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hyaluronic acid-augmented ROS behavior for dual-
modality PA/NIR-II FL imagingt
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Photoacoustic (PA) imaging has emerged as a promising bio-imaging technique due to its non-invasive
visualization of lesions at great penetration depths. Fluorescence (FL) imaging in the second near-
infrared window (NIR-1I, 1000-1700 nm) achieves a higher imaging resolution and lower background
signals compared to NIR-I. However, the single imaging method possesses its own disadvantages. Thus,
we have demonstrated ZIF-8—-IR820—-MnPc—HA nanoparticles (ZIMH NPs) that can achieve visualization
and localization of tumors in mice models with the help of a dual-modality PA/NIR-II FL imaging
performance. Meanwhile, these excellent nanoparticles also induce the efficient generation of singlet
oxygen (*O,) upon 808 nm laser illumination, and display excellent photodynamic therapy efficacy in

cells, further indicating their potential application for in vivo PDT. In ZIMH NPs, hyaluronic acid (HA)
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Accepted 5th January 2021 impressively acts as a “sponge”, enhancing the generation of “O, and facilitating the cellular therapeutic
effects. We believe that ZIF-8—-IR820-MnPc—-HA NPs present a brand-new strategy for the exploration

DOI: 10.1038/d0ra095452 of efficient PDT photosensitizers with dual-modality imaging performance for use in various biomedical
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1. Introduction

Malignant tumors, one of the most important causes of death,
are becoming a serious threat to human health worldwide."
Thus, early and precise diagnosis plays a significant role in
successful cancer therapy.* Although traditional medical
imaging technologies, including ultrasonic imaging (USI),
magnetic resonance imaging (MRI) and computed tomography
(CT), can achieve accurate diagnosis by targeting clear organic
lesions, patients have often missed the optimal treatment time
due to the diagnosis not being timely enough.” In recent years,
many emerging imaging strategies have been rapidly developed
that can be applied to improve the early diagnosis of malignant
tumors.® Among these strategies, photoacoustic imaging and
fluorescence imaging are very interesting technologies. As
a non-invasive and promising biomedical imaging technology,
PA imaging offers efficient information in terms of anatomical,
functional and molecular images by employing contrast agents
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that accumulate within a tumor to generate PA signals. More
importantly, combined with the advantages of optical biomed-
ical imaging and US imaging, PAI shows excellent contrast
properties and deep penetrability, which have been successfully
applied for the early detection of cancer.”” As is well-known, FL
imaging can be used to track and visualize diverse fluorescent
probes without being invasive.'® Previous FL imaging in the first
near infrared window (NIR-I, 650-900 nm) cannot meet the
demands of in vivo imaging with low penetration and high
background signals. Compared to NIR-I FL imaging, FL imaging
in the second near infrared window (NIR-II, 1000-1700 nm) has
advantages of a higher imaging resolution and deeper tissue
penetration."*> Moreover, the signal-to-noise ratio of NIR-II FL
imaging is greatly improved because of the weak tissue auto-
fluorescence in the NIR-II window.”® However, an individual
imaging method alone is insufficient for providing more
detailed information and has its own disadvantages."* There-
fore, based on functional information provided by PAI and the
distribution data of fluorescent probes revealed by FLI, the
development of dual-modality imaging combining PA and FL
imaging has become more urgent.'> Many research efforts have
been devoted to developing a dual-modality imaging probe.
New indocyanine green (IR820), which has improved in vitro
and in vivo stability compared to indocyanine green (ICG), is an
NIR organic dye with suitable fluorescence and strong absorp-
tion in the NIR region.'®* More importantly, organic materials
show a number of advantages over inorganic materials, such as
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http://crossmark.crossref.org/dialog/?doi=10.1039/d0ra09545a&domain=pdf&date_stamp=2021-01-26
http://orcid.org/0000-0003-3412-3896
http://orcid.org/0000-0001-6922-0747
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra09545a
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA011009

Open Access Article. Published on 27 January 2021. Downloaded on 10/29/2025 1:23:56 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

outstanding biocompatibility and potential biodegradability."”
However, their practical clinical applications have still been
hindered by a short half-life in blood, low cytotoxicity and their
rapid clearance from the body.

A proper dual-modality imaging system alone can achieve
early and accurate diagnosis of tumors, nevertheless, highly
effective treatments are still important to thoroughly eradicate
tumors. In recent years, photodynamic therapy (PDT) has
emerged as a powerful tool to fight cancer, with well-defined
advantages of high spatiotemporal selectivity, low invasive-
ness and negligible drug resistance.'® >’ Briefly, the photosen-
sitizer (PS) is activated under laser irradiation, and this leads to
the transition from light energy to molecular oxygen, which is
then followed by the generation of reactive oxygen species (ROS)
that induce effective cellular damage.>*** Furthermore, singlet
oxygen ('0,) is also the most common species in PDT.*
However, there is still an inevitable barrier that restricts the PDT
effect due to the low penetration depth of light.*® In order to
overcome this problem, the activation of photosensitizers upon
808 nm laser illumination instead of the traditional 660 nm
laser could be an effective method. For example, Younis et al.
reported on a dual plasmonic photothermal therapy bonded
indocyanine green, which could simultaneously achieve a PDT
effect under single laser activation (808 nm) with a low power
density and display excellent photothermal conversion effi-
ciency.”® Meanwhile, Zhang et al. designed an oxygen indepen-
dent biomimetic nanoplatform based on carbon spheres dotted
with cerium oxide and coated with a cell membrane, achieving
a synergistic therapeutic effect against tumor cells depending
on a photothermal effect and the generation of toxic hydroxyl
radicals (-OH) under 808 nm laser irradiation.”” Although
a breakthrough in PDT upon 808 nm laser irradiation was
achieved, systematic research has not yet been carried out.
Thus, it is extremely urgent to develop highly effective photo-
sensitizers for application in PDT, ensuring a deep penetration
depth under irradiation by light of an appropriate wavelength.
Typically, metal phthalocyanines (MPcs) possess an 18 m-elec-
tron conjugated planar architecture and, with weak absorption
in the range of 400-600 nm, are associated with reduced skin
phototoxicity and good (photo)chemical stabilities, making
them excellent second-generation PS compounds.”>**?° Thus,
MPcs could display excellent photodynamic properties but,
unfortunately, poor solubility limits their optimal PDT efficacy.
One important method for optimizing the PDT effect is to
establish efficient nanocarriers for loading photosensitizers.
However, ROS generation is still inhibited when much more PS
is disorderly distributed, encapsulated in nanoparticles, and
this may result in severe self-aggregation and singlet oxygen
quenching.®

Mesoporous materials, such as metal-organic frameworks
(MOFs), have widely been used for application in nanotech-
nologies, owing to their distinct structural features.** As is well-
known, zeolitic imidazolate framework-8 (ZIF-8), composed of
a zinc ion and 2-methylimidazolate, is an important species of
porous material with desirable properties, including low
toxicity, good biocompatibility, exceptional chemical stability,
a well-defined porous structure and simple synthesis
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method.**"*® Therefore, ZIF-8 is highly suitable as a nanocarrier
to encapsulate functional molecules.

Taking the above reasons into consideration, in this work we
have demonstrated multifunctional ZIF-8-IR820-MnPc-HA
NPs that were designed to be applied in PA/NIR-II FL imaging
(Scheme 1). As a naturally occurring polysaccharide, hyaluronic
acid (HA) occurs in the extracellular matrix with high biocom-
patibility and biosafety.’”*® In addition, HA with a low molec-
ular weight also displays excellent water solubility. Due to these
advantages, HA was coated around the surface of the ZIF-8-
IR820-MnPc NPs. Interestingly, upon 808 nm laser irradiation,
HA acted as a “sponge” in this nanosystem, and could help
augment the generation of singlet oxygen species (Fig. 5B).
More importantly, IR820 could be dispersed uniformly in the
resulting porous structures of ZIF-8, and this was beneficial in
reducing the quenching caused by the aggregation and
enhancing the retention effect at the tumor site for in vivo NIR-II
FL imaging. Therefore, ZIMH NPs can create a practical method
for accurate tumor diagnosis guided by dual-modality PA/NIR-1I
FL imaging and can provide a promising PDT strategy for
tumors in the future.

2. Experimental section

2.1. Materials

All agents were obtained from commercial suppliers without
further purification. IR820 was purchased from Shanghai Yua-
nye Bio-Technology Co., Ltd. Manganese(un) phthalocyanine
(MnPc) was obtained from Tianjin Alfa Aesar Chemical Co., Ltd.
Zinc nitrate hexahydrate was acquired from Energy Chemical
Co., Ltd. The Shanghai Aladdin Bio-Chem Technology Co., Ltd.
supplied 2-methylimidazole. Hyaluronic acid (HA) was acquired
from Dalian Meilun Biotech Co., Ltd. Methyl alcohol (MeOH)
was purchased from Nanjing Kaitong Grain Biochemical R&D
Co., Ltd. Cell Counting Kit-8 was purchased from Shanghai
Yeasen Biotechnology Co., Ltd. 1,3-Diphenylisobenzofuran
(DPBF) was purchased from Tokyo Chemical Industry Co., Ltd.
Singlet Oxygen Sensor Green reagent (SOSG) and 2/,7’-dichlor-
ofluorescein diacetate were obtained from Sigma-Aldrich.
Absolute ethanol was acquired from Boster Biological Tech-
nology Co., Ltd.

2.2. Synthesis of the ZIMH NPs

The ZIMH NPs were prepared via a one-pot approach. First,
MnPc (1 mg) was dissolved in MeOH (4 mL) under sonication
and, subsequently Zn(NO;),-6H,0 (60 mg) was added into the
above solution under stirring in the dark for 10 min. After that,
a 2 mL of MeOH solution of IR820 (12 mg) was added dropwise
into the above mixture, accompanied with stirring for 10 min.
Then, a 4 mL of a MeOH solution of 2-methylimidazole (132 mg)
was added to continue the reaction. After stirring for 30 min, the
reaction mixture was centrifuged and washed with MeOH three
times. The mixture was added into deionized water (20 mL)
containing HA (2 mg) under stirring overnight. The complexes
were centrifuged and washed several times and, finally, the
powdered ZIMH NPs were obtained by freeze-drying.
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Scheme 1 Schematic diagram of the synthesis of ZIF-8—-IR820-MnPc—HA nanoparticles and of the in vivo dual-modality imaging process.

2.3. Characterization

We used a JEM-2100F microscope (JEOL, Japan) to record
transmission electron microscopy (TEM) images of ZIM and the
ZIMH NPs. The dynamic light scattering (DLS) experiments of
ZIMH were carried out with a Nano-Zetasizer (Malvern Instru-
ments Ltd.). A UV-Vis-NIR spectrometer (UV-6100, MAPADA)
was used to obtain the absorption spectra of ZIF-8, MnPc, IR820
and ZIM. Thermogravimetric analysis (Setsys Evolution TGA 16/
18) was performed at a heating rate of 5 °C min ' under a N,
atmosphere. Infrared spectroscopy was recorded on a TENSOR
II Fourier-transform infrared (FTIR) spectrometer (Bruker,
Germany).

2.4. Singlet oxygen generation detection in aqueous solution

The generation of singlet oxygen ('O,) was investigated by
chemical probes. First, DPBF was utilized to determine the
production of singlet oxygen. In brief, 60 pL of DPBF (1 mg
mL ") and different samples including ZIF-8-MnPc, ZIF-8-
IR820, ZIF-8-MnPc-IR820 and ZIF-8-IR820-MnPc-HA (200 pg
mL~") were mixed under stirring in the dark. Then, the
resulting mixtures were irradiated with a 808 nm laser (1.0 W

m?) for 30 s, followed by detection using a UV-Vis spectro-
photometer at 416 nm wavelength every 4 min. Then, SOSG
was introduced to further detect 'O,. 1 mL of SOSG (5 pmol
L") and 2 mL of the four samples (50 ug mL™") were mixed
well in tubes for 5 min. Then, the tubes containing the
different materials experienced illumination with a 808 nm
laser (0.5 W cm?) for 1 min. Finally, the SOSG fluorescence
intensity was measured with an excitation of 504 nm and an
emission of 525 nm using a NIR-II spectrophotometer (Series
111 900/1700).
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2.5. Cell culture and animal tumor model

Cell culture. The 4T1 (mouse breast cancer) cell line was
purchased from the China Center for Type Culture Collection
(Wuhan, China) and was cultured in RPMI 1640 medium con-
taining 10% fetal bovine serum (FBS) at 37 °C under a 5% CO,
containing atmosphere.

Animal tumor model. The animal procedures were per-
formed in accordance with the Guidelines for Care and Use of
Laboratory Animals of Shanxi Medical University, and the
experiments were approved by the Animal Ethics Committee of
Shanxi Medical University. The Beijing Vital River Experimental
Animal Company supplied the six-week-old female BALB/c nude
mice (16-18 g). After 2 weeks of acclimatization, 4T1 tumors
were established by the subcutaneous injection of 4T1 cells
suspended in 50 uL of PBS (3 x 10°) into the right thigh area of
each mice. Then, the mice were observed daily for any behav-
ioral abnormalities and the tumor size was monitored and
recorded periodically. The tumor-bearing mice were used for in
vivo imaging experiments when the tumor volumes approached
80-100 mm®.

2.6. Cellular experiments

Cell viability assay. The cytotoxicity of the ZIMH NPs was
estimated by a Cell Counting Kit-8 (CCK-8) assay. Briefly, 4T1
cells were seeded in 96-well plates at a density of 8000 cells per
well and were left to establish overnight. Afterwards, the old
medium was replaced with fresh RPMI 1640 medium contain-
ing ZIMH at various concentrations (0, 3.125, 6.25, 12.5, 25 and
50 ug mL™ "), followed by incubation for 12 h at 37 °C under
a 5% CO, containing atmosphere. Then, the dead cells were
washed with PBS three times and the remaining live cells were

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 TEM images and DLS data (A-D) of the ZIF-8-IR820-MnPc nanoparticles and ZIF-8-IR820-MnPc—-HA nanoparticles. (E) TEM-EDS
mapping of ZIMH NPs. (F) The UV-Vis absorption spectra of ZIF-8, IR820, MnPc, ZIF-8-IR820, ZIF-8—MnPc and ZIF-8—-IR820-MnPc nano-
particles. (G) Thermogravimetric analysis of ZIM and ZIMH NPs.
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incubated in new medium containing 10% CCK-8 for 1 h in the
dark. Finally, the absorbance of each well was measured at
450 nm and was recorded using a microplate reader (Spec-
traMax Plus 384).

Singlet oxygen generation detection in cells. In order to
monitor the intracellular singlet oxygen generation, 4T1 cells
were seeded at a density of 2 x 10" cells per well on four-well
plates for 12 h. Then, the cells were incubated with ZIMH NPs
(10 pg mL ") for 3 h. After each well was washed with PBS three
times, serum-free 1640 RPMI medium containing DCFH-DA
(20 pM) was added for a further 30 min incubation period,
and this was then followed by illumination with a 808 nm laser
under a density power of 0.5 W cm ™ for 5 min. Finally, fluo-
rescence images of the production of singlet oxygen were ob-
tained using an inverted fluorescence microscope (Olympus
IX73).

Photodynamic therapy in cells. 4T1 cells were also used to
evaluate the efficacy of the photodynamic therapy of ZIF-8-
IR820-MnPc-HA. Cells were seeded into a 96-well plate at
a density of 8000 cells per well overnight. Then ZIF-8-IR820-
MnPc-HA (50 pg mL~") was added into each well for a sufficient
incubation period. After exposure to NIR laser (808 nm, 0.2 W
cm ™ ?) radiation for 5 min, the cells were stained with calcein
AM and PI for 20 min to verify the photodynamic therapy on
cancer cells and to distinguish the live cells (green color) and
dead cells (red color), and these were finally imaged using
a fluorescence microscope.

2.7. PA imaging in vitro

The PA effect of ZIMH was evaluated by a multispectral opto-
acoustic tomographic (MSOT) imaging system (inVision 128,
iThera Medical GmbH, Neuherberg, Germany) from 680 to
980 nm. Then, various concentrations of ZIMH (25, 50, 100,
200 and 400 pg mL™') were injected into phantoms, which
were measured using a PA detector at 880 nm. Finally, the
correlation curve between PA intensity and concentration was
plotted.

2.8. NIR-II FL imaging in vitro

In order to estimate the NIR-II FL effect of ZIMH in vitro,
different concentrations of ZIMH solution at 0.0625, 0.125, 0.25,
0.5 and 1 mg mL ™" were added into 200 uL tubes, respectively,
and the images were recorded using a fluorescence imaging
instrument (Series III 900/1700).

2.9. PA/NIR-II fluorescence dual-modality in vivo imaging

When the tumors reached a volume of 80-100 mm?, the 4T1
tumor-bearing nude mice were intratumorally injected with
ZIMH (200 pL, 5 mg mL ‘). The PA and FL images were
acquired at different time points (0, 0.1, 1, 2, 4, 6 and 12 h).
Then, analysis of the imaged data was carried out by the
Image] and MSOT imaging system software, respectively.
Quantitative analysis was obtained through the Image]
software.

5048 | RSC Adv, 2021, N1, 5044-5054

View Article Online

Paper

3. Results and discussion

3.1. Characterization

The final product ZIMH NPs displayed good biocompatibility
due to the introduction of hyaluronic acid (HA). TEM images
revealed that the size of the obtained ZIF-8-IR820-MnPc NPs
increased from 30.0 to 45.0 nm after the surface was coated with
HA and this was accompanied by an irregular shape (Fig. 1A and
B). The corresponding dynamic light scattering (DLS) data in
the inset of the ZIM and ZIMH NPs is shown in Fig. 1C and D.
Compared with the ZIF-8-IR820-MnPc NPs (approximately
145.0 nm), the ZIF-8-IR820-MnPc-HA NPs exhibit high dis-
persity in deionized water with larger narrow hydrated size
distribution centered at 213.9 nm. According to the transition of
nanoparticle size, we could deduce the successful synthesis of
ZIM and the introduction of HA into ZIM NPs. The FTIR spectra
shown in Fig. S1} display the existence of the structure of ZIF-8
in ZIF-8-IR820-MnPc NPs. Due to low dye loading, the IR
spectra of the different samples only show the infrared
absorption spectra of ZIF-8. Based on the different colors of the
raw materials and products (Fig. S27T), we can trust in the correct
synthesis of ZIM NPs. In order to reveal the components of the
nanoparticles, the elemental TEM mapping images of ZIMH
NPs were obtained and are depicted in Fig. 1E. It is clear that the
C, N, O, Zn, Cl, S and Mn elements are well-distributed in the
structures, and this provides further evidence for particle
structure and distribution of elements in the ZIMH NPs. The
energy-dispersive X-ray spectrum (EDS), shown in Fig. S3, is in
agreement with the results shown in Fig. 1E, as described. In
addition, the UV-Vis spectra (Fig. 1F) showed that the maximum
absorption peak of IR820 was located at 820 nm, while MnPc
exhibited a peak absorption wavelength at 520 nm. The ZIM NPs
have overlapping absorption with the two dyes, confirming the
successful synthesis of the ZIM NPs. Thus, a dual-modality
nanoplatform motivated by a single NIR laser (808 nm) could
be constructed, where IR820 could be applied to photoacoustic
imaging and NIR-II fluorescence imaging, respectively. Ther-
mogravimetric analysis (TGA) is a useful method to examine the
amount of HA in the ZIMH NPs. As shown in Fig. 1G, the
successful coating of ZIM NPs can be verified and the mass
fraction of HA in the ZIMH NPs is 10%.

3.2. Singlet oxygen generation ability in solution

To verify the photodynamic performance of the ZIMH solu-
tion, 1,3-diphenylisobenzofuran (DPBF), a molecular probe
commonly used to detect singlet oxygen, was used to monitor
reactive oxide species (ROS) production under NIR light irra-
diation (Fig. 2A-E). The characteristic absorption peak of
DPBF at 416 nm significantly decreased, preliminarily con-
firming 'O, generation. In Fig. 2A-C, the ZIF-8-MnPc, ZIF-8-
IR820 and ZIF-8-IR820-MnPc NPs under 808 nm laser irradi-
ation displayed a slight time-dependent decrease in DPBF
absorption, indicating that these materials generate negligible
10,. In contrast, the ZIMH NPs under 808 nm laser irradiation
(0.5 W cm™?) demonstrated a clear decrease in the DPBF
absorption peak at 416 nm, suggesting efficient 'O, generation

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 Time-dependent decrease in the UV-Vis absorption spectra of DPBF treated with (A) ZIF-8—MnPc (200 ug mL™Y), (B) ZIF-8-IR820 (200 ng
mL™Y), (C) ZIF-8-IR820-MnPc (200 pg mL™Y) and (D) ZIF-8—IR820-MnPc—HA (200 ng mL™Y NPs. (E) Normalized absorbance profiles of DPBF
as a control, ZIF-8—MnPc, ZIF-8-IR820, ZIF-8-IR820-MnPc and ZIF-8-IR820-MnPc—HA under 808 nm laser irradiation (1.0 W cm™2). (F)
Time-dependent increase in the SOSG fluorescence intensity treated with the solutions mentioned above (50 pg mL™Y) and 808 nm laser

irradiation (0.5 W cm™2).

with the help of MnPc and IR820 (Fig. 2D). As depicted in
Fig. 2E, there was no significant change in the time-dependent
absorbance of DPBF alone. Furthermore, among these mate-
rials, only the ZIMH NPs exhibited a higher DPBF oxidation
rate under laser irradiation, implying the effective generation
of ROS in the ZIMH NPs.

© 2021 The Author(s). Published by the Royal Society of Chemistry

Next, another highly-sensitive 'O, indicator singlet oxygen
sensor green (SOSG) was introduced to investigate the 'O,
generation ability of ZIMH NPs, as shown in Fig. 2F. Similarly,
the 'O, generation was determined by gradual increments in
the SOSG emission peak at 530 nm. As shown in Fig. 2F, upon
irradiation, the ZIMH NPs showed considerably high SOSG
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Fig. 3 Fluorescence images of 4T1 cells incubated with DCFH-DA (20 uM) with different treatments: (a) control; (b) 808 nm laser irradiation for
5 min; (c) ZIMH NPs; (d) ZIMH NPs plus 808 nm laser irradiation for 5 min. Scale bar: 20 um.

fluorescence intensity, and this was consistent with the results
tested by DPBF, suggesting an 'O, generation ability of ZIMH
NPs. In the cases of ZIF-8-MnPc, ZIF-8-IR820 and ZIF-8-IR820—
MnPc, we could preliminarily consider that there was insignif-
icant 'O, generation due to only slight augmentation in the
SOSG fluorescence intensities.

3.3. Singlet oxygen generation detection in cells

In addition, in order to evaluate the cellular 'O, generation
ability of the ZIMH NPs with different treatments, 2,7-
dichlorofluorescein diacetate (DCFH-DA) was used as the
ROS indicator that will emit green fluorescence in the pres-
ence of endogenous ROS (Fig. 3). Live 4T1 cells were pre-
treated with the ZIMH NPs and incubated with DCFH-DA.
Fig. 3a shows the fluorescence images with 4T1 cells as
a control. It can also be seen that the 4T1 cells treated with
ZIMH NPs (Fig. 3b) or laser irradiation (Fig. 3c) only dis-
played faint green fluorescence. The bright green signal from
the ROS can only be observed in Fig. 3d, when the cells were
treated with ZIMH NPs under 808 nm laser irradiation at
a power density of 0.5 W cm ™2, confirming the intracellular
generation of 10,.
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behaviors potentiated by hyaluronic acid.
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3.4. Invitro cytotoxicity assay

As is well-known, the negligible toxicity and excellent biocom-
patibility of nanoparticles are prerequisites for in vivo applica-
tion.** Therefore, the cytotoxicity of the multifunctional
composite was evaluated using standard CCK-8 assays on 4T1
cells. As depicted in Fig. 4A, most of the 4T1 cells remained alive
after being incubated with ZIMH NPs for 12 h at different
concentrations. Even at a high concentration of up to 50 pg
mL~", more than 90% of the 4T1 cells were still alive, suggesting
negligible cytotoxicity of ZIMH NPs. Therefore, we selected this
optimal nanoparticle dose of 50 ug mL ™" for all following in vivo
experiments in this study. Subsequently, Fig. 4B briefly illus-
trates the schematic diagram of the ROS behavior potentiated
by hyaluronic acid in a tumor microenvironment. Upon 808 nm
laser irradiation, 'O, was uniformly distributed onto the surface
of the hyaluronic acid of the ZIMH NPs, rather than being
released rapidly into the tumor microenvironment, and this can
be explained by the sponge effect induced by HA. Furthermore,
the calcein AM and PI results, shown in Fig. S4,T demonstrated
the primary PDT performance of the ZIF-8-IR820-MnPc-HA
nanoparticles. In Fig. S4a-c,t many cells were still alive (green
color) and there was no obvious cell death in either the control
or single variable (laser alone or ZIMH alone) groups. Only
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(A) Relative viabilities of 4T1 cells incubated with ZIMH NPs at various concentrations by CCK-8 assay. (B) Schematic illustration of the ROS
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when the cells were treated with ZIMH (50 pg mL™') with
a 808 nm laser at a density of 0.5 W cm ™2, was there any obvious
cell death (red color) (Fig. S4d).

3.5. PA imaging in vitro and in vivo

To better achieve in vivo PA imaging, we first evaluated the PA
imaging ability in vitro. As shown in Fig. 5A, we found through
in vitro phantom tests that the photoacoustic intensities of the
ZIMH NPs had good linear correlations with their concentra-
tions within a range from 25 to 400 ug mL ", indicating the
good feasibility of PA imaging for in vivo experiments. Addi-
tionally, responsive PA images of various solutions were ob-
tained using a multispectral optoacoustic tomographic (MSOT)
imaging system.

Accurately locating tumor areas is significantly vital for
further therapy. Due to the high sensitivity of optical imaging,
outstanding resolution and a favorable tissue penetration depth
of several centimeters,* PAI is a promising imaging modality
that could achieve real-time tracking of the distribution of
nanoparticles in vivo. Thus, 4T1 tumor-bearing nude mice were
subsequently examined with the MSOT system. Then, PA
intensity changes in the tumor site were demonstrated before
and after the tumor-bearing mice were treated with intratumor
injections of ZIMH NPs (5 mg mL~ ") at0 h, 0.1 h,1h,2h, 4h,
6 h and 12 h (Fig. 5B), and the photoacoustic images were
recorded in a time-dependent manner (Fig. 5C). It is worth
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noting that the PA signals of the ZIMH NPs in the tumor sites
gradually increased after injection, reaching a maximum level at
1 h post-injection. Then, the retained photoacoustic signals of
ZIMH began to decline over time. After 12 h post-injection, the
PA signal nearly disappeared. Therefore, we are able to take
a preliminary view that ZIMH can be expected to be applied in
photoacoustic imaging in the clinic.

3.6. NIR-II FL imaging in vitro and in vivo

Fig. 6A presents the emission spectrum of the ZIMH NPs. It is
worth noting that the emission spectrum of ZIMH in water
could even extend to longer than 1100 nm. Considering the
emission spectrum of ZIMH, the NIR-II fluorescence imaging
results were also analyzed using a fluorescence imaging
instrument. Furthermore, the fluorescence images were inser-
ted into the emission spectrum.

In the subsequent FL imaging experiments, all mice were
treated with an intratumor injection of ZIMH NPs (200 pL, 5 mg
mL ™). Inspired by the FL imaging results in vitro, we then
demonstrated the NIR-II FL imaging performances for the
visualization of tumor size, shape, and location. The auto-
fluorescence signals of the mice were deducted by spectral
unmixing in the Cy-5.5 channel. The FL intensity changes in the
tumor site were acquired using Image] software, and were
roughly consistent with those of PA at the corresponding sites
(Fig. 6B). Then, FL images of the tumor-bearing mice were

(B)
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Fig. 5 Photoacoustic imaging in vitro and in vivo. (A) The linear relationship between the PA intensity and concentrations of ZIMH with cor-
responding PA images is shown in the inset. (B) In vivo PA intensity changes of the tumor site of tumor-bearing mice before and after intratumor
injectionat 0.1 h, 1 h, 2 h, 4 h, 6 hand 12 h. (C) PA images of the tumors at different time points. Scale bars: 1.0 mm.
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Fig. 6 NIR-II fluorescence imaging in vitro and in vivo.
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A) NIR-1I fluorescence emission spectrum of ZIMH with corresponding FL images in the

inset. (B) In vivo NIR-II FL intensity changes of the tumor site of tumor-bearing mice before and after intratumor injectionat 0.1 h,1h,2h,4h, 6 h
and 12 h. (C) NIR-II FL images of the tumor-bearing mice at different time points.

recorded and are shown in Fig. 6C. After injection with ZIMH
NPs, FL signals gradually filled the tumor site. It was clearly
found that the NIR-II fluorescence signals of the ZIMH NPs also
reached a peak after 1 h post-injection and could be observed
almost throughout the whole tumor. Afterwards, the FL signal
of the tumor site became weak and gradually disappeared after
12 h post-injection. Taken together, these results indicate that
ZIMH has excellent FL imaging capability for early diagnosis in
the NIR-II window.

3.7. Invivo biosafety

Blood biochemistry examination was used to evaluate potential
toxic effects of the nanoparticles, which can be used to monitor
the response to nanoparticle exposure and is widely used in
disease diagnoses of the liver and kidney. Among them, ALT
and AST are crucial enzymes in the liver and are commonly used

5052 | RSC Adv, 2021, 11, 5044-5054

as markers of liver disorders or injury, while BUN and SCr are
good indicators of kidney damage. The corresponding blood
biochemistry examination was performed after injection (200
pL, 5 mg mL~ ") at 1 d and 7 d. In Fig. 7A and B, no obvious
increase in ALT or AST is observed in the ZIMH NPs group
compared with the results of the control group, and the levels of
BUN and SCr are not significantly different from those of the
saline group. Then, the biotoxicity of the ZIMH NPs was also
validated through histological analysis of significant organs
(heart, liver, spleen, lung, and kidney) via H&E staining. The
results in Fig. 7C indicate that minimal side effects of the
nanoparticles could be observed in different organs of the mice
treated with the ZIMH NPs. All these results indicate that the
ZIF-8-IR820-MnPc-HA NPs has good biocompatibility and
negligible toxicity.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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In vivo toxicity. (A and B) Blood chemistry indexes (ALT, AST, BUN and SCr) of the mice in the control group and in the treated groups with

ZIF-8—-IR820—-MnPc—HA NPs after 1 day and after 7 days. (C) Images of H&E-stained major organs (heart, liver, spleen, lung and kidney) from
healthy control mice and the ZIMH-injected mice after 24 h. Scale bar: 200 pm.

4. Conclusion

In summary, we have demonstrated ZIMH NPs that can
generate singlet oxygen upon 808 nm laser irradiation, showing
improved PDT property. The nanoparticles also exhibited
excellent in vivo dual-modality PA/NIR-II FL imaging. More
importantly, the HA coated on the surface of the ZIMH NPs
could act as a sponge, enhancing the generation of 'O, and
facilitating the cellular therapeutic effects. Through this
protective sponge effect, created by HA, IR820 showed remark-
able NIR-II FL imaging performance due to the long-circulation.
Overall, this work has generated ZIMH NPs as a practical dual-
modality PA/FL nanoplatform that can be used for early and
precise diagnosis of tumors, and the PDT effect of the NPs is
expected to be further developed in following work.
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