fig. 2. (A) Schematic illustration showing PTT and PDT of J ATs under laser irradiation. (B) UV-Vis absorption spectra of MB under different conditions. (C)
Variation of MB absorption intensity with different laser irradiation times. (D) UV-Vis spectra of MB at different H,O, concentrations.
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Fig. 4. (A) Fluorescence spectra of J ATPs incubated with 200 ng/mL caspase-3 for different time periods. (B) Fluorescence spectra of the enzyme at different
concentrations incubated with the nanosensor for 60 min and (C) the corresponding Fr (Fg =(F-Fo)/Fq, Fy is the fluorescence value of the blank sample) curve. The
inset shows the linear correlation between enzyme concentration and fluorescence intensity. Responsiveness of the nanosensor to the enzyme after treatments at
different times (D) and temperatures (E). (F) Selectivity of nanosensors towards various molecules (a: glutathione sulfurtransferase (GST); b: hyaluronidase; c:
caspase-1; d: bovine serum albumin (BSA); e: glucose; f: carboxylesterase; g: caspase-3 + Z-DEVD-FMK; h: caspase-3).

used. Fig. 3A shows the mechanism of PTT and PDT of J ATs under laser
irradiation. After laser irradiation for a certain period, the temperature
of the nanoparticle increased significantly. Moreover, the increase in
temperature was positively correlated with the concentration of nano-
particles. At a concentration of 100 pg/mL, the temperature reached
53.5 °C within 10 min, and the photothermal therapy had an impact on
the tumor cells [48]. Under the same conditions, the temperature of
water increased only up to 23.1 °C (Fig. 3B). At the same time, the in-
crease in temperature was proportional to the laser power (Fig. 3C).
Based on a previously reported study, we calculated the photothermal
conversion efficiency (n) of the materials. The calculations, as has been
shown in published reports, showed that n for Au NRs was 49.92 %,
whereas that for J ATs was 55.41 % (Fig. 3D-3E and S12) [49]. To
further assess the stability of the photothermal effect of the materials,
the nanoparticle was subjected to repeated laser stimulation. We found
that the ability of the materials could be well maintained in multiple
“On-Off” cycles (Fig. 3F). On this basis, the photothermal capacity of J
ATPZFs was also verified (Fig. S12A). It was found that the temperature
of solution could rise to 52.5 °C under laser stimulation at the same time,
which proved that J ATPZFs also had good photothermal capacity. Thus,
the nanomaterials synthesized in this work were excellent photothermal
imaging materials that could be used in the monitoring of therapeutic
efficacy.

3.4. In vitro sensing of caspase-3

Nanosensors were designed to evaluate the therapy efficacy based on
self-IIT. Thus, selecting a biomarker that is activated during the treat-
ment process is key for achieving accurate detection. Caspase-3, an
important enzyme activated during the apoptotic process, was selected
as a detection marker and a prerequisite for the assessment of the
therapy efficacy. We simulated this physiological process in vitro using J

ATPs that remained after the breakdown of the MOF shell as a detection
nanosensor and caspase-3, which was added to the system. The enzyme
enabled the shearing of a specific site, resulting in the recovery of the
fluorescent signal.

First, the nanosensors (100 pg/mL) were mixed with caspase-3, and
the mixture was diluted with a buffer solution (the specific components
can be found in supporting information) to caspase-3 concentration of
200 ng/mL. The mixture was placed in an incubator at a constant tem-
perature of 37 °C, and the fluorescence signal was thereafter measured
after different time periods. Finally, 60 min was selected as the optimal
reaction time (Fig. 4A).

In subsequent experiments, the enzyme concentration in the reaction
system was varied, and the relationship between fluorescence signal
recovery and enzyme concentration was examined. The results showed
that the fluorescence intensity (Fr=(F-Fy)/Fp) was positively correlated
with the enzyme concentration (0-200 ng/mL). The correlation was
linear in the enzyme concentration range of 0-50 ng/mL and the limit of
detection (LOD) was 0.08 ng/mL (Fig. 4B and 4C).

Further experiments were conducted to assess the specificity of the
nanosensor, in which other common biomarkers (proteins, enzymes,
etc.) were chosen as interferences. The results (Fig. 4F) showed that
there was no fluorescence signal enhancement. To further prove the
data, the nanosensor was incubated with Z-DEVD-FMK (specific inhib-
itor of caspase-3) + caspase-3, from which the results showed a signif-
icant decrease in the signal. In addition, the stability of the nanosensor
was subsequently verified (Fig. 4D and 4E). Overall, the data demon-
strated that the nanosensor could detect caspase-3 in a limited manner,
showing that it has the potential to be further applied in bio-imaging
such as cellular applications, and as a tool for the evaluation of ionic
interference therapies.
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migration assay under different conditions and (C) scratch wound healing rate of cells in each group (scale bar: 200 pm). (D) Hlustration of Transwell invasion assay
(scale bar: 150 pm) and (E) the corresponding invasion rate. (F) Staining assay of intracellular ROS. (G) Fluorescence images of SW620 cells stained with 4,6-
diaminidine-2-phenylindoline dihydrochloride (DAPI) and DCFH-DA after different treatments (scale bar: 150 pm) and (H) flow cytometry analysis.

3.5. Effects of nanosensors on tumor cells

Based on the successful development of the in vitro experiment, the
feasibility of the nanosensors was verified. The cell experiments were
then designed. It is necessary to evaluate the effects of the probe on cell
viability before using it to visualize the efficacy. In this experiment,
colon cancer cells (SW620) were selected.

The cells were incubated with the nanosensors at different concen-
trations, and the results are shown in Fig. S13. The addition of J ATPs
had no significant effects on cell activity; by contrast, the addition of J
ATPZFs markedly reduced cell viability, and the cell viability decreased
with increasing incubation time. This result was in line with the above
analysis. It is possible that the introduction of MOFs to J ATPZFs can
cleave and generate a large amount of Zn?" in response to the tumor
microenvironment, which in turn triggers the IIT treatment and induces
cell death [50,51].

To further demonstrate the effect of the nanosensors on cell viability,
Calcein-AM and propidium iodide (PI) were used to stain the cells after
incubation under different conditions. As shown in Fig. 5A, the cell
viability of the J ATPs group and the blank control group were both
unaffected. After being modified with ZIF-8, the nanosensor exhibited a
significant effect on cell viability, and the fluorescence of the PI-stained
part was enhanced, which was in line with the results from the above

kits. After the addition of the nanosensors, the cells were irradiated with
an additional 808 nm laser (1 W cm ™2, 10 min), and the results showed
that the additional laser irradiation led to a further decrease in cell ac-
tivity. In summary, the data demonstrate that the nanosensor has the IIT
ability.

Studies have shown that cancer cells can migrate and invade, and
additional drug treatment could inhibit these processes. To verify the
effect of the nanosensor on the migration and invasion ability of tumor
cells, “wound” and Transwell experiments were conducted. As shown in
Fig. 5B and 5C, due to the high migration efficiency of tumor cells, the
wound in the blank control group was healed after 24 h. The addition of
the nanosensor and the irradiation with a laser inhibited the wound-
healing process. This may be due to the nanosensor’s ability to pro-
mote ROS production.

The results from the Transwell assay, in which cells were placed in
the upper chamber and allowed to gradually invade the lower chamber,
were similar to those from the wound-healing assay. In the control
group, a large number of cells appeared due to the absence of external
interference, but with the addition of nanoparticles, the invasion ability
of cells was inhibited (Fig. 5D and 5E). These findings further confirm
the above conclusions.
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3.6. Ability of nanosensors to promote intracellular ROS production

The nanosensors were designed to promote ROS production upon
laser stimulation by taking advantage of the special optical properties of
TiO, with which they were modified. We first validated the ability of the
nanosensor in vitro. To ensure that the nanosensor can be used in sub-
sequent applications, its -OH production ability was verified by cell
experiments.

Herein, 2,7-dichlorodihydrofluorescent yellow diacetic acid (DCFH-
DA) was selected as the fluorescent ROS detection probe. SW620 cells
treated with different conditions were stained with DCFH-DA (Fig. 5F).
The detection principle of DCFH-DA is as follows: after being hydrolyzed
in cells, DCFH-DA can respond to ROS and be oxidized into fluorescent
substances; and the strength of its fluorescence reflects the content of
cellular ROS. The fluorescence images are shown in Fig. 5G. Untreated
cells were used the blank control. To better locate the cells, their nuclei
were stained with 4,6-diaminidine 2-phenylindoline dihydrochloride

(DAPI), which exhibits blue fluorescence, allowing the cell nuclei to be
observed.

Whereas the control group did not exhibit the green fluorescence
signal, the group incubated with the nanosensor containing TiO, and
irradiated with an 808 nm laser appeared to promote the production of
cellular ROS, as indicated by the increase in the fluorescence signal. The
modification with ZIF-8 provides the nanosensor with the ability to
respond to acidic environments and act as an exogenous donor for Zn?*
The large enrichment of Zn?t leads to mitochondrial ROS production,
which can synergize the ability of TiOy. The results showed that the
addition of J ATPZFs or the irradiation with a laser could significantly
enhance the fluorescence in the green channel, which is consistent with
the above analysis. Meanwhile, flow cytometry was used to analyze the
above conditions. The results shown in Fig. 5H are consistent with the
conclusions of the previous analysis. This demonstrates that the nano-
sensor can be used as a visual tool for monitoring the efficacy of
autologous-induced ion therapy.
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3.7. In vitro imaging applications of J ATPZFs

Based on the above data, the nanosensor could auto-respond to TME,
promote intracellular ROS production, and induce cell death. Addi-
tionally, without the modification of the MOFs structure, the cell activity
was not affected. The nanosensor was further applied in the imaging of
intracellular IIT using colon cancer cell SW620 as the cell model. The
reaction mechanism is shown in Fig. 6A. Firstly, the appropriate incu-
bation time was selected based on the time optimization experiment.
Considering cell morphology and effects on imaging, 24 h was selected
(Fig. S14).

Firstly, the images of cells under different conditions, which can infer
the cell state according to the strength of the fluorescence signal, were
compared. The influence of IIT on the cells was then assessed. As shown
in Fig. 6B and 6C, fluorescence signals were not observed after the
introduction of J ATPs alone, which is indicative of the nontoxicity of
the nanosensors. On this basis, the fluorescence signals appeared after
laser irradiation, likely due to the promotion of ROS production by TiO,,
which induces apoptosis. By contrast, the modification of J ATPZFs by
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ZIF-8 resulted in the increase in Zn?* in TME, which also led to the in-
crease in ROS content, in turn causing the activation of caspase-3 in the
apoptosis pathway and the enhancement of the fluorescence signal.
Under this condition, the subsequent irradiation with a laser led to
further enhancement, which then synergistically enhanced the ROS
generation and the fluorescence signal. The addition of inhibitors led to
the reduction of fluorescence, further confirming that the recovery of
fluorescence signal was due to the cleavage of the peptide chain by the
enzyme. In addition, cells treated under different conditions were lysed
and tested with caspase-3 activity kit. Fig. 6C showed that the activity of
intracellular caspase-3 was basically consistent with the trend of fluo-
rescence intensity, which also proved the ability of J ATPZFs to visually
feedback intracellular enzyme activity.

Because caspase-3 can be turned on during apoptosis, the nanosensor
could be applied to evaluate the efficacy of various diseases. To prove
this approach, the nanosensor was incubated with HeLa and MG63 cells.
As shown in Fig. 6D and 6E, the nanosensor could provide visual feed-
back on the efficacy in different cell types, which confirms its suitability
in this application. The successful development of this experiment, in
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which the nanosensors were proven to have the ability to evaluate the
efficacy of the therapy method, laid a good foundation for subsequent in
vivo experiments.

3.8. In vivo imaging applications of J ATPZFs

To facilitate the irradiation of 808 nm laser, SW620 tumor-bearing
mice were generated and used for in vivo imaging experiments
(Fig. 7A). The in vivo toxicity of the nanosensors was evaluated prior to
in vivo experiments. Fig. 8A showed that the organs of mice did not show
significant damage after injection of the nanosensors, and there was no
difference in blood routine analysis before and after injection (Table S1).
And the low biotoxicity of J ATPs was confirmed by hemolysis experi-
ments before conducting the subsequent in vivo imaging experiments
(Fig. S15).

To assess their capability in visual monitoring of therapeutic effects,
J ATPs and J ATPZFs nanosensors were directly injected at the tumor
site. The results (Figs. 7B, 7C and S16) illustrated that following laser
irradiation (1 W em™2, 5 min), the J ATPs group exhibited weak fluo-
rescence, whereas the J ATPZFs group exhibited distinct fluorescence.
During laser irradiation, the changes in temperatures at the tumor sites
were recorded, and the data showed that the temperatures increased to
46.9 °C and 45.4 °C, respectively (Fig. 7D). This is consistent with
previous findings, which confirm that the nanosensor can function as a
Zn2" donor to activate caspase-3 and enhance PDT and PTT effects, in
turn leading to fluorescence recovery.

Furthermore, we incorporated FA, a tumor-targeting agent, into the
nanosensor via self-assembly. To verify the nanosensor’s enrichment at
the tumor site, we injected tumor-bearing mice with the probe through
tail vein and then performed imaging at various time points. As shown in
Fig. 7E and S16, the fluorescence signal at the tumor site in the J ATPZFs
group was intensified significantly after 4 h, but there was no obvious
fluorescence signal in the J ATPs group, which confirms the accumula-
tion of the nanosensor. Additionally, subsequent laser irradiation at the
tumor site led to further fluorescence enhancement, which demon-
strated the responsiveness of the probe to the laser irradiation.

Given the promising outcomes of the in vivo imaging and in vitro
studies, further in vivo experiments were carried out to evaluate the
therapeutic efficacy of the nanosensor-assisted treatment (Fig. 8B).
Tumor growth inhibition across various treatment groups was assessed:
PBS, J ATPs + laser (Group a), J ATPZFs (Group b), and J ATPZFs + laser
(Group c). The body weight and tumor size were recorded every other
day during treatment. The results (Fig. 8C) showed that the body weight
was stable throughout the experimental period, indicating that the
nanosensor has low toxicity. The tumor volume data (Fig. 8D and 8E)
revealed a notable anticancer effect, with the J ATPZFs + 808 nm laser
group achieving the most significant tumor volume reduction (V/Vy =
0.46). All treatment groups (a, b, ¢) demonstrated significant tumor
growth inhibition compared to the PBS group. Group a represented the
PDT and PTT therapeutic effects under laser irradiation, while groups b
and c¢ demonstrated the IIT and synergistic therapeutic efficacy,
respectively. These findings align with the in vitro data, confirming that
the nanosensor has potential in adjuvant therapies.

Overall, the developed nanosensors could successfully facilitate both
in vivo and in vitro imaging and real-time monitoring of efficacy through
self-induced IIT. The nanosensors also have a certain universality and
can realize the evaluation of efficacy in other diseases, which shows that
they have good application prospects.

4. Conclusion

In summary, J ATPZFs, a self-induced IIT nanosensor capable of
simultaneous imaging, was successfully designed and synthesized, and
employed for visual evaluation of the efficacy of cancer therapy and
adjuvant therapy. After J ATPZFs entered the cell, the ZIF-8 structure of
their outer layer was broken and simultaneously, a large amount of Zn**
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was released, resulting in the abnormal accumulation of Zn?" in cells
and the promotion of ROS production. On this basis, assisted by 808 nm
laser irradiation, PDT and PTT played an auxiliary role in activating the
caspase-3 to cleave the peptide chain in the apoptotic pathway, and as a
result, the fluorescence signal could be restored. Based on the above
principle, the nanosensor was successfully applied in in vitro and in vivo
imaging and therapy. According to the imaging results, additional
localized laser irradiation could be used to promote adjuvant treatment,
which has an excellent guiding effect. This work provides a basis for the
future clinical development of visual prognosis assessment strategies.
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