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� Engineering of a endogenous
hydrogen sulfide responsive
combination of photothermal therapy
and chemotherapy for colon cancer.

� HKUST-1 was loaded with curcumin
as an endogenous hydrogen sulfide-
triggered smart agent.

� Cur@HKUST-1@PVP allows selective
colon cancer tumor imaging.
g r a p h i c a l a b s t r a c t

An endogenous hydrogen sulfide-responsive smart agent (Cur@HKUST-1@PVP) was engineered for a
combination of photoacoustic imaging-guided PTT and chemotherapy for colon cancer.
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Introduction: Photothermal therapy can be synergistically combined with chemotherapy to improve the
therapeutic effect for colon cancer. However, conventional therapeutic agents have side effects in normal
tissues, limiting their application.
Objectives: To reduce these side effects, a smart agent (Cur@HKUST-1@PVP) whose functionality is trig-
gered by the high content of endogenous hydrogen sulfide in colon tumors was engineered for photoa-
coustic imaging-guided combination of photothermal therapy and chemotherapy for colon tumors.
Methods: After reacting with hydrogen sulfide, Cur@HKUST-1@PVP simultaneously generates CuS and
releases curcumin. The generated CuS serves as an imaging agent for both photothermal therapy and
photoacoustic imaging, while the released curcumin is used for chemotherapy.
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Smart agent
Colon cancer
Results: In vivo photoacoustic imaging experiments demonstrated that Cur@HKUST-1@PVP can be used
for selectively imaging colon cancer tumors. In vivo experiments in mice for treatment suggested that the
endogenous hydrogen sulfide-activated combination of photothermal therapy and chemotherapy has a
better treatment effect that photothermal therapy or chemotherapy treatment alone.
Conclusion: The endogenous hydrogen sulfide-activated Cur@HKUST-1@PVP agent developed herein
shows great potential for the accurate diagnosis and effective treatment of colon cancer.
� 2022 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Colon cancer is the third most common cancer and the second
leading cause of cancer-related deaths due to the limitations of tra-
ditional treatment methods such as surgery and chemotherapy
[1,2]. Therefore, new and efficient treatment methods for colon
tumors are urgently needed. Photothermal therapy (PTT) has
recently emerged as a minimally invasive treatment method that
is more efficient and less invasive compared to traditional treat-
ment methods [3,4]. Hu’s group demonstrated that cancer can be
inhibited by PTT using CuS as the photothermal agent [5,6]. How-
ever, after intravenous administration, the CuS photothermal agent
is non-specifically distributed, resulting in trauma to normal tis-
sues in the path of light [7,8]. In addition, it is difficult for PTT alone
to completely kill tumor cells due to the high expression of heat
shock protein, leading to tumor recurrence [9,10]. To overcome
these limitations of PTT, it is necessary to develop dual-
functional smart agents for PTT whose functions are activated by
the tumor microenvironment [11–14].

Chemotherapy is widely used in combination with PTT to
enhance the treatment effect of PTT [15–17]. Chen’s group demon-
strated that the combination of chemotherapy and PTT based on a
dual-functional agent (ultrasmall plasmonic gold nanorod vesicles
loaded with reduced graphene oxide and doxorubicin) can effec-
tively inhibit tumor growth [18]. However, doxorubicin is highly
toxic to normal tissues [19,20]. Curcumin, a bioactive molecule
derived from the spice turmeric, can prevent the development of
colon cancer by shutting down the active form of cortical protein
[21]. More importantly, curcumin has low toxicity and few side
effects [22]. However, curcumin cannot be transported through
the blood due to its hydrophobicity, which limits its clinical appli-
cation [23,24]. Therefore, it is of great interest to engineer a smart
curcumin-loaded PTT agent that can deliver the curcumin to tumor
sites and whose PTT function is activated by the tumor
microenvironment.

The high expression of endogenous hydrogen sulfide (0.3 to 3.4
mmolL-1) is a unique characteristic of colon cancer tumors [25–27].
Thus, endogenous hydrogen sulfide has been widely used to trigger
the function of theranostic agents [28–32]. Zhao and co-workers
developed several endogenous hydrogen sulfide-activated PTT-
based theranostic agents that exhibit enhanced theranostic effects
for colon cancer [33]. Metal organic frameworks (MOFs) with rela-
tively high porosity have been widely used as drug carriers due to
their high drug-loading capacity [34,35]. More importantly, the
MOFs are easily destroyed by the tumor microenvironment to
release the loaded drugs [36,37]. For example, Xie and co-
workers developed a tumor pH-activated, curcumin-loaded smart
agent based on MIL-100 (a MOF based on trimesic acid and Fe)
[38]. This agent achieved nearly complete tumor ablation. Based
on these past results, engineering an endogenous hydrogen
sulfide-responsive MOF with a high loading of curcumin has the
potential to further enhance the treatment effect for colon cancer.

As a proof to concept, HKUST-1 (a MOF based on trimesic acid
and Cu) was loaded with curcumin (Cur@HKUST-1@PVP) as an
endogenous hydrogen sulfide-triggered smart agent for the treat-
ment of colon cancer based on a combination of PTT and
160
chemotherapy. As shown in Scheme 1, HKUST-1 was prepared
according to a previous report [39]. Curcumin was then loaded into
HKUST-1, with polyvinylpyrrolidone (PVP) serving as a surface
ligand to block the release of curcumin. When Cur@HKUST-
1@PVP is enriched at the tumor site via intravenous administra-
tion, the Cu2+ in HKUST-1 reacts with endogenous hydrogen sulfide
in the colon cancer tumor microenvironment, destroying the
framework of HKUST-1. Subsequently, the generated CuS serves
as an agent for photoacoustic imaging and PTT, while the curcumin
released from HKUST-1 can be used for chemotherapy. The hydro-
gen sulfide-triggered photoacoustic imaging and drug release
along with the efficacy of the combination of PTT and chemother-
apy were investigated both in vitro and in vivo. This work not only
provides a new smart agent for colon cancer therapy, it also affords
an engineering strategy for smart agents.
Results and discussion

Synthesis and characterization of Cur@HKUST-1@PVP

The crystal structure, morphology, and size of the obtained
Cur@HKUST-1@PVP were characterized by X-ray diffraction
(XRD), transmission electron microscopy (TEM), and dynamic light
scattering (DLS), respectively. As shown in Fig. 1a, the diffraction
patterns of the prepared HKUST-1, Cur@HKUST-1, and
Cur@HKUST-1@PVP match well with the simulated HKUST-1 pat-
tern. The characteristic peak of curcumin (C–O stretching vibration
of aromatic hydrocarbons at 1285 cm�1) and PVP (C = O bond
vibrations at 1660 cm�1) on Fourier transform infrared (FT-IR)
spectroscopy demonstrates the existence of curcumin and PVP in
the Cur@HKUST-1@PVP nanoparticles (Figure S1) [40,41]. More-
over, the crystal structure of Cur@HKUST-1@PVP is similar to those
of HKUST-1 and Cur@HKUST-1, indicating that the HKUST-1 crys-
talline structure was not affected by the loading of curcumin and
modification with PVP. According to the TEM analysis (Fig. 1b),
Cur@HKUST-1@PVP exhibited a spherical shape with a particle size
of approximately 110 nm, similar to the particle sizes of HKUST-1
and Cur@HKUST-1 (Figure S2). The DLS results further demonstrate
that particle size of Cur@HKUST-1@PVP was approximately
110 nm, slightly larger than the sizes of HKUST-1 and
Cur@HKUST-1 (Fig. 1c). The loading of curcumin was investigated
by ultraviolet–visible (UV–VIS) spectroscopy (Figure S3). The
absorption at 428 nm, corresponding the n–p* transition in cur-
cumin, of Cur@HKUST-1@PVP further suggests the successful load-
ing of curcumin (Figure S4) [42]. In addition, as the amount of
added curcumin increased, the drug loading quickly increased
and plateaued at approximately 0.5 mg/mg, which can be consid-
ered as the maximum curcumin loading of HKUST-1 (Fig. 1d).
The above results demonstrate that the Cur@HKUST-1@PVP was
successfully prepared and could be used in further experiments.
Hydrogen sulfide-responsive performance of Cur@HKUST-1@PVP

To investigate the hydrogen sulfide-responsive performance of
Cur@HKUST-1@PVP, sodium hydrosulfide (NaHS) was used to
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Scheme 1. Schematic showing the engineering of Cur@HKUST-1@PVP as an endogenous hydrogen sulfide-triggered smart agent for colon cancer therapy based on a
combination of PTT and chemotherapy.

Fig. 1. (a) XRD patterns of HKUST-1 (red line), Cur@HKUST-1 (blue line), and Cur@HKUST-1@PVP (pink line) and the simulated pattern of HKUST-1 (black line). (b) TEM image
of Cur@HKUST-1@PVP. (c) DLS spectra of HKUST-1 (red line), Cur@HKUST-1 (blue line), and Cur@HKUST-1@PVP (pink line). (d) Drug loading curve of HKUST-1 (curcumin
loading amount vs. the amount of added curcumin).
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simulate endogenous hydrogen sulfide. First, we investigated the
change in crystal structure in the presence of NaHS. As shown in
Fig. 2a, the XRD peak of Cur@HKUST-1@PVP after reaction with
NaHS matched well with the peak of the covellite phase of CuS
(JCPDS NO.1–1281), suggesting the generation of CuS. The gener-
ated CuS was in the form of nanospheres with sizes of approxi-
mately 15 nm (Fig. 2b), much smaller than the obtained
Cur@HKUST-1@PVP (Figure S5). Subsequently, the effects of NaHS
concentration, reaction time, pH (4–9), and common substances on
the hydrogen sulfide-responsive performance were explored. The
concentration of NaHS strongly affected the absorption of
Cur@HKUST-1@PVP (Figure S6), especially in the near-infrared
(NIR) region. As shown in Fig. 2c, the absorption of Cur@HKUST-
1@PVP at 980 nm was very weak; the absorption intensity
increased gradually as the amount of added NaHS increased from
0.5 to 3.5 mM but did not increase significantly when the concen-
tration of NaHS increased beyond 3.5 mM (Fig. 2c). As the reaction
time increased, the absorbance at 980 nm first increased rapidly
and then increased more slowly when the reaction time reached
40 min (Fig. 2d and S7), indicating that the vulcanization reaction
of Cur@HKUST-1@PVP was essentially completed in 40 min.
Importantly, neither the pH (4, 5, 6, 6.5, 7, 8 and 9) nor the pres-
ence of common substances in organisms [Cl�, CO2

3�, SO4
2�, OAc�,

HPO4
2�, F�, S2O3

2�, L-cysteine (L-Cys), serine (Ser), glycine (Gly), glu-
tathione (GSH), and bovine serum albumin (BSA)] affected the
change in absorption of Cur@HKUST-1@PVP obviously after reac-
tion with NaHS (Fig. 2e and 2f). That the absorption change is unaf-
fected by most of the interfering substance can be assigned to the
stronger binding ability between Cu2+ in HKUST-1 and S2- gener-
ated from NaHS. Whereas, the slightly absorption change for
pH = 4, BSA et al. can be attributed that the acidity of such sub-
stances affects the generation of S2- from NaHS. The XRD, TEM,
and UV–VIS results all indicate that Cur@HKUST-1@PVP was trig-
gered effectively by hydrogen sulfide to release curcumin and gen-
erate CuS with strong NIR absorption.
Fig. 2. (a) XRD patterns of the CuS generated by the reaction of Cur@HKUST-1@PVP with
generated by the reaction of Cur@HKUST-1@PVP with NaHS. (c) Absorbance at 980 nm of
of NaHS (0.5–4.0 mM). (d) Absorbance at 980 nm of Cur@HKUST-1@PVP before (control
980 nm of Cur@HKUST-1@PVP after reaction with NaHS at different pH values. (f) Absor
presence of different common substances.
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Hydrogen sulfide-triggered imaging and therapy performance

The strong NIR absorption of Cur@HKUST-1@PVP after reaction
with NaHS inspired us to investigate its hydrogen sulfide-triggered
photothermal and photoacoustic performance. First, thermal
images of solutions containing different concentrations of
Cur@HKUST-1@PVP and NaHS after 15 min of laser irradiation
were collected to evaluate the photothermal performance of
Cur@HKUST-1@PVP activated by NaHS. As shown in Fig. 3a and
3b, the thermal image color of the Cur@HKUST-1@PVP or NaHS
solution (controls) hardly changed upon laser irradiation. In con-
trast, the colors of the thermal images of the mixtures of
Cur@HKUST-1@PVP and NaHS changed from fiery red to luminous
yellow as the concentration of Cur@HKUST-1@PVP or NaHS
increased. Based on the quantitative analysis of the temperature
change (DT), the DT of the Cur@HKUST-1@PVP solution was only
6 �C, while the DT for the mixture of 1 mM Cur@HKUST-1@PVP
with 1–4 mM NaHS ranged from 10 �C to 21 �C. Similarly, the DT
of the NaHS solution was 6 �C, while that for the mixture of
3 mM NaHS with 0.2–1 mM Cur@HKUST-1@PVP was 9 �C–19 �C.
The obtained photothermal conversion efficiency of Cur@HKUST-
1@PVP (1 mM) after activation by NaHS (3 mM) was calculated
as 38.3% according to a previously reported method [6] (Figure S8),
further demonstrating the good photothermal performance. After
six cycles of laser irradiation (15 min on and 10 min off), the DT
of the mixture of 3 mM NaHS with 0.6 mM Cur@HKUST-1@PVP
exhibited no obvious change (Fig. 3c), indicating the good pho-
tothermal stability of activated Cur@HKUST-1@PVP.

The good photothermal performance of activated Cur@HKUST-
1@PVP encouraged us to further investigated its photoacoustic
imaging performance, which is closely related to the photothermal
performance. As shown in Fig. 3d, the red color of the photoacous-
tic image of the Cur@HKUST-1@PVP dispersion without NaHS
(control) changed to red as the concentration of NaHS increased
from 0.5 to 4 mM. When the concentration of NaHS was 4 mM,
NaHS (blue line) and the covellite phase of CuS (red line). (b) TEM image of the CuS
Cur@HKUST-1@PVP before (control) and after reaction with different concentrations
) and after reaction with NaHS for different times (10–120 min). (e) Absorbance at
bance at 980 nm of Cur@HKUST-1@PVP before and after reaction with NaHS in the



Fig. 3. (a) Thermal images (inset) and corresponding plots of DT vs. time for Cur@HKUST-1@PVP before (control) and after reaction with different concentrations of NaHS (1–
4 mM). (b) Thermal images (inset) and corresponding plots of DT vs. time for NaHS before (control) and after reaction with different concentrations of Cur@HKUST-1@PVP
(0.2–1 mM). (c) Photothermal stability of Cur@HKUST-1@PVP after reaction with NaHS. (d) Photoacoustic images and corresponding signal intensity of NaHS before (control)
and after reaction with different concentrations of Cur@HKUST-1@PVP (0.2–1 mM). (e) Photoacoustic images and corresponding signal intensity of Cur@HKUST-1@PVP
before (control) and after reaction with different concentrations of NaHS (0.5–4 mM). (f) Plots of curcumin release vs. time for the reaction of Cur@HKUST-1@PVP with 3 mM
(red) and 4 mM (blue) NaHS.
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the photoacoustic intensity was five times higher than that of the
control. A similar photoacoustic effect was observed when the con-
centration of NaHS was fixed while the concentration of
Cur@HKUST-1@PVP was altered (Fig. 3e). The photoacoustic imag-
ing performance of Cur@HKUST-1@PVP was not affected by pH or
the presence of various common substances (Figure S9). Consider-
ing the destruction of the crystal structure of Cur@HKUST-1@PVP
upon the addition of NaHS, the curcumin release performance
was explored based on the standard curve of concentration and
absorption of curcumin (Figure S3). As shown in Fig. 3f, nearly
50% of curcumin was released from Cur@HKUST-1@PVP within
10 min after the addition of NaHS, and no obvious additional cur-
cumin release occurred in the following 1 h. Thus, curcumin was
released quickly from Cur@HKUST-1@PVP upon its reaction with
NaHS. No obvious difference in release performance was observed
after activation by 3 and 4 mM NaHS, further indicating that the
crystal structure of Cur@HKUST-1@PVP was destroyed quickly by
NaHS to release curcumin. The above results demonstrate that
Cur@HKUST-1@PVP can be activated by NaHS for use in photoa-
coustic imaging as well as combined PTT and chemotherapy
treatment.

Photoacoustic imaging of tumors

The good photoacoustic imaging performance of Cur@HKUST-
1@PVP after activation by NaHS inspired us to further explore its
photoacoustic imaging performance in a colon tumor-bearing
mouse model in which endogenous hydrogen sulfide is highly
expressed. As shown in Fig. 4a, the photoacoustic imaging color
at the tumor site (marked by a green ellipse) was greatly different
from that at the muscle site (marked by an orange ellipse) before
(control) and after (0.5–1 h) the intratumoral injection of
Cur@HKUST-1@PVP. The photoacoustic signal intensity at the
163
tumor site increased by approximately two times after the injec-
tion of Cur@HKUST-1@PVP, whereas that at the muscle site only
increased by 0.4 times (Fig. 4b). The results demonstrate that the
photoacoustic imaging function of Cur@HKUST-1@PVP was effec-
tively activated by endogenous hydrogen sulfide in colon cancer
tumors. Next, Cur@HKUST-1@PVP was investigated for colon
tumor imaging. As shown in Fig. 4c, after the intravenous adminis-
tration of Cur@HKUST-1@PVP, the photoacoustic imaging color at
the tumor site over time was greatly different compared to that
in the control group, with the color difference being greatest at
2 h after injection. The change in photoacoustic intensity at the
tumor site after the injection of Cur@HKUST-1@PVP further
demonstrated the imaging selectivity for colon cancer tumors. As
shown in Fig. 4d, the signal at the tumor site was significantly
enhanced upon the injection of Cur@HKUST-1@PVP, and the signal
reached the maximum value at 2 h after injection; this maximum
signal was approximately five times that at the tumor site before
injection (control). The photoacoustic imaging results demonstrate
that Cur@HKUST-1@PVP can be used for selective colon cancer
tumor imaging.

Combined PTT and chemotherapy for the treatment of colon tumors

Considering the good biocompatibility (Figure S10), photother-
mal and curcumin release performances of Cur@HKUST-1@PVP, its
applicability in combined PTT and chemotherapy for colon tumors
was investigated in a colon tumor-bearing mouse model under the
guidance of photoacoustic imaging. The colon tumor-bearing mice
were randomly divided into four groups (control, curcumin,
HKUST-1, and Cur@HKUST-1@PVP) and were intravenously
administered with phosphate buffered saline (PBS), curcumin,
HKUST-1, and Cur@HKUST-1@PVP, respectively. According to the
photoacoustic imaging results, among the groups and times after



Fig. 4. (a) Photoacoustic images and (b) corresponding signal intensity of a colon tumor-bearing mouse before (control) and after the intratumoral and subcutaneous
injection of Cur@HKUST-1@PVP at the tumor site (green ellipse) and muscle site (orange ellipse). (c) Photoacoustic images and (d) corresponding signal intensity of a colon
tumor-bearing mouse model before (control) and at different times (1–12 h) after the intravenous administration of Cur@HKUST-1@PVP.
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injection, the photoacoustic signal was the strongest in the
Cur@HKUST-1@PVP group at 2 h after injection. Thus, compared
to PBS, curcumin, and HKUST-1, Cur@HKUST-1@PVP was more
enriched in the tumor. Therefore, PTT was carried out at 2 h after
injection, and a thermal imaging camera was used to monitor the
temperature change in the tumor during treatment. Among the
four groups, the color change at the tumor site after 5 min of laser
radiation was largest in the Cur@HKUST-1@PVP group (Fig. 5a).
According to the plots of maximum temperature vs. time
(Fig. 5b), the temperature increased from 30 �C to 36.2 �C,
38.8 �C, 42.6 �C, and 46.6 �C in the control, curcumin, HKUST-1,
and Cur@HKUST-1@PVP groups, respectively. The highest temper-
atures observed in the Cur@HKUST-1@PVP groups after laser irra-
diation demonstrate that the endogenous hydrogen sulfide in the
colon tumor microenvironment reacted with HKUST-1 to activate
its PTT function.

To investigate the treatment effect, one mouse was randomly
selected from each group at 4 h after treatment for the histolog-
ical analysis of the tumors. As shown in Fig. 5c, the hematoxylin
and eosin (H&E)-stained images of the tumor tissues from the
control, curcumin, and HKUST-1 groups did not show obvious
features of thermal necrosis. In contrast, the cells in the
Cur@HKUST-1@PVP group showed characteristics of thermal
necrosis, including incomplete cell outlines and the separation
of nucleus and cytoplasm. This is because the temperature at
the tumor site in the Cur@HKUST-1@PVP group under laser irra-
diation exceeded 42 �C, which is the temperature at which
tumor cells begin to be killed according to a previous report
[43]. The terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL)-stained images of tumor tissues in the cur-
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cumin, HKUST-1, and Cur@HKUST-1@PVP groups clearly showed
apoptotic cells, in contrast to the tumor tissue from the control
group. The quantitative analysis of the histological results fur-
ther supported the findings from the H&E and TUNEL staining
images (Figure S11). These results suggest that both chemother-
apy (curcumin group) and PTT (HKUST-1) caused cell apoptosis,
and the combination of the two (Cur@HKUST-1@PVP) better pro-
moted apoptosis than either treatment alone. The above results
demonstrate that Cur@HKUST-1@PVP can be used to treat colon
tumors based on the endogenous hydrogen sulfide-activated
combination of PTT and chemotherapy.

To further evaluate the effect of the combination of PTT and
chemotherapy, the mice in each group were continuously moni-
tored for 16 d after treatment. According to the collected images
(Fig. 6a), the tumors grew quickly over 16 d in the control group.
Compared to the control, tumor growth was significantly sup-
pressed in both the curcumin and HKUST-1 groups, and the tumor
disappeared completely in the Cur@HKUST-1@PVP group (Fig-
ure S12). The relative tumor volume (Fig. 6b), which was measured
every day, further demonstrated that chemotherapy (curcumin
group) or PTT (HKUST-1) alone could only suppress tumor growth
to a certain extent; in contrast, the combination of PTT and
chemotherapy (Cur@HKUST-1@PVP) could completely eliminate
the tumor. The body weights of the mice in the four groups did
not change significantly during the observation period (Fig. 6c),
suggesting the good biocompatibility of the treatment agents.
These results demonstrate that after triggering by endogenous
hydrogen sulfide, Cur@HKUST-1@PVP can not only achieve selec-
tive colon tumor imaging, it can also cure tumors based on a com-
bination of PTT and chemotherapy.



Fig. 5. (a) Photothermal images and (b) corresponding plots of maximum temperature vs. time in colon tumor-bearing mice under laser irradiation after the intravenous
administration of PBS, curcumin, HKUST-1, and Cur@HKUST-1@PVP. (c) Histological analysis of tumors frommice in different groups stained by H&E (upper panel) and TUNEL
(lower panel).
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Conclusion

In summary, Cur@HKUST-1@PVP, an endogenous hydrogen
sulfide-responsive smart agent, was successfully engineered for a
combination of photoacoustic imaging-guided PTT and chemother-
apy for colon cancer. After reacting with hydrogen sulfide,
Cur@HKUST-1@PVP simultaneously generates CuS and releases
curcumin. The generated CuS serves as both photothermal and
photoacoustic imaging agents, while the released curcumin is
effective for chemotherapy. In vivo photoacoustic imaging experi-
ments demonstrated that Cur@HKUST-1@PVP allows selective
colon cancer tumor imaging. Based on in vivo treatment experi-
ments using a colon tumor-bearing mouse model, the combination
of PTT and chemotherapy activated by endogenous hydrogen sul-
fide using Cur@HKUST-1@PVP has a better treatment effect than
either single treatment alone. The endogenous hydrogen sulfide-
activated Cur@HKUST-1@PVP shows great potential for the accu-
rate diagnosis and effective treatment of colon cancer.
Experimental

Chemicals and materials

Cupric acetate, trimesic acid, and curcumin were purchased
from Sinopharm Chemical Reagent (Shanghai, China). PVP
(MW = 29000) and NaHS were purchased from Sigma-Aldrich.
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Ethanol was bought from the exploration platform of Shanghai
Titan Technology Co., Ltd (Shanghai, China). All reagents were used
without further purification.

Synthesis of Cur@HKUST-1@PVP

First, HKUST-1 was prepared following the previous report [39].
Next, curcumin was loaded into HKUST-1 via a co-incubation
method in which equal amounts of the curcumin and HKUST-1
were incubated in ethanol for 12 h at 37 �C. Excess curcumin
was removed by centrifugation. Subsequently, to prevent the
release of loaded curcumin, Cur@HKUST-1 was modified with
PVP by adding 2 mg PVP into a 10-mL solution of Cur@HKUST-1
(1 mM) in ethanol under stirring for 30 min at room temperature.
Cur@HKUST-1@PVP was purified by centrifugation and washing
two times with ethanol.

Characterization

The morphologies of the prepared materials were observed by
scanning electron microscopy (SEM; Zeiss, EVO MA 25/LS 25) and
TEM (JEOL 2011F). The crystal structure was confirmed by powder
XRD (Rigaku DMAX2000). DLS (Malvern Nano-ZS90) was used to
identify the diameters of the obtained nanoparticles. A Beckman
Coulter DU 730 UV–VIS-NIR spectrophotometer was used to mea-
sure the absorptions of obtained nanoparticles.



Fig. 6. (a) Photographs of the colon tumor-bearing mice at 1 d before and at 8 and 16 d after the injection of PBS (control), curcumin, HKUST-1, and Cur@HKUST-1@PVP. (b)
Relative tumor volumes and (c) body weights of the colon tumor-bearing mice at 1–16 days after injection with PBS (control), curcumin, HKUST-1, and Cur@HKUST-1@PVP.
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Hydrogen sulfide-responsive performance

NaHS was used to simulate endogenous hydrogen sulfide to
explore the response performance of Cur@HKUST-1@PVP in
solution. To confirm the reaction between NaHS and
Cur@HKUST-1@PVP, an equal volume of NaHS (4 mM) and
Cur@HKUST-1@PVP (1 mM) were mixed and incubated for 2 h at
room temperature. The generated nanoparticles were collected
by centrifugation and characterized by TEM and XRD.

To explore the effect of the NaHS concentration on the absorp-
tion of Cur@HKUST-1@PVP, equal volumes of NaHS (0.5, 1, 1.5, 2,
2.5, 3, 3.5, or 4 mM) and Cur@HKUST-1@PVP (1 mM) were mixed,
and the absorption of each mixture was measured after 1 h at room
temperature. A dispersion of Cur@HKUST-1@PVP (1 mM) alone
was used as the control.

To investigate the effect of reaction time on Cur@HKUST-1@PVP
absorption, equal volumes of NaHS (3 mM) and Cur@HKUST-
1@PVP (1 mM) were mixed and allowed to react for different
times. The absorption of the mixture was measured before mixing
with NaHS (control) and after 10, 20, 30, 40, 50, 60, 90, and
120 min after adding NaHS.

To study the effect of pH on Cur@HKUST-1@PVP absorption,
NaHS (3 mM) was added into equal volumes of Cur@HKUST-
1@PVP (1 mM) dispersion with different pH values (4, 5, 6, 6.5, 7,
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8, and 9). After 1 h of incubation, the absorption of the mixture
was measured.

To evaluate the effects of common substrates on Cur@HKUST-
1@PVP absorption after reacting with NaHS, Cur@HKUST-1@PVP
(1 mM) was mixed with various common substrates (Cl–, CO2

3–,
SO4

2–, OAc–, HPO4
2–, F–, S2O3

2–, L-Cys, serine, glycine, glutathione,
and BSA; concentration = 3 mM). Next, an equal volume of NaHS
(3 mM) was added into each mixture. After incubating for 1 h,
the absorption of the mixture was measured.

Hydrogen sulfide-triggered photothermal performance and
photoacoustic imaging

To explore the effect of NaHS concentration on the photother-
mal performance, equal volumes of NaHS (0.5, 1, 1.5, 2, 2.5, 3,
3.5, or 4 mM) and Cur@HKUST-1@PVP (1 mM) were mixed; a dis-
persion of Cur@HKUST-1@PVP (1 mM) alone was used as the con-
trol. To explore the effect of Cur@HKUST-1@PVP concentration on
photothermal performance, equal volumes of Cur@HKUST-1@PVP
(0.2, 0.4, 0.6, 0.8, or 1 mM) and NaHS (3 mM) were mixed; a solu-
tion of NaHS (3 mM) alone was used as the control. After reacting
for 1 h at room temperature, a thermal camera (FLIR A310) was
used to monitor the temperature changes of the mixtures under
irradiation with a 980-nm laser at a power density of 0.5 W/cm2
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for 15 min. In addition, photoacoustic images of the mixtures were
collected using a multispectral optoacoustic tomography imaging
system (MSOT in Vision 128). To explore the photothermal stabil-
ity of activated Cur@HKUST-1@PVP, equal volumes of NaHS
(3 mM) and Cur@HKUST-1@PVP (0.6 mM) were mixed and sub-
jected to six cycles of laser irradiation. Each cycle consisted of
15 min of laser on followed by 10 min of laser off.

Drug loading and release

To calculate the drug loading capacity, 10 mg of HKUST-1 (X)
was incubated with 1, 2.5, 5, 10 or 20 mg of curcumin (Y) in etha-
nol for 12 h at 37 �C. Subsequently, the upper liquid containing
excess curcumin was collected by centrifugation. The precipitate
was then washed three times with ethanol and again separated
by centrifugation to collect the upper liquid. Finally, the absor-
bance at 425 nm was measured after combining all the collected
upper liquids to calculate the curcumin content in the supernatant
(Ys) according to the standard curve. The drug loading was calcu-
lated as (Y � Ys) / X.

To investigate the hydrogen sulfide-triggered drug release,
equal volumes of an NaHS dispersion in ethanol (3 or 4 mM) and
Cur@HKUST-1@PVP (1 mM) containing a g of curcumin were
mixed. After reacting for 2 h at 37 �C, the released curcumin in
ethanol was collected using an ultrafiltration tube with a 10-kDa
molecular weight cutoff. The absorbance at 425 nm was measured
after combining all the collected curcumin ethanol solutions to cal-
culate the amount of released curcumin (b) according to the stan-
dard curve. The drug release was calculated as b / a.

Ethics statement

Female BALB/C nude mice aged 4–6 weeks were purchased
from the Shanghai Laboratory Animal Center. The storage and
use of animals were guided by the Animal Ethics Committee of
Shanghai University of Medicine and Health Sciences according
the relevant laws and institutional guidelines (Approval no.2021-
GZR-18).

Tumor model

To prepare the colon tumor-bearing mouse model, approxi-
mately 1 � 106 HCT116 tumor cells suspended in PBS were
injected subcutaneously into the upper surface of the right hind
limb of the nude mice. When the tumor size reached approxi-
mately 100 mm3, the animals were used for in vivo photoacoustic
imaging and tumor treatment.

Photoacoustic imaging in vivo

First, photoacoustic images of HCT116 tumor-bearing mice
were collected before the intravenous administration of
Cur@HKUST-1@PVP as a control to explore the photoacoustic
imaging performance of Cur@HKUST-1@PVP for colon tumors.
Next, the mice were intravenously administered with
Cur@HKUST-1@PVP (10 mg/kg), and photoacoustic images were
collected at 0.5, 1, 2, 4, 8, and 12 h after injection.

In vivo combination therapy

The HCT116 tumor-bearing mice were randomly divided into
four groups with six mice in each group. The mice in the control,
curcumin, HKUST-1, and Cur@HKUST-1@PVP groups were intra-
venously administered with PBS, curcumin solution, a dispersion
of HKUST-1 in PBS, and a dispersion of Cur@HKUST-1@PVP in
PBS (dosage = 10 mg/kg), respectively. At 2 h after injection, the
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mice in each group were irradiated with a 980-nm laser at a power
density of 0.5 W/cm2 for 5 min. During the irradiation period, the
temperature change at the tumor site was monitored using a ther-
mal camera (FLIR A310). After 4 h of laser irradiation, one mouse in
each group was sacrificed for histological analysis by H&E and
TUNEL staining. In addition, pictures, tumor volumes, and body
weights were collected from the other mice in each group each
day for 16 days after injection.
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NK, et al. Todorović Marković, Ambient light induced antibacterial action of
curcumin/graphene nanomesh hybrids. RSC Adv 2017;7(57):36081–92.

[43] van der Zee J. Heating the patient: a promising approach? Ann Oncol 2002;13
(8):1173–84.

http://refhub.elsevier.com/S2090-1232(22)00031-5/h0060
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0060
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0060
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0060
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0060
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0065
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0065
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0065
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0065
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0065
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0070
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0070
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0070
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0070
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0070
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0075
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0075
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0075
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0080
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0080
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0080
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0080
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0085
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0085
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0085
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0085
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0090
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0090
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0090
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0090
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0095
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0095
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0095
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0100
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0100
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0100
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0100
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0100
https://doi.org/10.1371/journal.pone.0085796
https://doi.org/10.1371/journal.pone.0085796
https://doi.org/10.1039/c0nr00758g
https://doi.org/10.1039/c0nr00758g
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0115
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0115
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0115
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0120
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0120
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0125
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0125
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0125
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0130
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0130
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0130
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0130
https://doi.org/10.1371/journal.pone.0037572
https://doi.org/10.1371/journal.pone.0037572
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0140
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0140
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0140
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0145
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0145
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0145
https://doi.org/10.1002/smll.202001356
https://doi.org/10.1002/smll.202001356
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0155
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0155
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0155
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0155
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0160
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0160
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0160
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0160
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0165
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0165
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0165
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0170
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0170
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0170
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0170
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0175
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0175
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0175
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0180
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0180
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0180
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0185
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0185
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0185
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0190
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0190
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0190
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0190
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0195
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0195
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0195
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0195
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0200
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0200
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0200
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0205
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0205
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0205
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0205
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0205
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0210
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0210
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0210
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0215
http://refhub.elsevier.com/S2090-1232(22)00031-5/h0215

	Engineering of an endogenous hydrogen sulfide responsive smart agent for photoacoustic imaging-guided combination of photothermal therapy and chemotherapy for colon cancer
	Introduction
	Results and discussion
	Synthesis and characterization of Cur@HKUST-1@PVP
	Hydrogen sulfide-responsive performance of Cur@HKUST-1@PVP
	Hydrogen sulfide-triggered imaging and therapy performance
	Photoacoustic imaging of tumors
	Combined PTT and chemotherapy for the treatment of colon tumors

	Conclusion
	Experimental
	Chemicals and materials
	Synthesis of Cur@HKUST-1@PVP
	Characterization
	Hydrogen sulfide-responsive performance
	Hydrogen sulfide-triggered photothermal performance and photoacoustic imaging
	Drug loading and release
	Ethics statement
	Tumor model
	Photoacoustic imaging in&blank;vivo
	In vivo combination therapy

	Compliance with Ethics Requirements
	Declaration of Competing Interest
	Acknowledgments
	Appendix A Supplementary material
	References


