& frontiers | Research Topics

Environmentally-responsive
biomaterials for major
diseases treatment

Edited by
Donglin Xia, Jingwei Xie and Yao Luo

Published in
Frontiers in Bioengineering and Biotechnology



https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/research-topics/62767/environmentally-responsive-biomaterials-for-major-diseases-treatment
https://www.frontiersin.org/research-topics/62767/environmentally-responsive-biomaterials-for-major-diseases-treatment
https://www.frontiersin.org/research-topics/62767/environmentally-responsive-biomaterials-for-major-diseases-treatment

& frontiers | Research Topics

FRONTIERS EBOOK COPYRIGHT STATEMENT

The copyright in the text of individual
articles in this ebook is the property
of their respective authors or their
respective institutions or funders.
The copyright in graphics and images
within each article may be subject

to copyright of other parties. In both
cases this is subject to a license
granted to Frontiers.

The compilation of articles constituting
this ebook is the property of Frontiers

Each article within this ebook, and the
ebook itself, are published under the
most recent version of the Creative
Commons CC-BY licence. The version
current at the date of publication of
this ebook is CC-BY 4.0. If the CC-BY
licence is updated, the licence granted
by Frontiers is automatically updated
to the new version

When exercising any right under

the CC-BY licence, Frontiers must be
attributed as the original publisher
of the article or ebook, as applicable.

Authors have the responsibility of
ensuring that any graphics or other
materials which are the property of
others may be included in the CC-BY
licence, but this should be checked
before relying on the CC-BY licence
to reproduce those materials. Any
copyright notices relating to those
materials must be complied with.

Copyright and source
acknowledgement notices may not
be removed and must be displayed
in any copy, derivative work or partial
copy which includes the elements

in question

All copyright, and all rights therein,
are protected by national and
international copyright laws. The
above represents a summary only.
For further information please read
Frontiers” Conditions for Website Use
and Copyright Statement, and the
applicable CC-BY licence.

ISSN 1664-8714
ISBN 978-2-8325-6317-5
DOI 10.3389/978-2-8325-6317-5

Frontiers in Bioengineering and Biotechnology

May 2025

About Frontiers

Frontiers is more than just an open access publisher of scholarly articles: it is
a pioneering approach to the world of academia, radically improving the way
scholarly research is managed. The grand vision of Frontiers is a world where
all people have an equal opportunity to seek, share and generate knowledge.
Frontiers provides immediate and permanent online open access to all its
publications, but this alone is not enough to realize our grand goals.

Frontiers journal series

The Frontiers journal series is a multi-tier and interdisciplinary set of open-
access, online journals, promising a paradigm shift from the current review,
selection and dissemination processes in academic publishing. All Frontiers
journals are driven by researchers for researchers; therefore, they constitute
a service to the scholarly community. At the same time, the Frontiers journal
series operates on a revolutionary invention, the tiered publishing system,
initially addressing specific communities of scholars, and gradually climbing
up to broader public understanding, thus serving the interests of the lay
society, too.

Dedication to quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely
collaborative interactions between authors and review editors, who include
some of the world's best academicians. Research must be certified by peers
before entering a stream of knowledge that may eventually reach the public
- and shape society; therefore, Frontiers only applies the most rigorous

and unbiased reviews. Frontiers revolutionizes research publishing by freely
delivering the most outstanding research, evaluated with no bias from both
the academic and social point of view. By applying the most advanced
information technologies, Frontiers is catapulting scholarly publishing into

a new generation.

What are Frontiers Research Topics?

Frontiers Research Topics are very popular trademarks of the Frontiers
Jjournals series: they are collections of at least ten articles, all centered

on a particular subject. With their unique mix of varied contributions from
Original Research to Review Articles, Frontiers Research Topics unify the
most influential researchers, the latest key findings and historical advances
in a hot research area.

Find out more on how to host your own Frontiers Research Topic or
contribute to one as an author by contacting the Frontiers editorial office:
frontiersin.org/about/contact

1 frontiersin.org


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/about/contact
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

& frontiers | Research Topics May 2025

Environmentally-responsive
biomaterials for major diseases
treatment

Topic editors

Donglin Xia — Nantong University, China

Jingwei Xie — University of Nebraska Medical Center, United States
Yao Luo — Sichuan University, China

Citation

Xia, D., Xie, J., Luo, Y., eds. (2025). Environmentally-responsive biomaterials
for major diseases treatment. Lausanne: Frontiers Media SA.

doi: 10.3389/978-2-8325-6317-5

Frontiers in Bioengineering and Biotechnology 2 frontiersin.org


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
http://doi.org/10.3389/978-2-8325-6317-5

& frontiers | Research Topics

Table of
contents

Frontiers in Bioengineering and Biotechnology

04

07

16

28

45

56

67

75

89

120

May 2025

Editorial: Environmentally-responsive biomaterials for major
diseases treatment

Yan Zhao, Donglin Xia and Yao Luo

Multiplexed detection of eight respiratory viruses based on
nanozyme colorimetric microfluidic immunoassay
Feng Wu, Defeng Cai, Xueying Shi, Ping Li and Lan Ma

Application of stimuli-responsive hydrogel in brain disease
treatment
Bingqging Xie and Huangfan Xie

Reactive oxygen species (ROS)-responsive biomaterials for
treating myocardial ischemia-reperfusion injury
Ying Zhang, Mantang Jiang and Tao Wang

Rebuilding the myocardial microenvironment to enhance
mesenchymal stem cells-mediated regeneration in ischemic
heart disease

Qing Chu, Xin Jiang and Ying Xiao

Photothermally enhanced antibacterial wound healing using
albumin-loaded tanshinone IIA and IR780 nanoparticles
Haidong Chen, Yimei Li, Dexuan Chen, Yong Fang, Xuchu Gong,
Kaikai Wang and Chaoqun Ma

Optogenetic control of mitochondrial aggregation and
function

Luhao Zhang, Xuechun Liu, Min Zhu, Yuanfa Yao, Zhichao Liu,
Xianming Zhang, Xin Deng, Yi Wang, Liting Duan, Xiaogang Guo,
Junfen Fu and Yingke Xu

Nanodiamond-mediated delivery of microRNA-7 for the
neuroprotection of dopaminergic neurons

Yuping Han, Yue Yao, Xinyi Wen, Hao Wang, Shurong Li and
Bingyin Su

Recent advances in polydopamine-coated metal—organic
frameworks for cancer therapy
Jingchao He, Guangtian Wang, Yongfang Zhou, Bin Li and Pan Shang

Inhibition of energy metabolism in macrophages to block
MPS for enhancing the chemotherapy efficacy

Li Bin, Linlin Huang, Aiyu Chen, Yinyi Yang, Yanmei Zheng,

Hanwen Zhang, Qinfang Zhang, Jiahui Zheng, Meiting Qiu, Xiajin Li
and Yangbo Tan

3 frontiersin.org


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/

t‘ frontiers ‘ Frontiers in Bioengineering and Biotechnology

’ @ Check for updates

OPEN ACCESS

EDITED AND REVIEWED BY
Candan Tamerler,
University of Kansas, United States

*CORRESPONDENCE

Donglin Xia,
xiadonglin@ntu.edu.cn

Yao Luo,
luoyao@scu.edu.cn

RECEIVED 02 April 2025
ACCEPTED 21 April 2025
PUBLISHED 25 April 2025

CITATION

Zhao Y, Xia D and Luo Y (2025) Editorial:
Environmentally-responsive biomaterials for
major diseases treatment.

Front. Bioeng. Biotechnol. 13:1604616.

doi: 10.3389/fbioe.2025.1604616

COPYRIGHT

© 2025 Zhao, Xia and Luo. This is an open-
access article distributed under the terms of the
Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in this
journal is cited, in accordance with accepted
academic practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

Frontiers in Bioengineering and Biotechnology

TypE Editorial
PUBLISHED 25 April 2025
pol 10.3389/fbioe.2025.1604616

Editorial:
Environmentally-responsive
biomaterials for major diseases
treatment

Yan Zhao?, Donglin Xia®* and Yao Luo®*

‘Institute of Biomedical Health Technology and Engineering, Shenzhen Bay Laboratory, Shenzhen,
China, 2School of Public Health of Nantong University, Nantong, China, *Department of Laboratory
Medicine, Sichuan Medical Laboratory Clinical Medicine Research Center, West China Hospital, Sichuan
University, Chengdu, China

KEYWORDS

biomedical materials, microenvironmental stimuli, disease treatment, injury repair,
nanomedicine, targeted release, release mechanism

Editorial on the Research Topic
Environmentally-responsive biomaterials for major diseases treatment

1 Introduction

Environmentally-responsive biomaterials are a novel class of materials that undergo
structural or functional changes by altering their internal atom arrangement in response to
environmental stimuli. These stimuli include endogenous disease microenvironments, such
as the acidic pH of tumor microenvironments or elevated enzymatic activity in inflamed
tissues, external physical triggers, such as temperature, light, ultrasound, or magnetic fields,
and the combinations of these stimuli (Mura et al., 2013; Chen et al., 2022; Zhu et al., 2023).
A variety of environmentally-responsive biomaterials have been developed to date,
including DNA nanostructures (Zhao et al,, 2023; Li et al, 2024; Zhao et al.,, 2024¢;
Zhao et al., 2021; Liu et al., 2023; Ji et al., 2022), hydrogels (Ma et al., 2023; Zhao et al., 2024b;
Guo et al., 2023), nanomicelles (Wang et al., 2024; Uthaman et al., 2024; Wang et al., 2023)
and biomembranes-based materials (Su et al., 2022). Those environmentally-responsive
biomaterials achieve the delivery and release of therapeutics with precise spatial and
temporal control, minimizing off-target effects and maximizing treatment efficacy
in vitro and in vivo (Xue et al., 2023; Cui et al., 2024; Wei et al., 2011; Xia et al., 2019).

For the treatment of clinical diseases, one of the primary advantages of
environmentally-responsive biomaterials is their ability to provide targeted and on-
demand  therapeutic  solutions. By leveraging the unique pathological
microenvironments of diseases or physical stimuli, these materials enhance the
selectivity and efficiency of treatments. Additionally, their adaptability reduces the need
for external intervention, improving patient compliance and reducing systemic toxicity.
Applications of environmentally-responsive biomaterials span across major disease
treatments (Zhao L. et al,, 2024; Guo et al.,, 2016; Duan et al., 2022; Xia et al., 2020),

including cancer, diabetes, cardiovascular disorders. For example, pH-sensitive hydrogels
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are used for localized drug delivery in cancer therapy (Lin et al.,
2025), while thrombin-responsive DNA nanomachines aid in
precise delivery and accurate dosing of tissue plasminogen
activator release for thrombolytic therapy (Yin et al, 2024).
Furthermore, advancements in this field are paving the way for
tissue engineering (Zhang et al., 2018), regenerative medicine, and
autoimmune diseases (Shodeinde et al., 2020), driving a paradigm
shift in modern healthcare (Zhang et al., 2015). In summary,
environmentally responsive biomaterials embody the intersection
of material science and medicine, offering innovative and
sustainable solutions to some of the most pressing challenges in
disease treatment.

This Research Topic collected excellent works on the
“Environmentally-responsive biomaterials for major diseases
treatment,” and a total of 9 articles from 38 authors were
accepted. The contributions have deepened the understanding of
this Research Topic from perspectives such as the development of
environmentally-responsive biomaterials and the strategies for
This
Research Topic can be broadly divided into the following
three subfields.

utilizing environmental signals in clinical treatment.

2 External physical triggers

External stimuli, such as temperature, light, ultrasound, and
magnetic fields, enable precise, controllable activation of
biomaterials, allowing for non-invasive and on-demand
therapeutic interventions. In our Research Topic, Zhang et al.
developed an optogenetic-based mitochondrial aggregation system
(Opto-MitoA) based on a CRY2clust/CIBN light-sensitive module.
Through rapidly controlling mitochondrial aggregation in cells
upon blue light illumination, this system could increase the
energy-generating function of mitochondria and alleviate
niclosamide-caused cell dysfunction. Chen et al. synthesized
Tanshinone  IIA

photothermal agent IR780 nanoparticles for managing chronic

albumin-loaded and  near-infrared
and infected wounds. The release of Tanshinone ITA was improved
under laser irradiation, thus realizing enhanced wound healing. He
et al. reviewed polydopamine-coated metal-organic frameworks
(MOFs@PDA) multifunctional nanomaterial, highlighting their
potential in cancer therapy. By leveraging strong photothermal
responsiveness of polydopamine, MOFs@PDA enable controlled
light,
side

drug release triggered by near-infrared enhancing

therapeutic  precision and minimizing effects in

cancer treatment.

3 Endogenous disease
microenvironments

Endogenous disease microenvironments, including acidic pH,
hypoxia, and enzymatic activity, provide intrinsic biological triggers
that enable biomaterials to achieve site-specific responses and

targeted drug release. Bin et al. designed GSH-responsive
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that (GLUT1)
inhibitor to block mononuclear phagocyte system (MPS) uptake,

nanomicelles release glucose transporter 1
significantly improving tumor treatment. Chu et al. emphasized the
critical role of rebuilding the myocardial microenvironment in
mesenchymal stem cells (MSCs)-based myocardial regeneration.
This review highlights the strategies for promoting angiogenesis
to improve MSCs survival and function in the treatment of ischemic
heart disease. Wu et al. developed a multiplexed microfluidic
immunoassay chip based on nanozyme technology for detecting
eight respiratory viruses, demonstrating its application in sensing
endogenous microenvironments through virus-specific antigen
detection. Zhang et al. reviewed reactive oxygen species (ROS)-
responsive biomaterials for Myocardial ischemia-reperfusion injury
(MIRI) They
systematically strategies and
therapeutic platforms of ROS-responsive biomaterials, paving the

ROS microenvironment.
fabrication

treatment as the
summarized the

way for their clinical translation. Han et al. utilized nanodiamonds
as carriers to deliver MicroRNA-7 into dopaminergic neurons for
the treatment of Parkinson’s disease. They used the nanodiamonds
& MicroRNA-7 complex (N-7) to inhibit the expression of
asynuclein, reduce oxidative stress and restore dopamine levels
effectively.

4 Multiple stimuli combinations

The combination of multiple stimuli integrates the advantages of
both external and endogenous triggers, enhancing the specificity,
efficiency, and adaptability of biomaterials in complex disease
treatments. Xie and Xie reviewed the controlled drug release
enabled by physical-, chemical-, biological- and multiple-stimuli-
responsive hydrogels and their applications in treating brain disease.
They propounded that a multidisciplinary approach that combines
expertise from various fields is critical, will greatly enhance scientific
research, and will ultimately lead to new treatment options
for patients.
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Engineering, Shenzhen Bay Laboratory, Shenzhen, China

Pandemics caused by respiratory viruses, such as the SARS-CoV-1/2, influenza
virus, and respiratory syncytial virus, have resulted in serious consequences to
humans and a large number of deaths. The detection of such respiratory viruses in
the early stages of infection can help control diseases by preventing the spread of
viruses. However, the diversity of respiratory virus species and subtypes, their
rapid antigenic mutations, and the limited viral release during the early stages of
infection pose challenges to their detection. This work reports a multiplexed
microfluidic immunoassay chip for simultaneous detection of eight respiratory
viruses with noticeable infection population, namely, influenza A virus, influenza B
virus, respiratory syncytial virus, SARS-CoV-2, human bocavirus, human
metapneumovirus, adenovirus, and human parainfluenza viruses. The
nanomaterial of the nanozyme (Au@Pt nanoparticles) was optimized to
improve labeling efficiency and enhance the detection sensitivity significantly.
Nanozyme-binding antibodies were used to detect viral proteins with a limit of
detection of 0.1 pg/mL with the naked eye and a microplate reader within 40 min.
Furthermore, specific antibodies were screened against the conserved proteins
of each virus in the immunoassay, and the clinical sample detection showed high
specificity without cross reactivity among the eight pathogens. In addition, the
microfluidic chip immunoassay showed high accuracy, as compared with the RT-
PCR assay for clinical sample detection, with 97.2%/94.3% positive/negative
coincidence rates. This proposed approach thus provides a convenient, rapid,
and sensitive method for simultaneous detection of eight respiratory viruses,
which is meaningful for the early diagnosis of viral infections. Significantly, it can
be widely used to detect pathogens and biomarkers by replacing only the
antigen-specific antibodies.
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Introduction

Acute respiratory tract diseases (ARDs) are often caused by viral
infections and are one of the primary causes of morbidity and
mortality related to communicable diseases worldwide (WHO,
2009; Diseases et al, 2020). One of the major features of an
ARD is collaborative infection by multiple viruses (Renois et al.,
20105 Pigny et al., 2021; Jiang et al., 2022), which poses challenges in
diagnosis and treatment. The main respiratory viruses in such cases
include the influenza virus, coronavirus, respiratory syncytial virus,
human bocavirus, human metapneumovirus, adenovirus, human
parainfluenza viruses, and rhinovirus, which impose a huge burden
on the health system (Dhanasekaran et al., 2022; Haney et al., 2022).
Therefore, it is of great significance to control the transmission of
respiratory viruses, especially during the early stages of infection.
Furthermore, diagnosis during the early stages of infection can help
determine the basis of clinical treatment while reducing the
development of severe cases. However, the diversity of
respiratory virus species and their subtypes could result in
insufficient diagnoses because of their common symptoms. At
present, the frequently used detection methods for respiratory
viruses include viral nucleic acid detection and viral antigen
detection (Ren et al, 2023). Standard quantitative RT-PCR and
multiplexed RT-PCR are widely used in diagnostic laboratories to
detect viral nucleic acids with high sensitivity (Lee and Suarez, 2004;
You et al,, 2017; Corman et al., 2020; Goto et al., 2023). Next-
generation sequencing (NGS) is a mean of the high-throughput
readout (Yelagandula et al., 2021; Gaston David et al., 2022; Ramos
et al, 2023), but these methods have limitations such as
cumbersome procedures and poor timeliness for detection.
Hence, there is urgent need for an ultrasensitive yet rapid
detection technology for simultaneous diagnosis of multiple
respiratory viruses.

Rapid and simple detection methods, such as the lateral flow
immunoassay (LFIA), played a vital role during the COVID-19
pandemic (Castrejon-Jiménez et al., 2022; Filchakova et al., 2022).
Noble metal catalytic nanoparticles (NPs) were widely used in the
LFIA as they could regulate the local surface plasmon resonance
effect though the morphology and deposition of platinum, which
presents as dark blue or black, to improve the colorimetric
NPs showed high catalytic
extraordinary stability in complex environments, and facile

sensitivity. These efficiency,

production to emerge as promising materials for signal
amplification in colorimetric immunoassays (Gao et al., 2017;
Loynachan et al., 2017; Wrasman et al., 2018; Lin et al, 2021;
Zhu et al, 2024). In this study, bioinformatics analysis and
nanomaterial optimization were combined to systematically
improve the sensitivity, specificity, and detection rate of viral
diagnosis. Furthermore, the labeling of nanozymes was optimized
to significantly enhance the sensitivity of detection of respiratory
virus antigens. By combining the aforementioned efforts with a
microfluidic chip design, rapid and sensitive detection of respiratory
virus was achieved along with visual detection of the antigen with a
limit of detection (LOD) of 0.1 pg/mL and high detection rate. This
study provides a convenient multiplexed microfluidic immunoassay
chip based on nanozymes for the detection of eight respiratory
viruses, thus laying a foundation for the early diagnosis of other

viruses and biomarkers.
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Materials and methods
Reagents

Disodium hydrogenphosphate (Na,HPO,, >99.0%), sodium

phosphate monobasic monohydrate (NaH,PO,H,O, 98%-
102.0%), sodium carbonate (Na,COs;, >99.0%), sodium
bicarbonate  (NaHCOj;,  99.7%-100.3%), 2-(N-morpholino)

ethanesulfonic acid (MES), and Tween-20 were purchased from
Sangon Biotech (Shanghai, China). Gold (III) chloride tetrahydrate
(HAuCL,-4H,0, Au>47.8%) was purchased from Beijing Huawei
Ruike Chemical (Beijing, China). Hydrogen hexachloroplatinate
(IV) hexahydrate (H,PtCLs6H,0O, 99%) was purchased from
Energy Chemical (Shanghai, China). Polyvinylpyrrolidone (PVP,
molecular weight: 10kDa) was purchased from Tokyo Chemical
sulfo-NHS-LC-biotin,  1-ethyl-3-[3-
dimethylaminopropyl] carbodiimide hydrochloride (EDC), and

Industry.  Streptavidin,
N-hydroxysulfosuccinimide (sulfo-NHS) were purchased from
Thermo Fisher Scientific (United States). Sodium citrate tribasic
dihydrate (99%), L-ascorbic acid (AA, 99%), bovine serum albumin
(BSA), and casein block buffer were purchased from Sigma-Aldrich.
Polydimethylsiloxane (PDMS; Sylgard 184) was purchased from
Dow Corning (United States); photoresist (SU-8 2050) was
(MA, United States);
carboxyl-functionalized magnetic beads (MBs) with an average

purchased from MicroChem Corp.

diameter of 10 um were purchased from Suzhou Nanomicro
Technology (China); one-step TMB substrate solution was
purchased from Beijing Makewonderbio (Beijing, China). The
respiratory virus proteins and antibodies (mAb IgG) were
obtained from the Institute of Biopharmaceutical and Health
Engineering, Tsinghua University. All aqueous solutions were
(DI) with a

prepared using deionized water

of 18.2 MQ-cm.

resistivity

Anti-respiratory virus monoclonal
antibodies

Monoclonal antibodies with high specificities against influenza
A virus, influenza B virus, respiratory syncytial virus (RSV), SARS-
CoV-2, human bocavirus (HBoV), human metapneumovirus
(HMPV), adenovirus (AdV), and human parainfluenza viruses
(HPIVs) were produced and identified, and their target proteins
are shown in Table 1. The antibodies against the nucleocapsid
proteins of the HPIVs cannot cross-react with other subtypes
from among HPIV-1, HPIV-2, and HPIV-3, so specific
antibodies were selected for each subtype and mixed to detect
these three subtypes.

Synthesis of Au@Pt nanozyme

Platinum-decorated Au@Pt nanozyme (Au@Pt NPs) was
synthesized as described in a previous study (Wu et al,, 2022). In
brief, 15-nm gold NPs were used as the seed and mixed with 190 mL
of purified water, followed by the addition of 4 mL of PVP (20% w/
v). This solution was mixed strongly for 2 min so that the polymer
could coat and stabilize the AuNP seeds; then, 8 mL of L-ascorbic
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TABLE 1 Monoclonal antibodies against respiratory viruses and their target proteins.

Monoclonal antibody Respiratory virus

Targeted antigen protein

Anti-IVA-1, 2 Influenza A virus (IAV) Nucleocapsid protein
Anti-IVB-1, 2 Influenza B virus (IBV) Nucleocapsid protein
Anti-RSV-1, 2 Respiratory syncytial virus (RSV) Nucleocapsid protein

Anti-SARS2-1, 2 SARS-CoV-2

Anti-HBoV-1, 2 Human bocavirus (HBoV)
Anti-HMPV-1, 2

Anti-AdV-1, 2 Adenovirus (AdV)

Human metapneumovirus (HMPV)

Nucleocapsid protein
Major capsid protein VP1
Nucleocapsid protein

Hexon protein

Anti-HPIVI1-1, 2
Anti-HPIV2-1, 2

Anti-HPIV3-1, 2

acid (10% w/v) was added to the solution and mixed for 1 min. Next,
approximately 1600 uL of chloroplatinic acid hydrate (0.5 M) was
added to the mixture and mixed for 1 min; this solution was
immediately heated to 65°C in an oil bath without stirring for
30 min until its color turned brown/black. The synthesized Au@
Pt NPs were cooled to room temperature, purified by centrifugation
(15 min, 14,000g), and resuspended in distilled water three times.
Finally, Au@Pt NPs of size 75 nm were synthesized.

Preparation of nanozyme—-antibody
conjugates

In this study, antibodies were allowed to form coordination
bonds with sulfur groups that were attached to the surfaces of the
Au@Pt NPs. Briefly, 10 mg of DTT was dissolved per milliliter of
water, and this solution was added to each labeling antibody at a
concentration of 25 uL/mg. The mixtures were then incubated at 4°C
for 30 min, following which the excess DTT was removed by
ultrafiltration centrifugation using 20 mM sodium phosphate
buffer. The modified L-mAbs should be used immediately in
conjugation reactions. Next, 100 uL of 75nm Au@Pt NPs
(2.5n1M) was mixed with 400 uL of 20 mM sodium phosphate
buffer, followed by addition of 54 pug of modified L-mAbs; this
mixture was incubated for 2h using gentle rotations at room
temperature. The modified particles were subsequently blocked
using 200 uL of the blocking solution (phosphate buffer
containing 1 wt% casein block and 1 wt% glutathione) for 30 min
with gentle rotations at room temperature. The excess reagents were
removed through three washing steps by centrifugation (15 min,
14,000¢) using 20 mM sodium phosphate buffer. Finally, the Au@Pt
NPs-mAbs were resuspended in a storage buffer at a concentration
of 500 p.m.

Antibody functionalization of MBs
Antibody-functionalized MBs were prepared in accordance

with the streptavidin-biotin system, and streptavidin-conjugated
MBs were prepared according to the EDC/NHS method. Briefly,
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Human parainfluenza virus 1 (HPIV1)
Human parainfluenza virus 2 (HPIV2)

Human parainfluenza virus 3 (HPIV3)

Nucleocapsid protein
Nucleocapsid protein

Nucleocapsid protein

100 mg of carboxyl-functionalized MBs were separated using a
magnet for 1 min and washed with MES buffer three times before
being activated by 2 mM sulfo-NHS and 5 mM EDC for 30 min at
37°C with gentle rotations. The activated MBs were separated using
a magnet, washed with MES buffer three times, and redispersed in
50 mM borate buffer to react with 1.5 mg streptavidin for 3 h at
37°C with gentle rotations. The residual active coupling sites or
non-specific binding sites were blocked with a blocking solution
for 30 min at 37°C, and the streptavidin-coated MBs were finally
washed four times with 20 mM sodium phosphate buffer.
Biotinylation of each coated antibody (C-mAb) was performed.
Briefly, C-mAbs underwent dialysis against phosphate-buffered
saline (PBS) and was diluted to a concentration of 2 mg/mL. Then,
sulfo-NHS-LC-biotin was dissolved in DMSO at a concentration of
10 mM, and approximately 13.5 pL of the sulfo-NHS-LC-biotin
solution was added to 1 mg of the C-mAbs solution and reacted for
24 h at 4°C. The unreacted biotinylation reagent and byproducts
were removed by dialysis against PBS for 24 h at 4°C to purify the
biotinylated antibodies. Then, the streptavidin-coated MBs and
0.3 mg of the biotinylated antibodies in PBS were incubated for 1 h
at room temperature with gentle rotations. The antibody-coated
MBs were separated using a magnet and washed four times using
20 mM sodium phosphate buffer. Finally, the MBs-streptavidin-
mAbs were resuspended in phosphate buffer with 1 wt% BSA.

Preparation of multiplexed microfluidic
immunoassay chips

The microfluidic chips were designed using AutoCAD 2019 and
fabricated as described in a previous study (Wu et al.,, 2022). The
structure of the multiplexed microfluidic immunoassay chip is
shown in Figure 1A and consists of one sample Luer inlet port at
the middle (white loop) surrounded by eight reaction Luer ports
(yellow loop) and eight Luer outlet ports (red loop). There is a wash
chamber (green loop) in each path between the reaction Luer port
and outlet port. The inlet and outlet ports are connected to the
chamber by channels of 1000 um width, and a height of 100 um was
considered for the chamber. The structural overview of the
microfluidic chip is given in Figure 1B.
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FIGURE 1

Schematic illustrations of the multiplexed microfluidic immunoassay chip: (A) AutoCAD layout of the microchannel structure; (B) top structural view

of the microfluidic chip.
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MBs-streptavidin  Biotinylated mAbs MBs-streptavidin-mAbs Targeted antigen protein  Au@Pt NPs-mAbs

FIGURE 2

TMB/H:20: . .
Colorimetric . ‘

detection
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Schematic representation of the colorimetric formation of the sandwich immunoassay.

Analytical procedure

For the immunoassay preparation, each respiratory-virus-
related nanozyme-antibody conjugate (Au@Pt NPs-mAbs) and
antibody-functionalized-MBs ~ (MBs-streptavidin-mAbs)  were
added to the corresponding reaction Luer ports of the
microfluidic chip and freeze-dried overnight in vacuum. Upon
removal from the freeze-dryer, the chips were stored in a sealed
plastic bag filled with silica bead desiccant at room temperature. The
two selected antibodies used in the formulation of the
nanozyme-antibody conjugate (Au@Pt NPs-mAb) and antibody-
functionalized-MBs (MBs-streptavidin-mAb) were designed to
specifically recognize the same antigen protein of each virus.
Figure 2 shows the formation of the sandwich immunoassay and
its colorimetric formation.

The test procedure begins with placing the chip on the magnet,
followed by addition of 400 pL of the standard protein solution or
sample lysate into the sample Luer inlet port; then, the T-type

Frontiers in Bioengineering and Biotechnology

silicone rubber plug is placed over the inlet and pressed till it touches
the bottom. The samples are equally distributed to the eight reaction
Luer ports, where the freeze-dried Au@Pt NPs-mAbs and MBs-
streptavidin-mAbs recognize and bind with the antigen proteins in
the samples to form a sandwich structure. After incubation for
30 min, T-type silicone rubber plugs are placed over each of the
reaction Luer ports and pressed to sufficiently push the reaction
mixture toward the wash chamber, where the MBs-complex is
isolated from the reaction mixture by the magnet. Next,
absorbent paper is placed in the eight Luer outlet ports, and
approximately 600 uL of the wash buffer is injected from the
sample Luer inlet port using a syringe to wash the MBs-complex,
followed by removing the magnet and absorbent paper. Finally,
400 pL of the one-step TMB substrate solution is injected from the
sample Luer inlet port using a syringe, and the results are detected
after incubation for 1-10 min. Usually, the analytical procedure is
completed within 40 min. The TMB substrate solution flushes the
MBs-complex in the wash chamber into the Luer outlet port to react
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FIGURE 3

Antibody—antigen binding and titer identification of mAbs against eight types of respiratory viruses. Two specific antibodies were selected and
detected by indirect ELISA for each virus: (A) influenza A virus, (B) influenza B virus, (C) respiratory syncytial virus, (D) SARS-CoV-2, (E) human bocavirus, (F)
human metapneumovirus, (G) human parainfluenza virus 1, (H) human parainfluenza virus 2, (1) human parainfluenza virus 3, and (J) adenovirus. n =
3 biological replicates. The data are mean + SEM.
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Properties of Au@Pt NPs. Images of Au@Pt NP reaction components (A) before and (B) after heat treatment. (C) TEM images of Au@Pt NPs. Scale bar,
100 nm. (D) Nanoparticle size detection by dynamic light scattering (DLS) experiments.

with the captured Au@Pt NPs and develop color. These developed
colors can be conveniently examined and judged visually, or the
mixture can be transferred to a microwell plate for absorbance
detection at 630 nm using a microplate reader.

Results

Properties of antigen-specific monoclonal
antibodies

The monoclonal antibodies used in this study were screened,
expressed, and purified in the lab. Two antigen-specific antibodies
with high affinity were selected for each virus. The binding capacities
of these antibodies with their antigens were detected by indirect
ELISA, and the results are shown in Figure 3. These antibodies were
purified in a high titer and can recognize their antigens even at low
concentrations, showing their sensitivity and potential for viral
antigen detection.

Properties of Au@Pt NPs

The Au@Pt NPs were prepared with controlled sizes. The color
of the platinum-decorated Au NPs changed from red (Figure 4A) to
dark brown (Figure 4B) after heat treatment. Then, these Au@Pt
NPs were investigated using transmission electron microscopy
(TEM) for their structure and size (Figure 4C). The average size
of Au@Pt NPs was further detected by dynamic light scattering
(DLS) and was found to be approximately 98.27 nm (Figure 4D).

Properties of multiplexed microfluidic
immunoassay chips

This multiplexed microfluidic immunoassay chip was designed
for the simultaneous detection of eight respiratory viruses, namely,
influenza A virus, influenza B virus, RSV, SARS-CoV-2, HBoV,
HMPV, AdV, and HPIVs. The sensitivity of this chip was
determined by testing recombinant protein standard samples at
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concentrations of 0.01-1000 pg/mL. The results of these standard
samples could be inferred visually and also measured using a
microplate reader at an absorbance of 630 nm. With the help of
the nanozyme, the differential color intensity between the limit
concentration and negative control was easily distinguishable via
healthy color vision. As shown in Figure 5, the color intensity of the
0.1 pg/mL protein could be distinguished from the negative control
visually. For detection with the microplate reader, the test limit
concentration of each protein was as low as 0.1 pg/mL (Figure 6).
These data indicate that the multiplexed microfluidic immunoassay
chip can conveniently detect the eight viruses with high sensitivity.

Specificity of multiplexed microfluidic
immunoassay chip

The specificity and cross reactivity of the multiplexed
microfluidic immunoassay chip was analyzed by detecting the
conserved nucleocapsid proteins of the influenza A virus
(subtype HINI1), influenza B virus (subtype Yamagata strain),
RSV (Long strain), SARS-CoV-2 (B.1.1.529 BA.l and omicron
strains), HMPV, HPIVs (subtypes 1, 2, 3, and 4), VP1 protein of
HBoV, and HP protein of AdV. These proteins of each virus were
mixed for detection; as shown in Figure 7, the multiplexed
could detect
specifically without cross reactivity with the other seven viruses.

microfluidic immunoassay  chip each virus
Furthermore, all eight respiratory pathogens were detected
successfully, demonstrating that the multiplexed microfluidic
immunoassay chip could detect these viruses with high sensitivity

and specificity.

Sample test

The studies involving human samples were reviewed and
approved by the Bioethics Committee (BEC) of Tsinghua
Shenzhen International Graduate School. In this study, human

throat swab samples (n = 315) were collected from Shenzhen
Children’s Hospital and were diagnosed by real-time RT-PCR/
PCR, whose results are shown in Table 2. These samples were
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FIGURE 5

Images of multiplexed microfluidic immunoassay chip detection of different protein concentrations at (A) O, (B) 0.1, and (C) 100 pg/mL. The positive

results are shown in blue at the Luer outlet ports.
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FIGURE 6

Analytical performance of the multiplexed microfluidic
immunoassay chip for detecting the proteins of eight viruses, with
absorbance intensities obtained at different protein concentrations
ranging from 0.01 to 1000 pg/mL. n = 3 biological replicates. The
data are mean + SEM.

inactivated before testing with the multiplexed microfluidic
immunoassay chip. Before detection, approximately 300 uL of the
human throat swab sample and 300 uL of the lysis buffer (PBS
containing 0.5% NP40, 0.2% Tween 20%, and 0.2% LNAC, pH 7.4)
were mixed and incubated for 1 min, and the lysate was directly
tested using the microfluidic chip immunoassay. As shown in
Table 2, the multiplexed microfluidic immunoassay chip could
efficiently recognize all eight respiratory viruses in the throat
swab samples. Compared with the results of the real-time RT-
PCR assay, the microfluidic chip immunoassay had accuracies of
100%, 96.5%, 100%, 100%, 96%, 96%, 96.5%, and 92% for the
detection of influenza A virus, influenza B virus, RSV, SARS-
CoV-2, HBoV, HMPV, AdV, and HPIVs, respectively. The
positive coincidence rate between the multi respiratory virus
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microfluidic immunoassay and real-time RT-PCR results was
97.2%, 94.3%, total
coincidence rate was 98.1%.

negative coincidence rate was and

Discussion and conclusion

Given the diversity of viruses involved in acute respiratory tract
infections and similarities between the clinical symptoms caused
by different pathogens, it is difficult and insufficient to make
judgments based on clinical manifestations and chest imaging
(Lim et al., 2006). However, there are significant differences in
the pathological course and treatment for different respiratory
viruses. Therefore, it is of great significance to rapidly and
accurately diagnose and identify pathogens to help determine
their clinical treatments. Thus, numerous studies have been
performed to develop multiplexed detection methods for
diagnosing pathogens, especially in multiplexed infections cases
(Chung et al., 2021; Banerjee et al., 2022). However, it is difficult
for these assays based on nuclei acids to detect RNA or DNA
viruses simultaneously, such as the DNA viruses like AdV and
HBoV along with RNA viruses like the influenza viruses
and HPIVs.

In the present study, nanozyme was combined with
microfluidic technology to establish a simple and visual rapid
detection technology for multiple respiratory viruses. The
platinum-decorated Au nanozyme (Au@Pt NPs) that was
previously designed and successfully used for SARS-CoV-
2 detection was applied to improve the sensitivity of the
multiplexed microfluidic immunoassay chip (Wu et al.,, 2022).
The LOD could be decreased significantly to 0.1 pg/mL to enable
visual detection, which was convenient for the early diagnosis of
infections. This is important because infection by respiratory
viruses show very low titer values at the early stages in some
varieties, which may result in imprecise diagnoses. Significantly,
the chip
simultaneously determine eight pathogens through eight non-

multiplexed microfluidic immunoassay could

interfering microfluidic paths, rendering the diagnosis more
accurate. The antibodies used in this study were against
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FIGURE 7

Cross reactions between the eight respiratory pathogens. Approximately 40 pg of protein from each virus in 400 pL of solution (100 pg/mL) was
injected into the sample Luer inlet port at the middle, and the results were observed at the Luer outlet ports. The 1-8 Luer outlet ports of each chip show
the detection results of influenza A virus (Luer 1), influenza B virus (Luer 2), respiratory syncytial virus (Luer 3), SARS-CoV-2 (Luer 4), human bocavirus (Luer
5), human metapneumovirus (Luer 6), human adenovirus (Luer 7), and human parainfluenza viruses (Luer 8). The positive results are shown in blue.

SARS-CoV-2

TABLE 2 Sample testing results from the multiplexed microfluidic immunoassay chip and real-time RT-PCR/PCR.

Respiratory virus

Number of samples

Microfluidic chip immunoassay (P/N)

Real-time RT-PCR/PCR (P/N)

Influenza A 30 30/0 30/0
Influenza B 30 29/1 30/0
RSV 30 30/0 30/0
SARS-CoV-2 20 20/0 20/0
HBoV 25 24/1 25/0
HMPV 25 24/1 25/0
AdV 30 29/1 30/0
HPIV 25 23/2 25/0
Negative sample 100 0/100 0/100

conserved proteins of the viruses to ensure detection of all subtypes
of each virus and their mutants, such as the influenza viruses A and
B, achieving sufficient diagnoses for multiple viruses. This
detection was achieved within 40 min, which greatly improved
the effectiveness and provided a new scheme for rapid and
sensitive detection of respiratory viruses.

In summary, a multiplexed microfluidic rapid detection method
based on nanozymes is proposed for diagnosing multiple respiratory
viruses, and this method can be widely used to detect pathogens and
biomarkers by replicating antigen-specific antibodies, which provide
technical support for the development of point-of-care testing.
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Treating brain diseases presents significant challenges due to neuronal
degeneration, inflammation, and the intricate nature of the brain. Stimuli-
responsive hydrogels, designed to closely resemble the brain's extracellular
matrix, have emerged as promising candidates for controlled drug delivery
and tissue engineering. These hydrogels have the unique ability to
encapsulate therapeutic agents and release them in a controlled manner
when triggered by environmental stimuli. This property makes them
particularly suitable for delivering drugs precisely to targeted areas of the
brain, while minimizing collateral damage to healthy tissue. Their preclinical
success in treating various brain diseases in animal studies underscores their
translational potential for human brain disease treatment. However, a deeper
understanding of their long-term behavior, biodistribution, and biocompatibility
within the brain remains crucial. Furthermore, exploring novel hydrogel systems
and therapeutic combinations is paramount for advancing towards more
effective treatments. This review summarizes the latest advancements in this
field over the past 5 years, specifically highlighting preclinical progress with novel
stimuli-responsive hydrogels for treating brain diseases.

KEYWORDS

stimuli-responsive, hydrogels, brain disease, drug delivery, tissue engineering

1 Introduction

Brain diseases are one of the primary neurological disorders with high incidence,
including traumatic brain injury (TBI), Alzheimer’s disease, Parkinson’s disease, dementia,
epilepsy, schizophrenia, stroke, depression, and glioblastoma (GBM) (Feigin et al., 2020).
While their etiologies vary, they primarily involve progressive neuronal degeneration and
inflammation. In most cases, the treatments to brain disease are limited to symptom
reduction and palliative care. Curative therapies that can reverse the illness are lacking.
Main challenges for brain disease treatment lie in the lack of structural support allowing
repopulation of brain tissue from cell loss and the barriers for efficient drug delivery and
release caused by blood-brain barriers (BBB) or other biological environment in brain
tissues (Terstappen et al., 2021).

Stimuli-responsive hydrogels, characterized by their three-dimensional cross-linked
polymer structure, possess unique properties that render them suitable for addressing
various challenges in brain disease treatment. These hydrogels dynamically adapt their
characteristics, including mechanical properties, swelling capacity, hydrophilicity, and
permeability to bioactive molecules, in response to environmental stimuli such as
temperature, pH, and biological agents (Mantha et al, 2019). Their water-absorbing
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and swelling characteristics mimic the natural extracellular matrix
(ECM), fostering an optimal environment for cellular growth and
tissue engineering (Ma and Huang, 2020). Furthermore, they excel
in encapsulating a range of therapeutic agents, including
neuroprotective agents, chemotherapeutic drugs and even cells,
and releasing them in a controlled manner, positioning them as
exceptional candidates for drug delivery systems (Ghosh et al,
2024).
encouraging potential in treating brain diseases over the past few
decades (Peressotti et al., 2021; Grimaudo et al., 2022). However,
further of
developing safer, more effective hydrogel systems are crucial for

Stimuli-responsive have  demonstrated

hydrogels

understanding cell-biomaterial ~interaction and
their translation into human therapy.

This review covers the last 5 years of fundamental research on
stimuli-responsive hydrogels, discussing their characteristics,
design, and preclinical applications in drug delivery and tissue
engineering for brain disease treatment. It also highlights

challenges and opportunities for future research in this field.

2 Characteristics of stimuli-

responsive hydrogels

2.1 General characteristics of hydrogels
Based on polymer source, hydrogels are classified as natural,

Natural
biocompatibility and biodegradability but limited stability and

synthetic, or  semi-synthetic. hydrogels  have
mechanical strength (Alawami and Tannous, 2021; Janas-Naze
and Zhang, 2022). Synthetic hydrogels provide mechanical
strength but lack biological activity (Zhang and Huang, 2020).
Semi-synthetic hydrogels combine the best of both, improving
bioactivity and tunable properties (Dienes et al., 2021).

Hydrogel fabrication involves polymerization and crosslinking
to create networks with varying mechanical and swelling properties
(Grimaudo et al., 2022; Mashabela et al., 2022). Hydrogels can be
administered intravenously, intracerebrally, intratumorally, or
intranasally to treat brain diseases (Mashabela et al, 2022).
Intravenous injection faces BBB penetration challenges, while
intracerebral/intratumoral delivery demands hydrogels with high
biocompatibility and safety. Intranasal administration offers direct
access to the brain, bypassing the BBB, but is limited by nasal cavity
size, mucociliary clearance, enzymatic degradation, and potential

drug-induced irritation/neurotoxicity (Cassano et al., 2021).

2.2 Classification of stimuli-responsive
of hydrogels

Stimuli-responsive hydrogels are categorized as physical,
chemical, or biological-responsive, depending on their triggering
factors. Here we summarize the characteristics of various stimuli-
responsive hydrogels suitable for brain disease treatment.

2.2.1 Physical-responsive hydrogels
Physical-responsive hydrogels can be classified into thermo-,

photo-, electro-, magnetic-, ultrasound-responsive types, each

sensitive to temperature, light, electrical stimulation, magnetism
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and ultrasound respectively. Among these, thermo-, photo-, and
electro-responsive hydrogels are the most widely used due to their
practicality and effectiveness.

shrink
temperature changes, featuring hydrophobic (such as methyl,

Thermo-responsive  hydrogels or expand with
ethyl, and propyl) and hydrophilic groups (like amide and
carboxyl) (Tang et al., 2021). Poloxamers (e.g., P407 and P188),
also called Pluronics’, are commonly used for intranasal drug
delivery due to their mucoadhesive and sol-gel transition
properties (Ahmed et al, 2019; Abdeltawab et al., 2020).
Hydrogels made from these poloxamers effectively deliver drugs
like tetrandrine and rotigotine to the brain, but they lack mechanical
strength and viscosity in physiological conditions (Wang et al., 20205
Zhang et al.,, 2020). To overcome this, they are often combined with
other polymers like Carbopol, chitosan, and cellulose derivatives
(Luo etal.,, 2023). Other agents, such as gellan and xanthan gums, are
also used for brain drug delivery but may be costly (Rajput
et al.,, 2018).

Photo-responsive hydrogels have photoreceptive moieties that
can capture and convert light signal to chemical signals via
photoreactions like isomerization, cleavage, and dimerization,
thereby changing hydrogel’s physical and chemical properties (Li
etal., 2019). However, the primary use of ultraviolet-reactive groups
in these systems restricts their biomedical applications.

Electro-responsive hydrogels, containing conducting materials,
reversibly absorb and expel water upon electrical stimulation. Their
flexibility, biocompatibility,
properties make them suitable for brain implantation, enhancing

hydration, and electrochemical
neural signal transmission and ion transport (Khan et al., 2022).
Integrating electroconductive materials into hydrogels reduces
inflammation and material loss risks after brain implantation
(Guo and Ma, 2018).

Magnetic-responsive  hydrogels use magnetic particles,
including y-Fe,0;, Fe;0, and CoFe,O,, to deliver drugs to
specific sites in response to magnetic field (Zhang et al., 2023a).
Currently, these hydrogels are limited to in vitro use due to toxicity
and reproducibility concerns.

Ultrasound-responsive hydrogels, with imaging-compatible
polymers or contrast agents, enhance ultrasound diagnostic
accuracy. These hydrogels respond to ultrasound through three
mechanisms: crosslinking disruption, hyperthermia, and acoustic
streaming (Zhou et al., 2022). However, their use is currently limited
to in vitro neural tissue engineering for structural guidance (Cheng
et al., 2020).

Ton strength-responsive hydrogels alter in response to solution
ion changes, resulting in protonation or deprotonation. Controlling
ionic strength can regulate hydrogel reversibility for drug release.
Deacylated gellan gum has been effectively utilized in the

preparation process of this hydrogel (Chen et al., 2020).

2.2.2 Chemical-responsive hydrogels

Chemical-responsive hydrogels are classified into pH-, ROS-,
hypoxia-responsive types, each sensitive to pH, reactive oxygen
species (ROS), and hypoxia respectively.

pH-responsive hydrogels are composed of polymers with
hydrophobic moieties that can swell in water depending on
pH (Tulain et al., 2018). Recently, hydrogels based on Schiff base
chemistry have received attention due to their quick formation via
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TABLE 1 Summary of preclinical in vivo study evaluating the therapeutic efficacy of stimuli-responsive hydrogels in brain disease treatment.

Class of

hydrogels

Main composition/
biomaterial

Crosslinker

Stimuli/
encapsulates

Disease

In vivo
models

Route of
administration

Outcome

References

Thermo- Poloxamer P407/P188, PEG 8000 — Temperature/genipin, HP- Depression Male ICR mice, = Intranasally Elevated levels of 5-HT and Qi et al. (2021)
responsive B-CD male SD rats norepinephrine within the

hippocampus and striatum;

enhanced antidepressant-like

effects
Thermo- Alginate, poloxamer P407/P188 Sodium chloride Temperature/Icariin Depression Male ICR mice, = Intranasally Fast-acting antidepressant Xu et al. (2020)
responsive male SD rats effect; effective repair of

neuronal damage in the

hippocampus
Thermo- Carboxymethyl chitosan — Temperature/PAOPA-loaded = Schizophrenia Male SD rats Intranasally Alleviation of negative Majcher et al. (2021)
responsive oxidized starch NPs symptoms like behavioral

abnormalities associated with

schizophrenia
Thermo- Poloxamers P407/P188 — Temperature/Tetrandrine Microwave- Male Wistar Intranasally Improved spatial memory and = Zhang et al. (2020)
responsive and HP-B-CD induced brain rats spontaneous exploratory

injury behavior

Thermo- Pluronic F127, PLGA-PEG-PLGA | — Temperature/Salinomycin Glioblastoma Female BALB/c = Intratumorally Superior drug release profile; | Norouzi et al. (2021)
responsive nude mice reduced tumor growth
Thermo- CS-HEC-HA, GP — Temperature/hUC-MSCs Traumatic brain Male SD rats Intracerebrally Enhanced survival and Yao et al. (2019)
responsive injury retention of MSCs; increased

neuron survival; improved

learning and memory abilities
Thermo- Chitosan, poloxamer P408 — Temperature/Curcumin- Alzheimer’s Female Swiss Intranasally High permeation across nasal | Ribeiro et al. (2022)
responsive loaded mesoporous silica NPs | disease albino mice mucosa; reverting the

cognitive deficit
Thermo- Pluronic F127, SCMC — Temperature/ Epilepsy Male SD rats Intranasally Increased anti-inflammation; | Abou-Taleb and
responsive Oxcarbazepine-loaded decreased seizure score and El-Ganainy, (2023)

chitosan NPs prolonged survival

Enzyme- Para-sulfobenzoic acid — MMP-9/peptide SENV Traumatic brain Female C57BL/ = Intracerebrally Providing ECM like Adak et al. (2020)
responsive injury 6] mice environment with sulfate

functionalities; supporting the

survival of neurons
Enzyme- Hyaluronic acid, chitosan, heparin | Adipic acid dihydrazide | MMP/SDF-1a- and bFGF- Ischemic stroke Male SD rats Intracerebrally Enhanced neurogenesis and Jian et al. (2018)
responsive sulfate loaded polyelectrolyte angiogenesis; facilitated

complex NPs

recovery of neurological
behavior
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TABLE 1 (Continued) Summary of preclinical in vivo study evaluating the therapeutic efficacy of stimuli-responsive hydrogels in brain disease treatment.

Class of

hydrogels

Enzyme-
responsive

Main composition/
biomaterial

Triglycerol monostearate

Crosslinker

Stimuli/
encapsulates

MMP/TMZ, O6-benzylamine

Disease

Glioma

In vivo
models

Male BALB/c
nude mice

Route of
administration

Intratumorally

Outcome

Enhanced effectiveness of
TMZ in suppressing glioma
growth; decreased recurrence
rate of TMZ-resistant glioma
following surgical intervention

References

Zhao et al. (2020)

Enzyme-
responsive

Enzyme-

responsive

Photo-
responsive

PEG-b-PTyr-b-PAsp

PEG-bis-AA

GelMA-imid

UV light

Blue light

Proteinase K/volasertib,
ANG-CPP

Hyaluronidase and esterase/

HA-DXM

Blue light/PDA@SDEF-1a
NPs, hASMCs

Glioblastoma

Traumatic brain
injury

Traumatic brain
injury

Female BALB/c
nude mice

Male SD rats

Male SD rats

Intravenously

Intracerebrally

Intracerebrally

Reduced toxicity; prolonged
circulation time; better anti-
tumor activity

Sustained release of
dexamethasone; higher
neuronal cell survival;
improved motor functional
recovery

Promoting the migration of
hAMSCs to injury site;
promoting the differentiation
of hAMSCs into nerve cells

Fan et al. (2021)

Jeong et al. (2021)

Zheng et al. (2021)

Electro-
responsive

Chitosan, aniline pentamer,
carboxylated Pluronic F127

Pluronic

Electricity/ VEGF

Hippocampus
ischemia

Adult male
Wistar rats

Intracerebrally

Decreased infarction volume;
improved hippocampal
dependent learning and
memory performance

Nourbakhsh et al.
(2020)

ROS-responsive

Hypoxia-
responsive

HA-PBA; PVA

Poly(phosphorylcholine)

Azobenzene

ROS/Desferoxamine
mesylate

Hypoxia/doxorubicin
hydrochloride

Traumatic brain
injury

Glioblastoma

Male SD rats

Nude female
BALB/c mice

Intracerebrally

Intravenously

Reducing iron overload;
diminishing ROS level;
promoting neuronal recovery
after trauma

Prolonged blood circulation
and favorable immune
compatibility; effective
penetration through the BBB;
favorable tumor inhibition
effect

Qiu et al. (2024)

Peng et al. (2021)

Dual-responsive

Dual-responsive

GelMA, PPS60

HA-PBA, PVA

Blue Light

ROS, MMP/procyanidins

Glucose, ROS/NSC-EVs

Traumatic brain
injury

Stroke

Male ICR mice

Type 2 diabetes
mellitus mice

Intracerebrally

Intracerebrally

Inhibiting the oxidative stress
response by depleting ROS

Excellent angiogenic effect;
improved neurobehavioral
recovery

Huang et al. (2022)

Jiang et al. (2022)

Dual-responsive

Deacetylated gellan gum, poloxamer

P407, sodium alginate

Temperature, ion/
timosaponin BII, HP-B-CD,
chlorobutanol

Alzheimer’s
disease

C57BL/6] mice

Intranasally

Decreased levels of
proinflammatory mediators;
enhanced memory and
language functions; reduced
cognitive decline

Chen et al. (2020)
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TABLE 1 (Continued) Summary of preclinical in vivo study evaluating the therapeutic efficacy of stimuli-responsive hydrogels in brain disease treatment.

Class of Main composition/ Crosslinker Stimuli/ Disease Route of Outcome References
hydrogels  biomaterial encapsulates administration
Triple- Poloxamer P188/P407 — Temperature, pH, ROS/Olz/ = Depression Male Wistar Intranasally Efficient delivery of NPs to the | Liu et al. (2023)
responsive RDPA NPs rats brain; combined ROS
depletion and inhibition of 5-
HT dysfunction; alleviation of
depression-like behaviors
Dual-responsive  Poly (propylene sulfide)120 Triglycerol ROS, MMP/curcumin Traumatic brain Male ICR mice Intracerebrally ROS depletion; reduced Qian et al. (2021)
monostearate injury inflammation and brain
edema; improved neural
regeneration and behavior
recovery
Dual-responsive ~ Gelatin, carboxylic acid-terminated = — Temperature, pH/paclitaxel Glioblastoma BALB/c mice Intratumorally Sustained release of paclitaxel; =~ Kang et al. (2021)
oligosulfamethazine inhibition of tumor growth
Dual-responsive ~ Chitosan-g- Aldehyde-terminated Temperature, pH/ Glioblastoma Female BALB/c = Intratumorally 60% tumor size reduction Lu et al. (2020)
poly(N-isopropylacrylamide) difunctional SLP2 shRNA, (GO-CET)/ nude mice
polyurethane CPT11

5-HT: 5-hydroxytryptamine; ANG-CPP: angiopep-2-docked chimeric polypeptide polymersome; BBB: blood-brain barrier; bFGF: basic fibroblast growth factor; CS-HEC-HA: chitosan, hydroxyethyl cellulose and hyaluronic acid; ECM: extracellular matrix; GelMA:
gelatin methacrylate; GelMA-imid: imidazole groups-modified gelatin methacrylate; (GO-CET)/CPT11: cetuximab-conjugated graphene oxide; GP: B-glycerophosphate; HA-PBA: phenylboronic acid grafted hyaluronic acid; hAMSCs: human amniotic mesenchymal
stromal cells; HP-B-CD: hydroxypropyl-B-cyclodextrin; HA-DXM: dexamethasone-conjugated hyaluronic acid; hUC-MSCs: human umbilical cord mesenchymal stem cells; MMP: matrix metalloproteinase; NPs: nanoparticles; NSC-EVs: neural stem cell-derived
extracellular vesicles; Olz/RDPA: olanzapine/hexa-arginine-conjugated dextran coupled phenylboronic acid pinacol ester; PDA: polydopamine; PEG: polyethylene glycol; PEG-b-PTyr-b-PAsp: poly(ethylene glycol)-b-poly(L-tyrosine)-b-poly(Laspartic acid); PEG-bis-
AA: poly (ethylene) glycol-bis-(acryloyloxy acetate); PLGA-PEG-PLGA: poly (dl-lactide-co-glycolide-b-ethylene glycol-b-dl-lactide-co-glycolide); PPS60: poly(propylene sulfide)60; PVA: polyvinyl alcohol; SCMC: sodium carboxymethyl cellulose; ROS: reactive
oxygen species; SD: Sprague-Dawley; SDF-1a: stromal-cell-derived factor-1a; shRNA: short hairpin RNA; SLP2: stomatin-like protein 2; TMZ: temozolomide; UV: ultraviolet; VEGF: vascular endothelial growth factor.
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aldehyde-amine bonds and reversible pH-responsive properties
(Zhang et al., 2023b).

ROS-responsive hydrogels interact with ROS using oxygen-
sensitive groups, which alter the hydrogel network (Gao and
Xiong, 2021). Boronic acid crosslinking is used to create various
ROS-responsive hydrogels from polymers like sodium alginate,
hyaluronic acid, cellulose, chitosan, gelatin, etc.

Hypoxia-responsive hydrogels can be synthesized through
incorporation of hypoxia-sensitive moieties. These moieties,
including 2-nitro imidazole, azobenzene derivatives, and nitro
benzyl derivatives, enable the hydrogels to specifically release
drugs within hypoxic environment (Peng et al., 2021).

2.2.3 Biological-responsive hydrogels
Biological-responsive hydrogels are classified into enzyme- and
glucose-responsive types, each sensitive to enzymes or glucose.
Enzyme-responsive hydrogels incorporate biomolecules that
be
metalloproteinases (MMPs), proteinase K, hyaluronidase and

can cleaved by specific enzymes such as matrix
esterase, resulting in altered swelling properties of the gel
(Sobczak, 2022). Hyaluronic acid hydrogels can be degraded by
hyaluronidase and esterase, while in some cases, by adding MMP-
cleavable (PLGL, GCDSGGRMSMPVSDGG) or inactive peptides
(GCRDFGAIGQDGDRGG), hydrogels can be made responsive to
MMPs (Jian et al.,, 2018; Adak et al., 2020).

Glucose-responsive hydrogels change their sol-gel behavior
based on glucose levels, of which common types include
concanavalin A, glucose oxidase, and phenylboronic acid (PBA)

hydrogels (Morariu, 2023).

2.2.4 Multiple-stimuli-responsive hydrogels

To broaden the capabilities and uses of hydrogels, there’s been a
surge of interest in creating dual or even multiple-stimuli-responsive
hydrogels. A straightforward method for creating these hydrogels is
by incorporating multiple stimuli-responsive materials into existing
composite hydrogel systems. Dual ROS/enzyme-, ROS/glucose-,
pH/thermo-, ion strength/thermo-, and even triple ROS/pH/
thermo-responsive hydrogels have been utilized in brain disease
treatment (Table 1).

3 Design principle of stimuli-responsive
hydrogels for brain disease treatment

Given the intricate composition of brain tissue, the restoration of
functional connectivity between axons, neural circuits, and non-
neuronal cells poses a significant challenge for stimuli-responsive
hydrogels in treating brain diseases (Halim et al., 2021). These
exhibit
biodegradability to minimize immune activation during treatment
(Lee etal.,, 2021; Zamproni et al., 2021). Additionally, the mechanical
properties of the hydrogels must closely mimic the softness of brain

hydrogels must excellent  biocompatibility — and

tissue, typically ranging from 0.1 to 0.3 kPa, to favor neural growth,
migration, and neurite extension (Xia et al., 2017; Yang et al., 2017).
Substrate topography also plays a pivotal role, providing nano- or
micro-structured environments that can guide cell growth and
regulate neural cell differentiation (Seo et al., 2018; Wang et al,,
2019). Moreover, porosity is a critical factor that influences nutrient
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diffusion, waste removal, and cell seeding, penetration, and growth
within the hydrogel matrix (Bruzauskaité et al, 2016; Shi et al,
2022). Typically, pore sizes in the range of 95-150 um are considered
optimal for neural tissue culture (Shi et al., 2022). To support cell
attachment and enhance cellular interactions, immobilization of
substances such as poly-L-lysin, fibronectin, gelatin, laminin,
collagen, and peptides (RGD, IKVAV, GRGDS, mi-GDPGYIGSR,
and mi-GQASSIKVA) is often required (Balion et al., 2020; Long
et al,, 2020; El-Husseiny et al., 2022). Last, conductive materials
show promise in electrical stimulation treatment and recording, but
their safety and biocompatibility must be rigorously examined due
to concerns regarding cytotoxicity and chronic inflammation (Khan
et al.,, 2022).

Therapeutic agents, including small compounds, peptides,
proteins, nucleic acids, cells, and extracellular vesicles, are the key
component of stimuli-responsive hydrogels, playing a pivotal role in
brain disease treatment by reducing ROS damage and inflammation,
promoting neural regeneration, and inducing tumor cell death
(Ghosh et al., 2024). To achieve precise and controlled targeted
delivery of therapeutic agents, these hydrogels capitalize on the
patient’s physiological and pathological environments. Thermo-,
ion strength-, and pH-responsive hydrogels exploit temperature
variations, ion particles, and pH levels in nasal cavities or brain
tissues to form in situ gels. Elevated ROS levels and enzyme
expression in diseased brain tissues enable ROS- or enzyme-
responsive hydrogels to release therapeutic agents with precision.
In diabetics, high glucose triggers glucose-responsive hydrogels to
release therapeutic agents. These hydrogels revolutionize brain
disease treatment, providing controlled and targeted drug delivery.
hydrogels  with
nanocomposite hybrid, and nano-size properties show promise

Recently, self-assembly,  self-healing,
for brain disease treatment (Jooken et al., 2023). Peptide-based
self-assembling hydrogels exhibit high water content, tunable
properties, and injectability, of which self-assembly process is
governed by precise hydrophobic/hydrophilic interactions and
hydrogen bond formation (Oliveira et al, 2022). Self-healing
hydrogels overcome strength limitations, with reversible polymer
chains enabling spontaneous repair and enhanced durability, in
which chitosan and alginate are commonly used in their production
(Zhu et al., 2023). Nanocomposite hydrogels hold superior physical,
electrical, and biological properties, particularly for neural
regeneration (Wang et al, 2022). Nano-sized hydrogels, or
nanogels, are 20-200 nm in size, offering superior targeting and
tissue access (Hajebi et al., 2019; Peng et al., 2021).

4 Preclinical progress in utilizing
stimuli-responsive hydrogels for brain
disease treatment

Brain diseases typically exhibit pathological features such as
neural loss or death, vascular dysfunction, inflammation, oxidative
stress, and increased expression of MMPs in affected tissues (El-
Husseiny et al., 2022; Ghosh et al., 2024). These environmental cues
can be exploited by hydrogels that respond to various stimuli,
enabling targeted therapeutic delivery. Additionally, therapeutic
agents like neuroprotective drugs, peptides, antioxidants, and
growth factors can be released by hydrogels to alleviate these
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pathological conditions. Exceptionally, hypoxia within GBM tissues
can be targeted by hypoxia-responsive hydrogels loaded with
antitumor drugs, ranging from small compounds to nucleic acids.
Notably,
demonstrate remarkable performance in drug delivery, effectively

nanocomposite hybrid hydrogels and nanogels
traversing BBB. Recent preclinical in vivo studies evaluating the
therapeutic efficacy of stimuli-responsive hydrogels in brain disease

treatment are listed in Table 1.

4.1 Bain injury

4.1.1 Traumatic brain injury

Encapsulating mesenchymal stromal cells (MSCs) or growth factors
into hydrogels can enhance anti-inflammatory effects and promote
neural regeneration. Yao et al. developed an injectable thermo-
responsive  hydrogel using chitosan, hydroxyethyl cellulose,
hyaluronic acid, and beta-glycerophosphate (Yao et al, 2019). This
hydrogel mimics brain tissue’s rheological behavior, liquefying at <25°C
and solidifying at body temperature. When loaded with human
umbilical cord-derived MSCs (hUC-MSCs) and injected into TBI rat
brains, it enhanced MSC survival and retention, resulting in elevated
brain-derived neurotrophic factor, neuron survival, and improved
learning and memory, outperforming that of MSC-alone treatment.
Separately, Zheng et al. created a blue light crosslinked hydrogel with
imidazole-modified gelatin methacrylate and polydopamine/stromal-
cell derived factor-1 (PDA@SDF-1a) nanoparticles loaded with human
amniotic MSCs (hAMSCs). This hydrogel promoted hAMSC migration
to injury sites and neuronal differentiation, repairing cryogenic brain
injury in rats (Zheng et al,, 2021).

Utilizing enzymes in the injured brain tissues, Adak et al
designed MMP9-responsive peptide-based hydrogels (SFNV) for
TBI treatment. These hydrogels released neuroprotective peptides
(NAVSIQ) by MMP9-mediated cleavage of PLGL tetrapeptide
linker, and promoted neurogenesis in hippocampal regions of
cryogenic injury mice (Adak et al, 2020). In another case, Jeong
et al. conjugated dexamethasone with hyaluronic acid in a poly
(ethylene) glycol-bis-(acryloyloxy acetate) hydrogel (PEG-bis-AA),
This formulation sustained dexamethasone release, reducing
inflammatory cytokines and enhancing motor recovery in TBI
rats 7 days post-injury (Jeong et al., 2021).

Iron overload worsens neurodegeneration by promoting ROS
2020). Qiu et al
desferoxamine mesylate, an iron chelator, into a boron ester-

production (Tang et al, incorporated
bonded hydrogel composed of 3-aminophenylboronic acid-
grafted hyaluronic acid and polyvinyl alcohol (PVA). This
hydrogel self-healed and responded to ROS due to the boron
ester bond, alleviating iron overload and oxidative stress in
brain-injured rats, improving motor, learning, and memory
functions (Qiu et al., 2024). For better drug delivery and release,
Qian et al. created an injectable dual ROS/enzyme-responsive
hydrogel composed of poly (propylene sulfide)120 (PPS120) and
curcumin within a triglycerol monostearate (TM) hydrogel.
Injection into TBI mice brains caused MMPs to cleave the TM
coat, PPS120 to react with ROS, and curcumin to scavenge ROS.
This reduced reactive glia cells, inflammation, brain edema, and
improved BBB integrity, enhancing nerve regeneration and
behavioral recovery in TBI mice (Qian et al., 2021).
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4.1.2 Stroke

Antioxidants and growth factors are embedded in hydrogels to
promote neurogenesis and angiogenesis. In a case, a chitosan
micellar hydrogel encapsulated hydrophilic minocycline and
hydrophobic edaravone drugs for stroke treatment. Injection in
rats promptly released the hydrophilic drug and sustains release of
the hydrophobic drug, leading to significant behavioral recovery
(~84%) due to sequential anti-inflammatory and neurogenesis
effects (Lin et al, 2023). Another study reported the functional
repair of the hippocampus post-ischemia using a pluronic-chitosan/
aniline-pentamer hydrogel loaded with vascular endothelial growth
factor (VEGF). This hydrogel mimics brain tissue conductivity
(10™* S/cm), enabling sustained VEGF release upon intracerebral
administration. This approach significantly reduced infarct size
by >70% and improved hippocampal-dependent learning and
memory, outperforming VEGF delivery alone (Nourbakhsh et al.,
2020). A third study used polyelectrolyte complex nanoparticles
loaded with SDF-1a and basic fibroblast growth factor, modified
with MMP-cleavable peptides, and combined with hyaluronic acid
to form enzyme-responsive hydrogels. These hydrogels exhibited
superior neurological recovery compared to free growth factors or
bare hydrogels in an ischemic stroke model through intracerebral
administration, enhancing neurogenesis and angiogenesis (Jian
et al.,, 2018).

ROS and high blood glucose hamper stroke recovery. Jiang et al.
designed a dual glucose/ROS-responsive hydrogel loaded with
neural stem cell-derived extracellular vesicles (NSC-EVs) for
diabetic stroke treatment (Jiang et al., 2022). The hydrogel, made
from crosslinking PBA-modified hyaluronic acid with PVA,
prolonged EV retention and activity in the brain. NSC-EVs
released miRNAs vital for angiogenesis, reducing brain atrophy
and enhancing neurobehavioral recovery in diabetic stroke mice.

4.2 Neurodegenerative diseases

The use of intranasal administration has demonstrated
significantly improved drug delivery for the treatment of
Alzheimer’s disease. For instance, Curcumin-loaded mesoporous
silica nanoparticles in chitosan and P407 hydrogel improved
permeation of drugs and cognitive function in an Alzheimer’s
mouse model (Ribeiro et al.,, 2022). In another study, Chen et al.
dual with
neuroprotective timosaponin BII for Alzheimer’s disease (Chen

developed pH/thermo-responsive  hydrogels
et al, 2020). This hydrogel integrated ion-sensitive deacetylated
gellan gum, thermo-sensitive Poloxamer 407, and sodium alginate,
harnessing rapid sol-gel transition triggered by heat and Ca** in the
nasal cavity. Studies on mice showed improved memory, language,
reduced cognitive decline and neuroinflammation.

In recent 5 years, there has been a lack of preclinical animal
studies for the treatment of Parkinson’s disease.

4.3 Psychiatric disorders
4.3.1 Major depressive disorder

Intranasal administration of thermo-responsive gels can
effectively deliver drugs to brain tissue. An antidepressant drug,
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genipin, was combined with hydroxypropyl-B-cyclodextrin (HP-f3-
CD) and mixed with P407/P188/PEG8000 to create a thermo-
responsive hydrogel for intranasal delivery. This hydrogel
effectively and sustainably released genipin in mouse brains,
improving antidepressant effects (Qi et al, 2021). In another
case, icariin was encapsulated in alginate nanogels and integrated
into a P407/P188 hydrogel for sustained release after intranasal
administration, leading to rapid antidepressant effects in mice and
rat models (Xu et al., 2020). Depression is linked to oxidative stress,
making antioxidant therapy promising (Bhatt et al., 2020). Recently,
a combination of nanoparticles and hydrogels demonstrated
impressive drug delivery capabilities (Liu et al., 2023). In this
system, amphiphilic polymers (DEX-g-PBAP) made of
phenylboronic acid pinacol ester (PBAP) and dextran (DEX)
with ROS-sensitive borate ester bonds were used to load
antidepressant olanzapine (Olz) to form nanoparticles (Olz/DP
NPs). Olz/DP NPs were then modified with amino borane to get
Olz/DPA NPs, and further conjugated with hexa-arginine (R6) to
create Olz/RDPA NPs. Olz/RDPA NPs were then encapsulated in a
poloxamer (P407/P188) hydrogel. Upon intranasal administration
in a rat model, the NPs were released from the hydrogel and
transported to the brain via the nasal-brain pathway effectively.
High ROS levels in the brain triggered NP breakdown, releasing Olz.
Simultaneously, H, released from amino borane scavenged ®OH,
reversing oxidative stress in the brain and alleviating depressive-
like behaviors.

4.3.2 Schizophrenia

PAOPA, a D2 allosteric modulator, significantly reduced
schizophrenia-like symptoms in rats using hydrogels composed
of oxidized starch nanoparticles and carboxymethyl chitosan. Its
potency and bioavailability are emphasized by achieving relief with
half the intraperitoneal dosage through intranasal delivery (Majcher
et al,, 2021).

4.3.3 Epilepsy

Chitosan nanoparticles were employed to enhance the delivery
of the antiepileptic drug Oxcarbazepine in Pluronic F127 (also
known as poloxamer P407) and sodium carboxymethyl cellulose
hydrogel (Abou-Taleb and El-Ganainy, 2023). This formulation
exhibited improved antiepileptic activity and anti-inflammatory
effects upon intranasal administration.

4.4 Brain tumors

Direct intratumoral injection of stimuli-responsive hydrogels
that leverage tumor microenvironment factors, such as low pH and
high enzyme expression, is an efficient strategy to overcome the BBB
impediment for drug delivery. Recently, injectable thermo-
responsive hydrogels encapsulating salinomycin using copolymers
Pluronic F127 and poly (dl-lactide-co-glycolide-b-ethylene glycol-
b-dl-lactide-co-glycolide) (PLGA-PEG-PLGA)
release and cytotoxicity, significantly reducing GBM tumor

improved drug

growth, surpassing the effect of free salinomycin alone (4-fold)
(Norouzi et al, 2021). In another case, a dual pH/thermo-
responsive hydrogel, made from carboxylic acid-terminated
oligosulfamethazine and gelatin, transforms rapidly sol-to-gel in
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response to body temperature and low pH. This hydrogel can
sustainably release paclitaxel intratumorally thanks to gelatin’s
MMP-cleavage site for antitumor effects in GBM mice (Kang
et al, 2021). In a third study, TM-based MMP9-responsive
hydrogels loaded with Temozolomide and O6-benzylamine
prevented recurrence in post-operative glioma models (Zhao
et al.,, 2020). Encapsulation of therapeutic nucleic acids is also a
promising method for treating GBM. Recently, an injectable drug/
gene delivery system using a thermosensitive chitosan-based
polymer solution to entrap stomatin-like protein 2 (SLP2)
shRNA and irinotecan (CPT-11)-loaded cetuximab (CET)-
conjugated graphene oxide (GO-CET/CPT11) has been created
(CPN@GO-CET/CPT11@shRNA). This formed a hydrogel depot
for localized, sustained delivery of therapeutics. Efficient
transfection of U87 cancer cells with SLP2 shRNA was achieved
using this hydrogel, demonstrated in vivo using tumor-bearing mice.
This hydrogel offers extended drug release and shRNA delivery
advantages, broadening GBM treatment modalities (Lu et al., 2020).

Nanocomposite hybrids and nanosized gels, as emerging
nanotechnologies, have demonstrated significant potential in
enhancing intravenous drug delivery for the treatment of GBM.
Plkl upregulation in GBM can be suppressed by Plkl inhibitor
Volasertib. Loaded into angiopep-2-decorated chimeric polypeptide
polymersome, Volasertib forms a nanogel with a size of
poly(ethylene  glycol)-b-
poly(L-tyrosine)-b-poly(Laspartic acid). This nanogel traversed

approximately 76 nm  from

BBB and GBM membranes via lipoprotein receptor-related
(LRP-1)-mediated
respectively, rapid releasing of Volasertib by proteinase K,

protein 1 transcytosis and endocytosis
suppressing GBM growth and enhancing survival in mice (Fan
et al, 2021). In another case, hypoxia-degradable zwitterionic
phosphorylcholine nanogel, "PMPC, penetrated the BBB by
mimicking cell membrane structure after intravenous
administration, releasing doxorubicin by azobenzene moiety
degradation in tumor tissues of GBM mouse models (Peng

et al., 2021).

5 Discussion

In this review, we examined the distinguishing features of a
range of stimuli-responsive hydrogels, particularly those that
respond to thermal, photonic, magnetic, electrical, and biological
cues. Our emphasis lies in highlighting how these hydrogels can
capitalize on the pathophysiological features of diseased brains by
developing responsive biomaterials. Additionally, we outlined their
varied applications and underlying therapeutic mechanisms,
including neurogenesis promotion, anti-inflammatory, anti-
apoptotic, anti-oxidative, and angiogenic effects, all contributing
to the enhancement of therapeutic outcomes (summarized in
Figure 1). These hydrogels offer numerous benefits, including
precise targeting, controlled release, mechanical support, and
biocompatibility, rendering them promising candidates for the
treatment of brain diseases in the future.

These advanced systems, despite their potential, exhibit several
limitations that necessitate careful consideration during their
application ~ based on  the pathophysiological

characteristics of the target disease. For instance, stimuli-

specific
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Schematic diagram of stimuli-responsive hydrogels for brain disease treatment in recent preclinical in vivo study. BBB: blood-brain barrier; bFGF:
basic fibroblast growth factor; hAMSCs: human amniotic mesenchymal stromal cells; hUC-MSCs: human umbilical cord mesenchymal stem cells; NSC-
EVs: neural stem cell-derived extracellular vesicles; ROS: reactive oxygen species; SDF-1a: stromal-cell-derived factor-1a; SLP2 shRNA: stomatin-like

protein 2 short hairpin RNA; VEGF: vascular endothelial growth factor.

responsive systems relying on alterations in pH, ROS, or enzymes
may exhibit suboptimal sensitivity to nuanced microenvironmental
changes, potentially resulting in underperformance. Additionally,
the in vivo microenvironment poses challenges, such as the
formation of a protein corona around nanoparticles, which can
significantly reduce or even eliminate the therapeutic efficacy of
these systems. Other include thermal
denaturation, UV-induced carcinogenesis, insufficient mechanical
strength, and material toxicity. Furthermore, the hydrogels’
propensity for high swelling can result in elevated local tissue
pressure, which may compromise their mechanical integrity and
exacerbate secondary brain injury. Therefore, a thorough
understanding of these limitations and careful evaluation of their
applicability in specific cases are essential for the optimal utilization
of these systems in therapeutic applications.

inherent limitations
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The integration of nanotechnology, artificial intelligence, and
three-dimensional printing into the development of hydrogels
presents a compelling opportunity for the creation of innovative
therapeutic strategies in brain diseases (Gao et al., 2023). Yet, a
rigorous preclinical evaluation encompassing safety, efficacy, and
stability is paramount before clinical translation. Key challenges
include elucidating hydrogel-neural microenvironment interactions,
minimizing immunogenicity, and optimizing targeted delivery.
While animal models offer insights, they may not fully
recapitulate human disease complexities. Therefore, bridging the
gap between in vitro/in vivo models and human diseases remains a
significant challenge (Shabani et al., 2023). Future research must
prioritize enhancing hydrogel biocompatibility, especially by
exploring natural materials that facilitate cellular recognition and
integration. Identifying the optimal therapeutic window in various
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brain diseases, considering disease progression, is crucial for
Additionally,
manufacturing, regulatory adherence, and economic viability are

maximizing therapeutic  potential. scalable
essential for successful commercialization.

Collectively, future trends in stimuli-responsive hydrogel
development emphasize: multifunctional biomaterials integrating
therapy, imaging, tissue regeneration, stem cell support, immune
modulation, and antibacterial properties; exploration of novel
stimuli like inflammatory enzymes for enhanced targeting;
optimization of biomaterials for biosafety, efficacy, and cost-
effectiveness; addressing patient compliance, convenience, and
cost issues; and advancing our pathological understanding of
brain diseases to design effective therapies. Collaborations across
disciplines are key to translating hydrogel technologies to clinical
applications.

In conclusion, stimuli-responsive hydrogels hold significant
potential for revolutionizing the treatment of brain diseases. A
multidisciplinary approach that integrates expertise from various
fields is crucial for advancing this research and ultimately bringing
new therapeutic options to patients.
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Myocardial ischemia-reperfusion injury (MIRI) is a critical issue that arises when
restoring blood flow after an ischemic event in the heart. Excessive reactive
oxygen species (ROS) production during this process exacerbates cellular
damage and impairs cardiac function. Recent therapeutic strategies have
focused on leveraging the ROS microenvironment to design targeted drug
delivery systems. ROS-responsive biomaterials have emerged as promising
candidates, offering enhanced therapeutic efficacy with reduced systemic
adverse effects. This review examines the mechanisms of ROS overproduction
during myocardial ischemia-reperfusion and summarizes significant
advancements in ROS-responsive biomaterials for MIRI treatment. We discuss
various chemical strategies to impart ROS sensitivity to these materials,
emphasizing ROS-induced solubility switches and degradation mechanisms.
Additionally, we highlight various ROS-responsive therapeutic platforms, such
as nanoparticles and hydrogels, and their unique advantages in drug delivery for
MIRI. Preclinical studies demonstrating the efficacy of these materials in
mitigating MIRI in animal models are reviewed, alongside their mechanisms of
action and potential clinical implications. We also address the challenges and
future prospects of translating these state of the art biomaterial-based
therapeutics into clinical practice to improve MIRI management and cardiac
outcomes. This review will provide valuable insights for researchers and clinicians
working on novel therapeutic strategies for MIRI intervention.

KEYWORDS

myocardial ischemia-reperfusion injury, ROS-responsive biomaterials, nanoparticals,
hydrogels, biomimetic biomaterials

1 Introduction

Myocardial infarction (MI) remains the leading cause of morbidity and mortality
worldwide, underscoring the urgent need for innovative therapeutic strategies (Reed et al,
2017; Laforgia et al., 2022). MI is characterized by the occlusion of coronary arteries, resulting in
a deprivation of oxygen and nutrients to the damaged myocardium. Re-establishing blood flow
through reperfusion, typically via percutaneous coronary intervention or thrombolysis, is critical
for saving the ischemic myocardium (Thygesen et al., 2007; Saito et al., 2023). However, this
process induces a series of harmful effects, including oxidative stress caused by a surge in reactive
oxygen species (ROS), calcium overload, and a strong inflammatory response, leading to further
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myocardial damage, known as myocardial ischemia-reperfusion injury
(MIRI) (Yellon and Hausenloy, 2007; Algoet et al, 2023; Liu Y.
et al,, 2023).

ROS, including superoxide anion (O,""), hydroxyl radical ("OH),
and hydrogen peroxide (H,O,), are natural byproducts of cellular
metabolism, primarily generated in mitochondria during oxidative
phosphorylation (Sies et al, 2022). Under normal physiological
conditions, ROS are tightly regulated by endogenous antioxidant
homeostasis. However,

systems, redox during

myocardial I/R, the abrupt reintroduction of oxygen during

maintaining

reperfusion disrupt the balance between ROS production and
scavenging, resulting in an uncontrolled burst of ROS from various
sources, including the mitochondria, xanthine oxidase, NADPH
oxidases, and uncoupled nitric oxide synthase (NOS). This excessive
ROS generation triggers a cascade of deleterious events, including lipid
peroxidation, protein oxidation, DNA damage, inflammation, and
various forms of programmed cell death (e.g., apoptosis, pyroptosis,
ferroptosis), ultimately exacerbating myocardial injury and dysfunction
(Cadenas, 2018; Dubois-Deruy et al., 2020).

Over the past few decades, significant progress has been made in
developing anti-MIRI drugs (Ibanez et al, 2015; Zhou et al, 2021),
however, systemic drug administration faces challenges such as poor
targeting, limited efficacy, and potential toxic side effects. Recent
advancements in nanotechnology and biomaterials have paved the
way for creating targeted therapeutic strategies that deliver drugs
specifically to ischemia-reperfusion injured myocardium (Luo et al,
2023). The unique ischemia-reperfusion microenvironment (IME),
characterized by acidosis, elevated ROS levels, and massive
inflammatory cell infiltration, has become a critical target for
developing controlled-release ~ strategies for anti-MIRI drugs
(Hausenloy and Yellon, 2013; Li and Gao, 2023).

Among the various strategies targeting the IME, ROS-responsive
nanomaterials are currently the most advanced and promising. These
materials are engineered to specifically detect abnormal ROS levels at the
site of injury and to trigger the controlled release of therapeutic agents or
modulation of cellular signaling pathways, thereby improving tissue
inflammation (Chung et al,, 2015; Lee et al,, 2018; Xia et al, 2023),
impaired angiogenesis (Chen et al., 2021; Zheng et al,, 2022a), or fibrosis
(Surendran et al, 2020; Gaytan et al., 2023; Zhang J. et al, 2024).
Strategies for fabricating ROS-responsive biomaterials encompass a
diverse array of approaches, primarily based on ROS-induced
solubility switches and degradation mechanisms (Lee S. H. et al,
2013; Xu et al, 2016b). Solubility switching strategies exploit the
reversible transformation of the amphiphilic nature of materials
ROS,  thereby controlled of the
encapsulated therapeutic agent. In contrast, the ROS-induced
degradation strategy involves incorporating ROS-labile linkages

towards achieving release

within the polymer backbone, designed to cleave upon exposure to
ROS, leading to material degradation and subsequent release of the
therapeutic agent. Biomaterials that utilize ROS-induced solubility
switching or degradation elements, including polymeric nanoparticles,
injectable hydrogels, and biomimetic nanoparticles, loaded with anti-
MIRI drugs possessing antioxidant, anti-inflammatory, pro-survival, or
pro-angiogenic properties, have become promising targeted therapeutic
strategies for MIRI in the past decade (Bae et al.,, 2016; Ziegler et al., 2019;
Li et al, 2020; Li et al,, 2021; Hao T. et al,, 2022; Hou et al,, 2022; Huang
et al,, 2022; Lan et al,, 2022; Li et al,, 2022; Weng et al,, 2022; Zhang X.
et al,, 2022). These ROS-responsive nanomedicines have demonstrated
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their precise targeting and controlled drug release capabilities and
achieved enhanced therapeutic effects in MIRI animal models,
providing strong support for their future clinical applications.

In this review, we aim to provide a comprehensive overview of
the progress in ROS-responsive biomaterials for treating MIRI over
the past decade (Figure 1). We summarize the mechanisms
underlying ROS overproduction during myocardial I/R, strategies
for fabricating ROS-responsive biomaterials, and the current ROS-
responsive therapeutic platforms for MIRI intervention. We also
discuss the challenges and future prospects of translating these
technologies into clinical practice,

aiming to improve

cardiovascular health and patient outcomes.

2 ROS overproduction during
myocardial I/R

The excessive generation of ROS is a pivotal factor in MIRI. This
ROS storm triggers a cascade of deleterious events, including
mitochondrial dysfunction and lipid peroxidation, leading to
cardiomyocyte necrosis and various forms of programmed cell
death such as apoptosis, pyroptosis, and ferroptosis (Cadenas,
2018; Gong et al., 2024). Several recent reviews have well
elucidated the mechanisms of ROS generation following
myocardial I/R and its complex role in MIRI (Cadenas, 2018;
Bugger and Pfeil, 2020). Here, we focus on providing a summary
of current knowledge about the source and mechanism of ROS
overproduction after myocardial I/R from the perspective of
different cell types
cardiomyocytes and non-cardiomyocytes (e.g., inflammatory cells,
endothelial cells, and platelets). (Figure 2).

in damaged myocardium, including

2.1 ROS generation in cardiomyocytes

2.1.1 Mitochondrial electron transport chain (ETC)

Mitochondria are the primary sources of ROS production in
damaged cardiomyocytes during myocardial I/R (Bugger and Pfeil,
2020). The ETC complexes, particularly complexes I and III, are key
sites where electron leakage occurs, leading to the formation of
superoxide anion (O,""). During ischemia, the activity of complex I
is inhibited due to oxygen depletion, causing electron accumulation.
Upon reperfusion, these electrons react with the reintroduced
oxygen, generating a significant amount of O, through reverse
electron transport (RET) (Paradies et al., 2004; Chen et al., 2008;
Vinogradov and Grivennikova, 2016). This process is exacerbated by
the accumulation of succinate during ischemia, which is rapidly
oxidized upon reperfusion, driving RET and enhancing ROS
production (Chouchani et al., 2014). Complex II also contributes
to ROS generation, though to a lesser extent than complexes I and III
(Chouchani et al., 2014; Chouchani et al., 2016). Additionally, Fe**
released by the ruptured mitochondria reacts with intracellular
H,0,, triggering the Fenton reaction and generating the highly
strong oxidant ®OH (Gordan et al,, 2018).

2.1.2 NADPH oxidase (NOX)
NADPH oxidases are another critical source of ROS in both
cardiomyocytes and non-cardiomyocytes (Kahles and Brandes,
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FIGURE 1

Schematic representation of ROS-responsive nanomedicines targeting MIRI. bFGF: basic fibroblast growth factor; COF: covalent organic
framework; CLP: an amphiphilic copolymer was designed and synthesized by sequentially conjugating luminol and PEG with Ce6; CS-B-NO: chitosan
modified by boronate-protected diazeniumdiolate; LP: liposome; NO: nitric oxide; PPTP: PGE,-PEG modified tellurium-crosslinked polyethyleneimine;
PEG: poly (ethylene glycol); PPS: poly (propylene sulfide); PMVs: platelet mem brane vesicles; PVA: poly (vinyl alcohol); PTPSCs: PLGA-TK-PEG-
SS31; TBD: to be determined; TPE: Tetraphenylethene; TSPBA: N1-(4-boronobenzyl)-N3-(4-boronophenyl)-N1,N1,N3,N3-tetramethylpropane-

1,3-diaminium.

2013). NOX enzymes, particularly NOX2 and NOX4, are
upregulated in response to I/R injury (Braunersreuther et al,
2013). These enzymes transfer electrons from NADPH to
oxygen, producing O,°". NOX-derived ROS are implicated in
various pathophysiological processes, including endothelial
dysfunction and inflammation (Paravicini and Touyz, 2008).
Inhibition of NOX activity has been shown to reduce myocardial
infarct size and ROS levels (Thirunavukkarasu et al, 2012;
Braunersreuther et al, 2013), underscoring its significance in
I/R injury.

2.1.3 Xanthine oxidase (XO)

Xanthine oxidase is a key enzyme in purine metabolism that
generates ROS as a byproduct in cardiomyocytes (Boueiz et al.,
2008). During ischemia, xanthine dehydrogenase is converted to
XO, which then produces O, and H,0, during reperfusion. XO-
derived ROS contribute significantly to oxidative stress and tissue
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damage in MIRI (Madesh and Hajnoczky, 2001; Hool, 2009). The
use of XO inhibitors, such as allopurinol, has demonstrated
cardioprotective effects by reducing ROS production and
subsequent cellular injury (Grimaldi-Bensouda et al.,, 2015).

2.2 ROS generation in endothelial cells (ECs)

ECs are pivotal in the pathophysiology of MIRI and other
cardiovascular diseases, largely due to their role as major sources
of ROS (Yang et al., 2016; Chen et al., 2019; Haybar et al., 2019).
Among the key mechanisms regulated by ECs is the synthesis of
nitric oxide (NO), a vasodilator with protective cardiovascular
effects, mediated by endothelial nitric oxide synthase (eNOS)
(Mount et al., 2007). Under physiological conditions, eNOS
efficiently produces NO, which not only promotes vascular
relaxation but also exerts antioxidant effects. However, during
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Schematic illustration of potential ROS sources in injured myocardium during MIRI. Oz.’ are primarily produce.d in the mitochondrial ETC. Fe**
released by the ruptured mitochondria generates ® OH via Fenton reaction. Mitochondrial NOX also generates O, ~. Damaged antioxidant systems, such
as SOD2, fail to adequately remove OZ. or H,O, leading to the accumulation of ROS. In the extramitochondrial space, NOX and XO play major roles in
ROS production during I/R. Excessive ROS causes oxidative damage to lipids, proteins, and nucleic acids, leading to cell death and exacerbating I/R
injury. The increased oxidative stress in the extracellular microenvironment of the injured myocardium is mainly attributed to the contents released after
the rupture of the plasma membrane of damaged cardiomyocytes, as well as the ROS released by neutrophils, macrophages, endothelial cells, and

activated platelets.

oxidative stress, the cofactor tetrahydrobiopterin (BH4), essential
for eNOS function, undergoes oxidation, leading to the uncoupling
of eNOS. This uncoupling diverts eNOS activity from NO
production to the generation of O,"", thereby increasing ROS
levels and exacerbating endothelial dysfunction (Dumitrescu
et al,, 2007; Alkaitis and Crabtree, 2012). Strategies to recouple
eNOS, such as supplementation with BH4 or its precursors, have
shown promise in reducing ROS production and ameliorating
cardiac damage (Antoniades et al., 2006). Despite the antioxidant
role of NO under normal conditions, its interaction with O,"~ can
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result in the formation of peroxynitrite (ONOO"™), a harmful oxidant
(Radi, 2013). The presence of ONOO™ further intensifies oxidative
stress, contributing to greater myocardial damage during IR injury
(Liu et al., 2005; Yu et al., 2018).

2.3 ROS generation in inflammatory cells
Inflammatory cells, such as neutrophils and macrophages, are

recruited to the site of injury during reperfusion. These cells produce
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TABLE 1 ROS-responsive elements.
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large amounts of ROS via their NADPH oxidase systems in response
to inflammatory stimuli (Chakraborti et al, 2000). Neutrophil-
derived ROS contribute to tissue damage by exacerbating
of
inflammatory cells (Jordan et al., 1999). The interaction between
inflammatory cells and damaged endothelium also creates a vicious

oxidative stress and promoting further recruitment

cycle of ROS production and cellular injury (Knock, 2019).

2.4 ROS generation in activated platelets

Platelets also contribute to ROS production after myocardial I/R.
During I/R, platelets become activated and release ROS through
their mitochondrial pathways and NADPH oxidase systems
(Begonja et al., 2005). Platelet-derived ROS also plays a
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significant role in amplifying the inflammatory response and
promoting thrombus formation, which can further obstruct blood
flow and exacerbate myocardial injury (Takaya et al., 2005; Xu et al.,
2006). Targeting platelet activation has shown potential in reducing
the extent of myocardial damage and improving reperfusion
outcomes (Schanze et al., 2023).

Collectively, the overproduction of ROS during myocardial I/R

injury arises from various cellular sources, including
cardiomyocytes, endothelial cells, inflammatory cells, and
platelets. Functional impairment or activity changes of

mitochondrial ETC, NADPH oxidase, XO and uncoupled eNOS
during I/R are the core regulatory mechanisms leading to excessive
ROS generation in different cell types in the injured myocardium.
Understanding these sources and their mechanisms provides critical
insights into the pathophysiology of MIRI. Future efforts to design
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ROS-responsive biomaterials should focus on targeting the specific
features of excessive ROS production in the myocardial IME, with an
emphasis on developing innovative biomaterials with precise cell
type-specific and subcellular organelle-targeting (e.g, mitochondria)
properties.

3 Strategies for ROS-responsive
biomaterials fabrication

The emergence and widespread application of ROS-responsive
biomaterials have greatly changed the limitations of current anti-
MIRI drug interventions. These advanced materials are designed to
engage proactively with the pathophysiological oxidative milieu,
offering a targeted and controlled release of therapeutic agents. This
section delves into the mainstream strategies for the fabrication of
ROS-responsive biomaterials, focusing on ROS-induced solubility
switching and degradation mechanisms (Table 1).

3.1 ROS-induced solubility switch

The
biomaterials involves the incorporation of functional groups that

principal strategy for fabricating ROS-responsive
undergo significant solubility changes in response to ROS. Under
oxidative conditions, these groups typically transform from
hydrophobic to hydrophilic states, enhancing water solubility and

facilitating the release of encapsulated drugs.

3.1.1 Sulfur-containing polymers

Sulfur-containing polymers are among the earliest developed
ROS-responsive systems (Yue et al., 2023). Due to sulfur’s diverse
oxidation states, ranging from -2 to +6, these materials can undergo
significant changes upon exposure to ROS. When oxidized, sulfide-
containing polymers form sulfoxides or sulfones, increasing their
hydrophilicity. This change leads to polymer swelling, disassembly,
and eventual drug release (Gruhlke and Slusarenko, 2012). Poly
(propylene sulfide) (PPS) is the most fundamental used sulfur-
group.  PPS-based
nanoparticles, stable in water, degrade rapidly upon exposure to

containing  ROS-responsive  functional
H,O, but not to superoxide, releasing encapsulated drugs effectively
(Shofolawe-Bakare et al., 2022; Bezold et al., 2023). Thioether is
another well-studied ROS-responsive linker that undergoes a
hydrophobic to hydrophilic transition upon oxidation, which
makes thioether-containing polymers widely used in the precise
delivery and release of drugs in

microenvironment-related ~ diseases

response to oxidative
(Wang et al, 2022).
Additionally, poly (L-methionine), an amino acid-based polymer,
exhibits ROS-responsive behavior through the oxidation of its
sulfur-containing methionine residues to sulfoxides and sulfones.
This oxidation alters the polymer’s hydrophobicity, leading to
structural changes and the release of therapeutic agents (Xu
et al, 2016a; Yang et al., 2024). Given the inherent advantages of
this amino acid-based polymer, such as biocompatibility and
biodegradability, it may become a key material in the design of
next-generation therapeutics for the treatment of ROS-related
diseases, such as cancer and chronic liver disease (Yoo et al,
2017; Hao Y. M. et al,, 2022).
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3.1.2 Selenium-containing polymers

Selenium-based materials exhibit a more pronounced
response to ROS compared to sulfur-based ones due to
selenium’s lower electronegativity and larger atomic radius
(Xu et al,, 2013). These materials can undergo a solubility
switch due to the oxidation of selenium moieties to
selenoxides or selenones upon exposure to low concentrations
of H,O, (0.01% v/v) (Ma et al., 2010), leading to the release of
encapsulated therapeutic agents. The development of selenium-
containing block copolymers, such as PEG-PUSe-PEG, has
shown promise in drug delivery applications where the
hydrophobic polyurethane block containing selenides can self-
assemble into micelles that disassemble upon ROS exposure (Tan
et al., 2012). In addition, the biological significance of selenium,
particularly its role in enhancing the catalytic activity of
glutathione peroxidase (GPx), makes it an ideal candidate for
(Kieliszek and

the design of ROS-responsive materials

Blazejak, 2013).

3.1.3 Tellurium-containing polymers

Tellurium, positioned below selenium in the periodic table,
offers even higher sensitivity to ROS due to its chemical
ultra-
in  pathological

properties, making tellurium-containing  polymers

responsive and suitable for applications
microenvironment with relative low levels of ROS (Cao et al,
2015; Wang et al, 2015). Similar to selenium-based delivery
systems, tellurium-containing biomaterials exhibit pronounced
solubility changes under oxidative conditions (Wang et al., 2015),
ensuring timely and controlled drug release. Their potential in
therapeutic applications, particularly in inflammation and tumor
progression sites (Lu et al., 2017; Dominguez-Alvarez et al., 2022), is

being explored, although research in this area remains limited.

3.2 ROS-induced degradation

Another critical strategy involves the design of biomaterials that
degrade upon exposure to ROS through the cleavage of specific
chemical bonds within the polymer backbone, thereby releasing the
therapeutic agents in a controlled manner. This degradation
mechanism is pivotal for the functionality of ROS-responsive
biomaterials in targeted drug delivery and tissue engineering
applications.

3.2.1 Phenylboronic acid and ester-
containing polymers

Phenylboronic acid and its ester derivatives are exceptionally
sensitive to ROS, undergoing rapid oxidative degradation due to the
cleavage of the boron-carbon bond (Han and Domaille, 2022).
Under oxidizing conditions, the linkage between boronic acids/
esters and the material or drug molecules of interest becomes
oxidized with the insertion of oxygen (Stubelius et al, 2019).
Notably, the reaction kinetics are significantly influenced by the
nucleophilicity of the boron center, with nucleophilic boronic esters
reacting more quickly than their corresponding acids (Sun et al.,
2013). Moreover, recent studies have shown that boronic esters with
ether bonds exhibit excellent degradation kinetics at biologically
relevant concentrations of H,O,, around 50 uM (Jourden et al.,
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2011). This sensitivity makes boronic ester-containing polymers
some of the most ROS-responsive materials available, particularly
suitable for applications requiring high sensitivity to ROS and
precise control over the release of therapeutic agents.

Interestingly, most of currently reported anti-MIRI hydrogel
drug delivery systems that employ ROS-responsive degradation
mechanisms incorporate boronic acid or boronic ester as their
core ROS-responsive functional groups (detailed in Section 4) (Li
etal,2021; Hao T. et al., 2022; Zhang X. et al., 2022). This preference
is likely due to their proven effectiveness in maintaining hydrogel
stability while allowing for precisely controlled degradation and
drug release in response to oxidative stress.

3.2.2 Poly (thioketal) (TK) polymers

Similar to boronic esters, thioketal linkages are destabilized in
the presence of O,*"and H,0,, leading to the oxidation into ketones
and organic thiols or disulfides (Liu and Thayumanavan, 2020). This
degradation mechanism has been widely used to develop ROS-
responsive materials containing thioketals for targeted drug release
therapy in diseases characterized by high ROS microenvironments,
such as enteritis (Shen et al., 2024), wound repair (Martin et al.,
2014), and ischemic heart disease (Xie et al, 2022; Yao Y.
et al.,, 2022).

3.2.3 Peroxalate ester-containing polymers

Peroxalate esters are another class of ROS-responsive polymers
that degrade in the presence of relative low H,O, (>50 nM),
producing carbon dioxide and other byproducts, with the
potential to generate chemiluminescence (Romanyuk et al., 2017;
Hao Y. M. et al., 2022). This characteristic makes them particularly
valuable in applications that benefit from real-time monitoring of
ROS levels, as the chemiluminescence can serve as an optical signal
for the presence of oxidative stress.

In the context of MIRI, peroxalate ester-containing polymers
have shown potential in both diagnostic and therapeutic roles. The
generated luminescent signals can help in the detection of ROS
bursts during reperfusion, while the degradation of the polymer
allows for the controlled release of therapeutic agents precisely when
ROS levels are elevated (Lee D. et al., 2013). Recent advancements in
the design of peroxalate ester-based hydrogels have also
demonstrated their capability to act as both ROS scavengers and
drug delivery platforms, thereby providing a dual function in
mitigating oxidative damage and delivering cardioprotective
drugs (Bae et al., 2016).

3.2.4 Poly (L-proline)-containing polymers

Poly (L-proline) is another naturally occurring amino acid-
based polymer that has shown particularly sensitive to ROS due
to the presence of pyrrolidine rings (Tian et al., 2021). Under
oxidative stress, the proline residue undergoes oxidation, leading
to the cleavage of the polymer backbone (Amici et al., 1989). This
degradation results in the release of entrapped drugs or therapeutic
agents, making poly (L-proline) a useful material in drug delivery
systems, particularly for applications where controlled degradation
is essential (Dai et al., 2023). Poly (L-proline) has been widely used
in the fabrication of scaffolds for tissue engineering applications
where the degradation rate can be matched to the tissue regeneration
process (Yu et al., 2011; Lee et al., 2014). The ROS-responsiveness of
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these scaffolds can be further enhanced by incorporating additional
ROS-sensitive elements such as boronic esters or thioketal groups.

3.2.5 Disulfide, diselenide, and ditelluride bond-
bontaining polymers

Compared with the integration of individual chalcogen elements
(sulfur, selenium, tellurium) to impart solubility transition
properties to nanomaterials, recent studies have increasingly
favored the use of disulfide, diselenide, and ditelluride bonds as
ROS-responsive degradation elements (Yuan et al., 2021; Hou et al.,
2022; Lan et al., 2022; Weng et al.,, 2022; Qiu et al., 2024). These
bonds spontaneously cleave under oxidative conditions, leading to
the degradation of nanomaterials and enabling controlled
drug release.

Disulfide bond (-S-S-) is widely used due to their stability
under normal conditions and their ability to break in the
presence of ROS, such as H,O, (as low as 20 pM), making
them ideal for delivery systems for tumors and diseases
related to ischemia-reperfusion injury (Kang et al., 2024; Qiu
et al., 2024). Diselenide bond (-Se-Se-), with lower bond
dissociation energy than disulfides, responds more quickly to
ROS and have been explored in neurodegenerative diseases and
MIRI (Yuan etal., 2021; Weng et al., 2022). Although less studied,
the ditellurium bond (-Te-Te-) is the most sensitive to ROS and
can respond rapidly, and has recently been increasingly studied
for its application in nanomaterial design to alleviate diseases
such as MIRI where excessive ROS production is present (Hou
et al., 2022; Lan et al., 2022).

4 ROS-responsive therapeutic
platforms for MIRI intervention

In recent decades, ROS-responsive functional groups have been
extensively integrated into various biomaterials, such as polymer
nanoparticles, hydrogels, patches, and biomimetic materials (Zhang
et al, 2015; Xu et al,, 2016a; Chakraborty et al., 2023). These
advancements enable targeted and controlled drug release at sites
with elevated ROS levels. Given the excessive ROS production in
damaged myocardium following ischemia-reperfusion injury
(Cadenas, 2018), recent developments in nanomedicine have
increasingly utilized these ROS-responsive elements to achieve
precise, targeted delivery of cardioprotective drugs with anti-
inflammatory (Li et al, 2020; Hou et al, 2022; Huang et al,
2022; Lan et al., 2022; Weng et al., 2022), antioxidant (Bae et al.,
2016), pro-survival (Li et al., 2022; Zhang X. et al., 2022), or pro-
angiogenic properties (Li et al, 2021; Hao T. et al, 2022). By
responding to ROS stimuli, these drugs can be released
specifically at the site of myocardial injury, enhancing therapeutic
efficacy while minimizing side effects.

Although several recent reviews have comprehensively explored
the landscape of ROS-related nanoplatforms for alleviating MIRI,
their main focus is on ROS-scavenging nanozymes and
nanomaterials loaded with antioxidant drugs (Zhang Z. et al,
2022; Li et al, 2023). In contrast, here we focus on the
application of various ROS-responsive biomaterials in alleviating
MIRI in the past decade. Additionally, we systematically summarize
the preferred ROS-responsive functional groups used in these
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FIGURE 3

ROS-responsive polymeric nanoparticles were created through the self-assembly of diblock copolymers of poly (ethylene glycol) (PEG) and poly
(propylene sulfide) (PPS) and used to encapsulate and deliver Rg3 to sites of MIRI. Upon intramyocardial injection, the Rg3-loaded PEG-b-PPS
nanoparticles responded to ROS, releasing Rg3, which then mitigated MIRI by interacting with FoxO3a, exerting anti-oxidative, anti-infammatory, and
anti-fibrotic effects. Reproduced with permission (Li et al., 2020). Copyright 2019, Elsevier.

biomaterials and highlight the cardioprotective properties of the
encapsulated drugs.

4.1 Polymeric nanoparticles

Biocompatible and versatile polymers such as poly (lactide-co-
glycolide) (PLGA), poly (ethylene glycol) (PEG), and
polyethylenimine (PEI) are commonly used to
multifunctional drug-loaded nanoparticles (Sah et al., 2013). To

create

achieve ROS-responsive drug release, these nanoparticles often
incorporate ROS-sensitive functional groups as linkers either
between polymeric backbone chains or between the polymer and
the drug molecule. Upon exposure to elevated ROS levels, these
linkers undergo degradation or solubility changes, triggering the
controlled release of the encapsulated drugs (Xu et al, 2016b).
Currently, sulfide and
prevalent as

tellurium moieties are particularly

polymeric
nanoparticles designed to selectively respond to the oxidative

ROS-responsive  components  in

stress in the injured myocardium.
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4.1.1 Sulfide-based linkages

Li and colleagues have developed a ROS-responsive polymeric
nanoparticle synthesized from diblock copolymers of PEG and PPS
for the delivery of ginsenoside Rg3, a natural product with potent
antioxidant properties, to mitigate MIRI (Li et al., 2020). Upon
encountering ROS, the sulfide linkages within the PPS undergoes
oxidative conversion from a hydrophobe to a hydrophile, releasing
Rg3 specifically at the site of injury. In a rat model of MIRI, the
intramyocardial injection of these nanoparticles demonstrated
improved cardiac function and reduced infarct size (Figure 3).
The therapeutic action of Rg3 was found to be mediated through
activating FoxO3a, a protein involved in oxidative stress regulation
(Link, 2019).

Distinct sulfide-based  ROS-responsive
transitions, Huang et al. developed a biodegradable, redox-

from solubility

responsive covalent organic framework (COF) nanocarrier
integrating tetraphenylethene (TPE) and disulfide moieties (ss)
for prolonged MIRI therapy (Huang et al., 2022). The TPE-ss
COF system demonstrated exceptional redox-responsiveness,

degrading efficiently in the presence of H,O, and facilitating the
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(A) The endothelial cell-targeting, ROS-ultrasensitive NCs for co-delivery of siVCAM-1 and DXM aim to treat MIRI inflammation. The ROS-cleavable
RPPT, containing ditellurium, was designed to enclose DXM-loaded PLGA NPs and siVCAM-1. After i. v. injection into rats with MIRI, RPPT@siVCAM-1 NCs
efficiently targeted inflamed endothelial cells by binding to over-expressed avf3 receptors. In the ROS-rich cytoplasm, RPPT degraded, releasing
siVCAM-1, enhancing VCAM-1 silencing. This reduced neutrophil recruitment to the injured myocardium, significantly improving anti-inflammatory
efficacy and myocardial function recovery. Reproduced with permission (Hou et al., 2022). Copyright 2022, Elsevier. (B) Cardiomyocyte-targeted
nanotherapeutics for ROS-sensitive co-delivery of siRAGE and Dex were developed. Dex-loaded MSNs, coated with PPTP (a ditellurium-containing
polycation), complexed with siRAGE and gated the MSNs to prevent Dex pre-leakage. After systemic injection into myocardial IR-injured rats, the
nanotherapeutics entered inflamed cardiomyocytes via PGE2 recognition of over-expressed EP receptors. Intracellular ROS degraded PPTP, releasing
SiRAGE and Dex to silence RAGE and manage myocardial inflammation. Reproduced with permission (Lan et al., 2022). Copyright 2022, Tsinghua

University Press.

controlled release of therapeutic agent matrine, a natural
alkaloid that protects cells from ischemia-
reperfusion injury by attenuating c-Jun N-terminal kinase (JNK)

quinolizidine

signaling. In rat models, intravenous administration of TPE-ss
COF@Matrine markedly reduced myocardial infarction area,
enhanced cardiac function, and alleviated myocardial fibrosis and
cardiomyocyte apoptosis. Additionally, the nanocarrier exhibited
prolonged
drug delivery.

retention in cardiac tissue, enabling sustained

4.1.2 Ditellurium linkages

Tellurium’s superior responsiveness to ROS makes it a valuable
component in polymeric nanoparticle design, facilitating the
controlled delivery of encapsulated drugs by regulating material’s
solubility changes under oxidative conditions (Cao et al., 2015). For
instance, Hou and colleagues have engineered an endothelial cell-
targeting and ROS-ultrasensitive nanocomplex system for the co-
delivery of dexamethasone (DXM) and VCAM-1 siRNA (siVCAM-
1) to treat MIRI (Hou et al., 2022). The nanocomplexes, termed
RPPT, were synthesized by crosslinking PEI with ditellurium and
subsequently modified with PEG and the endothelial cell-targeting
peptide cRGD (Figure 4A). Upon systemic administration in a rat
model of MIRI, the cRGD-modified nanocomplexes efficiently
targeted and entered the inflamed endothelial cells located in the
injured myocardium. There, RPPT was sensitively degraded by
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overproduced ROS, triggering the release of intracellular
siVCAM-1 and DXM, thereby effectively abolishing the
expression of the neutrophil recruiter VCAM-1 and inhibiting
the production of proinflammatory factors such as TNF-a. The
combined action of DXM and siVCAM-1 cooperatively inhibited
both migration and adhesion of neutrophils, effectively mitigating
the inflammatory response and reducing MIRI.

Interestingly, the same research team used a similar design
strategy to create an anti-inflammatory nanocomplex that
specifically targets inflamed cardiomyocytes to combat MIRI
(Lan et al, 2022). This ROS-responsive nanocomplex was
synthesized by conjugating PEGylated prostaglandin E2
(PGE,-PEG) with ditellurium-crosslinked polyethyleneimine
(PEI), which was then coated with DXM and loaded with
receptor for advanced glycation end-products (RAGE) siRNA
(siRAGE) onto mesoporous (MSNs)
(Figure 4B). The resulting nanocomplex exhibited high
stability in serum, preventing premature degradation of siRNA
and enabling efficient ROS-responsive release of siRAGE,

silica nanoparticles

achieving a 72% RAGE silencing efficiency, along with the
delivery of DXM within inflamed cardiomyocytes. When
administered intravenously to MIRI rats, this nanocomplex
significantly reduced myocardial inflammation, leading to
substantial function and

improvements in myocardial

reduced fibrosis.
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(A) Schematic illustration of Gel-bFGF fabrication and overall strategy. (B) Quantitative data corresponding to ki67, vWF CD 31 staining showed that
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kB signaling pathway after I/R injury. (F) Schematic illustration summarizing the mechanism of CS-B-NO hydrogel on activation of the Nrf2 pathway
agains oxidative stress via enhancing Keapl S-nitrosylation. Reproduced with permission (Hao T. et al,, 2022). Copyright 2022, Wiley.

4.1.3 Others

In addition to the commonly used chalcogen compounds
mentioned above, peroxalate ester linkages with H202 sensitivity
and scavenging capabilities have been utilized to develop ROS-
responsive nanoparticles for treating MIRI (Bae et al, 2016).
Specifically, Bae and designed H202-responsive
polymer PVAX, by
incorporating peroxalate ester linkages with the naturally

colleagues

antioxidant nanoparticles, known as
occurring antioxidant compound vanillyl alcohol (VA) in their
backbone.

emulsion/solvent evaporation method. The PVAX polymer

These nanoparticles were synthesized using an

rapidly degraded at sites of ROS overproduction, demonstrating
superior therapeutic effects by reducing myocardial infarction size
and apoptosis through its potent antioxidant properties.
Moreover, with the breakthrough development of fluorescent
nanoprobes in the field of precise disease diagnosis, there have been
continuous studies in recent years to design environmentally
responsive fluorescent nanoprobes to respond to specific stimuli
(such as ROS) to achieve simultaneous high-contrast imaging and
targeted treatment of lesion areas (Shen et al., 2021; Xu et al., 2022;
Liu J. et al.,, 2023; Sun et al, 2023). For example, in the study of
Ziegler et al., a self-assembled fluorescent nanoprobe was developed
for imaging and therapy of MIRI. This nanoprobe is composed of an
amphiphilic copolymer that incorporates a hydrophilic chain of
PEG and hydrophobic components of luminol-conjugated chlorin
e6 (Ce6) (Ziegler et al, 2019). The unique design allows the
self-assemble nanoparticles that can

nanoprobe to into
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specifically target areas of injured myocardium due to the local
increase in ROS. The nanoprobe demonstrated high specificity for
the ischemic/reperfused myocardium with fluorescence signals up to
24 h post reperfusion in a mouse model of myocardial I/R.
Moreover, this study further discusses the broader implications of
using ROS-responsive nanoprobe for targeted drug delivery in other
ROS-associated conditions such as stroke, renal infarction, and
inflammatory diseases. This dual functionality-imaging and
therapy-makes fluorescent nanoprobes an attractive platform for
the development of theranostics, which combine diagnostics
with therapy.

4.2 Injectable hydrogels

Hydrogels are high molecular weight polymer materials with a
three-dimensional cross-linked network structure, known for their
exceptional water absorption and swelling properties, making them
excellent drug delivery carriers (Hamidi et al, 2008). Injectable
hydrogels, in particular, have emerged as a versatile platform in
nanomedicine, offering several advantages in drug delivery and tissue
engineering (Bae et al., 2013). They can facilitate local treatment through
minimally invasive administration, reducing systemic side effects and
improving patient compliance. These hydrogels can be engineered to
respond to specific microenvironmental triggers, such as pH,
temperature, and oxidative stress, allowing for precise control of drug
release and enhancing therapeutic efficacy (Abdollahiyan et al., 2020).
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Schematic illustrating the preparation of ROS-responsive, mitochondria-targeted nanomicelles encapsulating CsA, and the construction of a pH/

ROS dually responsive CsA nanomicelle-loaded injectable hydrogel using Schiff base reactions and boronic ester bonding crosslinks. In a rat model of
myocardial ischemia-reperfusion injury, this hydrogel ensures precise delivery of nanodrugs to mitochondria in response to low pH and high ROS,
reducing oxidative stress at microenvironmental, cellular, and subcellular levels, and restoring mitochondrial and myocardial functions. Reproduced

with permission (Zhang X. et al., 2022). Copyright 2022, Elsevier.

By taking advantage of the high concentration of ROS in the
damaged myocardium after I/R, in recent years, there have been
continuous studies on the development of ROS-responsive
hydrogels to achieve precise targeting and sustained release of
drugs by intramyocardial or intrapericardial injection in the
damaged area (Li et al,, 2021; Hao T. et al.,, 2022; Zhang X. et al,,
2022). These hydrogel designs all use similar ROS-responsive
degradation elements, namely boronic acid/ester functional
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groups. The preference for boronic acid/ester as ROS-responsive
elements in hydrogel design may stem from their stability under
normal physiological conditions but superior reactivity to elevated
ROS levels and ability to undergo rapid degradation to facilitate the
precise release of encapsulated therapeutic agents in the injured
myocardium.

For example, Li and colleagues have engineered a ROS-
responsive hydrogel loaded with basic fibroblast growth factor
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(bFGF) for myocardial repair following I/R injury (Li et al., 2021).
This innovative hydrogel was synthesized from poly (vinyl alcohol)
(PVA) cross-linked with a ROS-sensitive benzoboric acid derivative,
enabling the delivery of bFGF directly to the heart’s surface upon
injection into the pericardial cavity (iPC) (Figure 5A). This design
takes advantage of the elevated ROS levels in the damaged
myocardium to trigger “on-demand” release of bFGF, thereby
facilitating angiogenesis and enhancing cardiac function in a rat
model of I/R injury (Figure 5B). Most importantly, these researchers
also proved the feasibility of minimally invasive iPC access in a
human patient during a standard LARIAT procedure, highlighting
the potential for clinical translation (Figure 5C).

Similarly, Hao and colleagues utilized boronic ester as ROS-
responsive element to fabricate an innovative, injectable dual-
function hydrogel, CS-B-NO, designed to counteract MIRI by
addressing the ROS/NO disequilibrium (Hao T. et al, 2022).
This
boronate-protected diazeniumdiolate, stands out for its ability to

hydrogel, synthesized from chitosan modified with
release NO in response to ROS stimulation, thereby modulating the
ROS/NO imbalance post-I/R injury (Figure 5D). The CS-B-NO
hydrogel exhibited significant therapeutic effects in attenuating
cardiac injury and adverse cardiac remodeling in a mouse model
of MIRI The underlying mechanism involved the activation of the
antioxidant defense system and protection against oxidative stress
induced by I/R injury through the adaptive regulation of the Nrf2-
Keapl pathway, leading to a reduction in inflammation by inhibiting
the activation of NF-«B signaling (Bellezza et al., 2018).

In addition, Zhang and colleagues have devised a hierarchical
targeting pH and ROS dual-responsive hydrogel system that aimed to
restore mitochondrial function and alleviate oxidative stress (Zhang
X. et al, 2022). Notably, this system utilized both thioketal and
boronic ester linkages known for their ROS-responsive degradation
properties. Initially, mitochondrial-targeting polymeric micelles
(PTPSC) were constructed, which self-assemble from thioketal-
crosslinked PLGA and PEG (PLGA-TK-PEG) modified with the
Szeto-Schiller (SS31) peptide.
Subsequently, these PTPSC micelles were encapsulated within a

mitochondrial-targeting

pH/ROS  dual-responsive injectable hydrogel crosslinked by
reversible imine and boronic ester bonds, and loaded with
cyclosporine A (CsA), a well-established drug known to inhibit the
opening of the mitochondrial permeability transition pore (mPTP). In
response to the low pH and high ROS in cardiac tissue during
reperfusion, the imine and boronate bonds in the hydrogels were
broken and the CsA-loaded PTPSCs were controllably released from
the hydrogel matrix into damaged cardiomyocytes (Figure 6). The
elevated intracellular ROS further induced the cleavage of the
thioketal linker and targeted the release of CsA into the
mitochondria via SS31 peptide, thereby blocking the opening of
the mPTP and inhibiting mitochondria-mediated cardiomyocyte
apoptosis, while attenuating the output of mitochondrial ROS to
reduce cytoplasmic ROS levels. In rat models, this novel smart
hydrogel system demonstrated remarkable therapeutic efficacy by
restoring mitochondrial and cardiac functions, underscoring its
potent ROS scavenging capabilities and innovative contribution to
cardiac repair. The integration of these state of the art biomaterials
and mechanisms underscores a promising approach for targeted
therapy, especially in mitigating oxidative stress-related pathologies

where mitochondrial dysfunction plays a pivotal role.
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4.3 Biomimetic biomaterials

Given the remarkable biocompatibility, low immunogenicity,
and low toxicity of biomimetic nanomaterials that incorporate cells,
cellular components (such as membranes, lipoproteins, etc.), and
(EVs),
emerged as a prominent strategy in nanomedicine development

extracellular vesicles biomimetic nanomaterials have
(Yaman et al., 2020). In the treatment of ischemic heart disease, this
biomimetic approach enables nanomaterials to disguise themselves
as endogenous substances and target damaged myocardial areas,
thereby minimizing toxicity and enhancing biocompatibility (Laiva
et al,, 2015; Kang and Kwon, 2022). A recent systematic review
comprehensively summarized the research progress on biomimetic
nanomaterials based on different cell types of biomembranes and
EVs for ischemic heart disease therapy (Yu et al., 2024). Notably, in
recent years, research has focused on integrating various
microenvironmental responsive elements into these biomimetic
nanodelivery platforms to improve their drug loading targeting
and controlled release capabilities (Rios et al., 2015; Wu et al.,
2016; Kobayashi et al., 2018; Liu et al., 2019). In studies on alleviating
MIR], to date, only two study has used ROS-responsive polymeric
materials to load anti-inflammatory and pro-suvival drugs and
integrated them into platelet membrane chimeric nanodelivery
system to achieve targeted drug delivery in damaged myocardium
(Li et al., 2022; Weng et al., 2022).

Specifically, Weng and colleagues developed this innovative
platelet-bionic ROS-responsive delivery platform, PLP-RvDI,
utilizing platelet membrane chimerism modified liposomes to
achieve targeted delivery to myocardial macrophages at the injury
site and mediate ROS-responsive release of the anti-inflammatory
drug Resolvin D1 via diselenide bonds (Figure 7A) (Weng et al.,
2022). In a mouse MIRI model, the intravenous injection of PLP-
RvD1 resulted in the enrichment of RvD1 in the injured
myocardium, promoting macrophage efferocytosis of apoptotic
cardiomyocytes, production of specialized proresolving mediators
(SPMs), and angiogenesis during injury repair process, effectively
improving ventricular remodeling and protecting cardiac function.
Furthermore, biosafety assessment of this delivery system
demonstrated that PLP-RvD1 did not induce acute inflammatory
responses, exhibited no potential immune reactions, and lacked
organ toxicity, suggesting its suitability for potential clinical
applications.

Similarly, Li and colleagues employed a biomimetic strategy to
develop a platelet membrane-cloaked nanoparticle, CsA@PPTK
(Figure 7B). This nanoparticle is constructed using poly
(thioketal) (PTK), a material rich in thioketal bonds that are
sensitive to various types of ROS. The ROS sensitivity allows the
nanoparticle to release its encapsulated anti-apoptotic drug, CsA,
specifically at the site of injury where ROS levels are elevated (Li
et al.,, 2022). Upon intravenous injection, CsA@PPTK effectively
accumulated in the infarcted myocardium of MIRI mice, where it
scavenged ROS and modulated the inflammatory response. This
modulation was achieved by increasing the generation of regulatory
T cells (Tregs) and enhancing the M2/M1 macrophage ratio. As a
result, this targeted delivery and responsive release strategy
significantly reduced cardiomyocyte apoptosis, decreased infarct
size, and mitigated fibrosis, leading to improved cardiac function
and left ventricular remodeling. Furthermore, biosafety assessments
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(A) A delivery platform called PLP-RvD1, which is responsive to ROS and mimics platelets, was designed. It is created by combining ROS-responsive
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injury sites by hitching a ride with chemotactic circulating monocytes following intravenous injection. The high levels of ROS at the injury site break down
the platform, releasing RvD1 quickly. The released RvD1 then facilitates the clearance of dead cardiomyocytes, the production of SPMs, and
angiogenesis, which helps improve ventricular remodeling and maintain cardiac function in mice with myocardial I/R injury. Reproduced with permission
(Weng et al., 2022). Copyright 2022, BioMed Central. (B) CsA@PPTK effectively accumulated in the ischemic myocardium of MI/RI mice, where it
significantly reduced ROS and promoted the generation of Tregs while increasing the ratio of M2 to M1 macrophages. Additionally, CsA@PPTK notably
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increasing CX43 protein expression in the affected tissue. These effects led to a substantial reduction in left ventricular remodeling and a marked
improvement in heart function in MI/RI mice. Copyright 2022, BioMed Central.

revealed that CsA@PPTK did not induce acute inflammation,
immune reactions, or organ toxicity, highlighting its potential as
a promising candidate for clinical applications in treating MIRL
In addition to the above-mentioned ROS-responsive therapeutic
platforms specifically designed for MIRI, recent studies have also
extensively explored ROS-responsive nanomaterials with nearly
identical design principles, including the same ROS-responsive
elements and material types, for the treatment of myocardial
infarction (MI). These nanomaterials are often loaded with drugs
that possess anti-inflammatory, antioxidant, pro-angiogenic, and
anti-fibrotic properties (Yao M. Y. et al., 2022; Zheng et al., 2022b; Ji
etal,, 2023; Sun et al.,, 2024; Zhang J. H. et al., 2024). Given the close
similarities in the pathological processes underlying MI and MIRI, it
is highly probable that the nanomedicines developed for MI could
also yield significant therapeutic benefits in the treatment of MIRI.
Notably, while ROS-responsive nanomaterials carrying anti-fibrotic
agents have been effectively utilized in MI therapy (Ji et al., 2023; Sun
et al,, 2024), they have not yet been applied in the context of MIRI
treatment. The future development of anti-MIRI nanomedicine may
need to adopt a more holistic approach. This would involve
integrating a spectrum of cardioprotective drugs with multiple
therapeutic properties, aimed at providing comprehensive
protection of cardiac structure and function throughout the

disease progression, from acute injury to chronic remodeling.

5 Prospects and conclusion

ROS overproduction during I/R play a crucial role in myocardial
injury, presenting both a challenge and an opportunity for
innovative treatment strategies. ROS-responsive biomaterials have
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emerged as a promising approach to addressing I/R injury in the
heart as well as other organs such as liver, kidney and brain. Despite
their potential, several challenges must be overcome to translate
these biomaterials from the laboratory to clinical practice. 1) One
significant challenge is the integration of multifunctionality in
current ROS-responsive biomaterials to address both diagnostic
and therapeutic needs. The ability to combine therapy with real-
time imaging could significantly improve monitoring and treatment
precision for MIRI. Furthermore, integrating multiple therapeutic
modalities such as antioxidant, anti-inflammatory, pro-angiogenic,
and anti-fibrotic therapies may produce synergistic effects, thereby
enhancing myocardial recovery and function. 2) Another critical
the of the I/R
microenvironment, characterized by fluctuating ROS levels and

challenge is complexity myocardial
diverse pathological features that vary depending on the extent of
myocardial injury in each patient. This variability directly impacts
the efficacy of nanomaterials. To overcome this, it is crucial to
enhance our understanding of ROS biology, focusing on the
spatiotemporal changes of ROS in the myocardium after I/R.
Future designs should also integrate multi-stimulus-responsive
capabilities that can react to additional I/R markers such as
pH and inflammation. This strategy will facilitate the creation of
smart-responsive systems that can dynamically adapt to these
targeting
precision and therapeutic efficacy. 3) With the exception of in

microenvironmental changes, thereby enhancing
situ injected biomaterials, such as hydrogels, current therapeutic
polymeric or biomimetic nanoparticles injected intravenously are
difficult to effectively target to the heart and are often cleared by the
liver or kidneys. Therefore, the design of these materials should also
incorporate strategies that enhance their affinity and retention

within the damaged myocardium, possibly through the use of
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heart-specific peptides or antibodies. 4) Addressing the biosafety
and systemic toxicity of these advanced materials is paramount.
Although nanomedicine can enhance drug bioavailability and
prolong circulation times, the long-term effects require thorough
investigation. Understanding the pharmacokinetics, biodegradation,
and metabolic profiles of these materials is essential to ensuring their
safe clinical application. Preclinical studies and clinical trials should
explore the efficacy of these nanomaterials in larger animal models
to better evaluate their clinical potential. A focus on rigorous
preclinical testing and streamlined regulatory processes will also
be essential to facilitate the transition from bench to bedside. 5)
Finally, the scalability of production is another hurdle that must be
overcome. As these biomaterials move towards clinical application,
the need for efficient manufacturing processes that maintain
material integrity and functionality at scale becomes evident. This
is crucial for meeting the demands of clinical practice while ensuring
cost-effectiveness.

In conclusion, significant advances in ROS-responsive
biomaterials, including polymeric nanoparticles, hydrogels,
and biomimetic nanomaterials, offer a promising approach to
treating ischemia-reperfusion injuries by enabling targeted
therapeutic delivery. These biomaterials can reduce myocardial
but
challenges remain in patient variability, targeting specificity,
safety
manufacturing scalability. Continued research focusing on

damage more effectively than current therapeutics,

biocompatibility, long-term and efficacy, and

these areas is crucial. By addressing these challenges, ROS-
responsive biomaterials could revolutionize the management
of
significantly improving patient outcomes and paving the way

ischemic conditions across multiple organ systems,

for personalized medical interventions.
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Mesenchymal stem cells (MSCs) are naturally-derived regenerative materials that
exhibit significant potential in regenerative medicine. Previous studies have
demonstrated that MSCs-based therapy can improve heart function in
ischemia-injured hearts, offering an exciting therapeutic intervention for
myocardial ischemic infarction, a leading cause of worldwide mortality and
disability. However, the efficacy of MSCs-based therapies is significantly
disturbed by the myocardial microenvironment, which undergoes substantial
changes following ischemic injury. After the ischemic injury, blood vessels
become obstructed and damaged, and cardiomyocytes experience ischemic
conditions. This activates the hypoxia-induced factor 1 (HIF-1) pathway, leading
to the rapid production of several cytokines and chemokines, including vascular
endothelial growth factor (VEGF) and stromal-derived factor 1 (SDF-1), which are
crucial for angiogenesis, cell migration, and tissue repair, but it is not sustainable.
MSCs respond to these cytokines and chemokines by homing to the injured site
and participating in myocardial regeneration. However, the deteriorated
microenvironment in the injured myocardium poses challenges for cell
survival, interacting with MSCs, and constraining their homing, retention, and
migration capabilities, thereby limiting their regenerative potential. This review
discusses how the deteriorated microenvironment negatively affects the ability of
MSCs to promote myocardial regeneration. Recent studies have shown that
optimizing the microenvironment through the promotion of angiogenesis can
significantly enhance the efficacy of MSCs in treating myocardial infarction. This
approach harnesses the full therapeutic potential of MSCs-based therapies for
ischemic heart disease.

mesenchymal stem cells, microenvironment, agiogenesis, myocardial regeneration,
ischemic heart disease
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1 Introduction

Ischemic heart disease (IHD), caused by stenosis or blockage of
the coronary arteries resulting in a lack of blood supply to the
myocardium, remains one of the leading causes of death worldwide
(Bradley and Berry, 2022; Pastena et al., 2024). Following myocardial
ischemia, there is an extensive loss of cardiomyocytes, which are
then replaced by excessive collagen deposition. This leads to
impaired heart contraction and relaxation, eventually resulting in
heart failure (Stone et al., 2023). Current clinical treatments, such as
vasodilation, diuresis, and inotropic therapies, can temporarily
relieve ischemic symptoms but do not regenerate new
cardiomyocytes for functional recovery (Ahmadi et al, 2016;
Boden et al., 2023; Niccoli et al., 2021). Given the limited self-
renewal capacity of cardiomyocytes, cell-based strategies to
replenish lost cardiomyocytes or promote endogenous repair
offer a new option for patients (Hsiao et al., 2013; Madonna, 2022).
(MSCs)

regenerative materials with the capacity for self-renewal and

Mesenchymal stem cells are naturally derived
multi-lineage differentiation, and they are widely distributed
across various tissues (Castilla-Casadiego et al., 2020; Chang
et al, 2021; Cherian et al, 2020). MSCs-based therapies have
shown promising potential in promoting myocardial recovery
from ischemic injury (Ward et al, 2018). However, the
mechanistic understanding of MSCs in myocardial regeneration
remains controversial (Najar et al., 2021). Although a growing body
of preclinical and clinical studies has observed improvements in
heart function, more cautious analyses have revealed that the
quantity of cardiomyocytes differentiated from MSCs is far below
the sufficiency needed to support significant myocardial recovery
from MSCs treatment (Ward et al., 2018; Eschenhagen et al.,, 2017).

One of the most significant challenges is the low efficiency of
MSCs homing to the infarcted heart, with cells often redistributing
to other organs, including the lung, liver, and spleen (Chan et al.,
2022; Penna et al., 2008). Additionally, a rapid loss of transplanted
MSCs occurs within the first 48 h after transplantation via
intravenous, intracoronary, or intramyocardial injection (Malik
et al,, 2020; Chin et al.,, 2024). Although there are techniques to
enhance MSCs retention at the injured myocardium, such as cell
patches, these MSCs primarily exert their effects through paracrine
mechanisms, improving the microenvironment by promoting
angiogenesis, reducing fibrosis, and modulating inflammation
(Shi et al, 2021; Wu and Zhao, 2012; Yan et al, 2022; Zhang
et al., 2016a). These findings suggest a critical issue: the ischemia-
injured myocardium is unsuitable for MSCs homing, retention, and
differentiation into cardiomyocytes, thereby limiting their potential
for myogenesis.

The myocardial microenvironment is composed of various
physiological, chemical, and biological factors primarily generated
by non-cardiomyocyte cells, including immune cells, stromal cells,
and vascular cells (Tang et al., 2020). Following ischemic injury,
these cells undergo substantial changes, leading to a dynamic shift in
the microenvironment (Li et al., 2021). Immune cells such as
macrophages, neutrophils, and lymphocytes are rapidly activated
in response to ischemic insult, migrating to the injured myocardium
to eliminate debris from dead cells (Sun et al., 2021). The vasculature
is damaged due to the ischemia-induced loss of vascular cells,
including endothelial cells, pericytes, and smooth muscle cells
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(Lupu et al, 2020). Angiogenesis is then initiated, relying on
viable endothelial cells from collateral vessels, contributing to the
reconstruction of vasculature and partially alleviating hypoxia (Xiao
et al., 2020). Stromal cells, mainly fibroblasts, are activated and
transformed into myofibroblasts, producing abundant collagen and
facilitating collagen crosslinking, leading to cardiac fibrosis (Li et al.,
2014). These changes significantly impact the biological activities
and functions of MSCs in myocardial regeneration (Khalil and
McCain, 2021).

In this review, we summarized the current understanding of
MSCs involved in myocardial regeneration and the relationship
between changes in the myocardial microenvironment and the
biological activities of MSCs during ischemic injury progression,
providing a novel insight into the critical role of rebuilding the
microenvironment in promoting the efficacy of MSCs in myocardial
regeneration.

2 MSCs applied in IHDs therapy

MSCs are multipotent stem cells characterized by self-renewal,
robust proliferative capacity, and multilineage differentiation potential.
MSCs predominantly express positive markers such as CD29, CD90,
CD105, and CD44, while showing negative expression of hematopoietic
and vascular markers like CD45, CD34, CD19, CD11b, and CD14
(Dominici et al., 2006). MSCs can differentiate into various mesoderm
lineages and cell types, including osteoblasts, adipocytes (Casado-Diaz
et al,, 2016), skeletal muscle myocytes/myotubes (Park et al., 2016), and
cardiomyocytes (Makino et al., 1999) under growth factor-rich selective
media. MSCs can be derived from a wide range of sources, including
bone marrow, adipose tissue, umbilical cord, placenta, and dental pulp
(Prakash et al., 2023). Bone marrow-derived MSCs (BM-MSCs) were
the first identified and isolated from bone marrow (Friedenstein et al.,
1970; Friedenstein et al., 1966) and have emerged as one of the leading
candidates for clinical translational applications. Due to the invasive
nature of harvesting BM-MSCs and their poor cell viability, alternative
sources of MSCs have been explored. Among these, umbilical cord
mesenchymal stem cells (UC-MSCs) are considered one of the most
ideal sources for transplantation therapy due to their ease of collection,
wide availability, and low immunogenicity (Sriramulu et al, 2018).
Additionally, adipose-derived mesenchymal stem cells (AD-MSCs)
exhibit stronger immunomodulatory properties compared to other
MSCs and have also been extensively studied (Czerwiec et al., 2023).
While MSCs from different sources have varying characteristics in
terms of collection, proliferation, differentiation, and functional
regulation (Hoogduijn et al, 2014), their capacity for myocardial
regeneration is recognized for its encouraging potential in the
therapeutic effect of IHD. Since the early 2000s, when landmark
studies reported that bone marrow cells could potentially replace
damaged myocardium in the adult heart (Orlic et al, 2001), MSCs
have been studied for the treatment of ITHD for over 20 years, yielding
promising preclinical results and mixed clinical outcomes.

2.1 Preclinical studies

Since Orlic et al. reported the potential of bone marrow cells to
replace damaged adult myocardium in 2001, a finding that was later
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TABLE 1 Summary of the ongoing clinical trials for IHD.

10.3389/fbioe.2024.1468833

Trial ID Trial title Cell source Condition Phase Routine

NCT06147986 = Evaluate the Efficacy and Safety of Allogeneic Umbilical Allogeneic umbilical cord ST-elevation Myocardial = III Intracoronary and
Cord Mesenchymal Stem Cells as an Add-On Treatment for =~ mesenchymal stem cells Infarction Intravenous
Acute ST-elevation Myocardial Infarction (STEMI) Patients

NCT05935423 = Umbilical Cord Mesenchymal Stem Cell Improve Cardiac =~ Umbilical Cord ST Elevation Myocardial = III Intracoronary
Function on ST-elevation Myocardial Infarction (STEMI) = Mesenchymal Stem Cell Infarction
Patients

NCT05043610 = MSCs for Prevention of MI-induced HF Umbilical Cord Myocardial Infarction, I Intracoronary

Mesenchymal Stem Cell Acute

NCT04776239 | Allogeneic Mesenchymal Human Stem Cell Infusion Umbilical Cord Ischemic Heart Disease; I/ Intravenous
Therapy for Endothelial DySfunctiOn in Diabetic Subjects = Mesenchymal Stem Cell Diabetes Mellitus
With Symptomatic Ischemic Heart Disease. (ACESO-THD)

challenged, MSCs-based therapies for myocardial regeneration have
been extensively studied. These studies have utilized differentiated
or undifferentiated MSCs from allogeneic, autologous, and even
xenogeneic sources, employing various delivery approaches (Huang
etal,, 2010; Jansen Of Lorkeers et al., 2015; Luger et al., 2017; Tomita
etal, 1999). Meta-analyses have reported an overall 12% increase in
left ventricular ejection fraction (LVEF) in rodent studies following
MSCs administration compared to untreated groups. Additionally, a
7% increase in LVEF was observed in large species such as pigs, with
only 7 out of 16 studies showing favorable results for MSCs.
Correspondingly, an 8% reduction in infarct size was observed in
half of the preclinical studies in rodents, and a 6.4% reduction in pig
hearts was noted in the seven studies that reported favorable results
for MSCs administration (Kanelidis et al., 2017).

2.2 Clinical trials

Most clinical trials of cell therapy for IHD have concentrated on
BM-, with AD- and UC-MSCs also being studied in recent years
(Ward et al,, 2018). These trials have demonstrated favorable safety
and tolerability. The treatment of acute myocardial infarction (AMI)
typically involves the intracoronary injection of MSCs following
percutaneous coronary intervention (PCI), with intravenous
injection being used in some cases. A meta-analysis of 13 clinical
trials in AMI reported a highly significant 3.78% increase in LVEF
for the MSCs-treated group compared to the control group (Attar
et al,, 2021). MSCs have also been investigated for the treatment of
chronic ischemia and ischemic cardiomyopathy. The primary route
MID) s
intramyocardial, rather than intracoronary or intravenous (Wang
et al,, 2015a). A meta-analysis demonstrated the efficacy of MSCs,
highlighting the overall safety and efficacy of autologous BM-MSCs

of treatment for chronic myocardial infarction

in chronic MI treatment (Kanelidis et al., 2017). A randomized
controlled trial by Zhang et al. assessed the efficacy of MSCs
transplantation in patients with chronic MI, reporting significant
improvements in LVEF and reduced infarct size (Wang et al,
2015b). These findings supported the long-term outcomes of
MSCs therapy, observing improved survival rates, reduced
rehospitalization, and enhanced quality of life among treated
patients (Afzal et al, 2015). Nowadays, there are 2 related MSC
products approved for the treatment of peripheral vascular disease.
One is Stempeucel for atherosclerotic and non-atherosclerotic
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critical limb ischemia, developed by Stempeutics; and the other is
Vescell (ACP-01), under development by Hemostemix, for the
treatment of IHD. Several clinical trials are currently underway
for the treatment of IHD using UC-MSCs (Table 1).

2.3 Mechanisms of MSCs in promoting
myocardial regeneration

2.3.1 Differentiation, paracrine effects and
immunomodulation of MSCs

Numerous studies have demonstrated the ability of MSCs to
differentiate into cardiomyocytes, endothelial cells, and smooth
muscle cells. Notably, evidence of MSCs differentiating into
cardiomyocytes,
contractile properties and the expression of cardiomyocyte

functional including the acquisition of
marker genes in vitro, has been observed after treatment with 5-
azacytidine, a hypomethylating agent (Tomita et al., 1999). Due to
safety concerns, further studies have shifted from the use of 5-
azacytidine to agents, such as
dexamethasone, to MSCs

cardiomyocytes (Shim et al., 2004). Transplantation of these

alternative insulin and

induce differentiation  into
MSCs-derived cardiomyocytes into ischemic-injured hearts has
been shown to contribute to myocardial functional recovery (Iso
et al., 2007). Of note, undesirable integration of these transplanted
cells with the resident cardiomyocytes, and the occurrence of
arrhythmia post-transplantation primarily hinders the application
of MSCs in the treatment of IHD (Yagyu et al., 2019). Moreover,
several studies have reported when MSCs were directly transplanted
into the myocardium, they rarely differentiated into cardiomyocytes,
possibly ascribed to
microenvironment (Eschenhagen et al., 2017; Leiker et al., 2008).

lacking of appropriate signals and
Results from animal and patients have demonstrated that MSCs can
improve cardiac function, although this improvement is likely not
due solely to the replacement of injured contractile cardiomyocytes.
With the advancement of research technology, more evidence shows
that MSCs promote the improvement of cardiac function not
through the differentiation into cardiomyocytes but through
paracrine effects and immunomodulation (Gallina et al., 2015).
Paracrine effects are currently widely studied for understanding
MSCs-induced myocardial regeneration (Li et al, 2023). MSCs
primarily secrete various growth factors and cytokines, such as
vascular endothelial growth factor (VEGEF), fibroblast growth
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factor (FGF), and insulin-like growth factor-1 (IGF-1) (Gallina et al.,
2015). These factors promote angiogenesis in ischemic regions,
improving blood supply to the myocardial tissue and providing
necessary nutrients and oxygen for cardiomyocyte regeneration (Yin
et al., 2023). Additionally, MSCs produce anti-fibrotic factors that
inhibiting  fibroblast-to-
myofibroblast transition and reducing collagen fiber deposition
(Takahashi et al, 2006). MSCs
immunomodulatory factors that inhibit T-cell activation, thereby

reduce scar tissue formation by

Moreover, secrete
reducing the production of pro-inflammatory cytokines that might
further damage cardiomyocytes (Gomez-Ferrer et al., 2021).

MSCs can activate intrinsic immune responses. Direct injection of
adult stem cells can trigger an acute inflammatory response
characterized by CCR2* and CX3CR1* macrophage accumulation,
which alters fibroblast activity, reduces fibrosis, and enhances the
mechanical properties of the injured heart (Vagnozzi et al., 2020).
Furthermore, MSCs interact directly with immune cells, such as
macrophages, T-cells, and natural killer (NK) cells. They can
polarize macrophages towards an M2 phenotype, associated with
anti-inflammatory and pro-repair activities. This shift promotes the
clearance of cellular debris and supports angiogenesis while inhibiting
the release of harmful pro-inflammatory cytokines (Ben-Mordechai
et al,, 2013). Similarly, MSCs can suppress T-cell proliferation and
activation, reducing the risk of allograft rejection and alloreactivity in
transplantation settings (Martinez et al.,, 2017).

2.3.2 The processes of MSCs participation in
myocardial regeneration

The underlying processes of MSCs in myocardial regeneration
involve their homing to the injured myocardium and retention there
for subsequent functions. These processes require precise regulation
of multiple signals and structural support.

2.3.2.1 Homing

MSCs homing refers to the biological activities that enable MSCs
to move towards the injured site, which is the first and foremost step
for their participation in myocardial regeneration (Szydlak, 2019).
The direction of MSCs migration is determined by several cytokines,
chemokines, and pro-inflammatory factors. These signals, produced
in response to ischemic injury, act as navigators for MSCs homing
and are termed tissue injury signals. Stromal cell-derived factor-1
(SDF-1), also known as CXCL12, is one of the most important tissue
injury signals for MSCs homing (Zhang et al., 2016a). After ischemic
injury, SDF-1 proteins are rapidly upregulated in the injured
myocardium and released into the circulation (Rota, 2010). SDF-
1 proteins bind to the receptor CXCR4 on MSCs, activating
intracellular signal transduction via the mitogen-activated protein
kinase (MAPK) pathways to phosphorylate cytoskeletal proteins like
vimentin for cell migration (Chen et al., 2020; Tang et al., 2011).
Consequently, MSCs are mobilized from their resident niche into
the circulation and then move towards the injured myocardium
(Tang et al, 2011). Other tissue injury signals, including pro-
inflammatory factors (interleukins [ILs] and tumor-necrosis
factor-a [TNF-a]) and growth factors (VEGF, PDGF and TGEF-
B), also play a role in MSCs homing (Szydlak, 2019). The process of
MSCs homing generally occurs in the early phase after ischemic
injury, accompanied by the upregulation of tissue injury signals at
the injured site (Kang and Zheng, 2013).
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The conduit for tissue injury signal transduction is primarily the
vasculature-dependent circulation system. This conduit is essential
for the movement of circulating stem cells and their arrival at the
injury site (Kang and Zheng, 2013). When MSCs reach the injured
site, regional chemokines and cytokines in high concentrations bind
to receptors on the MSCs, mediating their rolling along endothelial
cells. Thereafter, adhesive molecules like vascular cell adhesion
molecule-1 (VCAM-1) on the surface of endothelial cells bind to
integrins on the membranes of MSCs, inducing MSCs adhesion and
subsequent transmigration through the endothelial layer, thus
completing MSCs homing (Segers et al., 2006; Nitzsche et al., 2017).

Direct injection of MSCs into the injured myocardium bypasses
the homing process, and forces MSCs to remain there. This
technique is widely used in MSC-based therapy for IHDs but is
an invasive procedure that brings additional risks to patients
(Kanelidis et al, 2017). Moreover, intramyocardial injection of
MSCs can create isolated cell islands with poor connections to
native cardiomyocytes, potentially causing arrhythmias in the
future (Yagyu et al.,, 2019).

2.3.2.2 Retention

After homing to the injured myocardium, MSCs must survive and
be colonized there for long-term retention. Essential oxygen and
nutrients are necessary for the survival of MSCs, and both are
mainly provided by vasculature. Some research has demonstrated
that MSCs can tolerate lower oxygen levels (5%) via the activation
of the HIF-1 signaling pathway, with their paracrine function to
promote angiogenesis being enhanced under hypoxic conditions
compared to normal conditions with 21% oxygen (Sun et al,
2020a). However, in the context of MSCs transplantation in ITHDs,
deprivation of oxygen and nutrients by damaged vasculature usually
creates a deteriorated microenvironment, leading to massive MSCs
apoptosis post-transplantation (Chen et al., 2018). Poor retention of
transplanted MSCs is a significant drawback that limits the clinical
application of MSCs-based therapy for IHDs (Kanki et al., 2011).

The colonization of MSCs after homing to the injured
myocardium is also regulated by mechanical stress provided by
the extracellular matrix (ECM) (Raimondi et al., 2013). MSCs are
sensitive to changes in mechanical stress via ion channels on the cell
surface, including Piezol, which activates the intracellular Hippo
YAP/TAZ to morphology,
proliferation, and differentiation. A previous study revealed that a

pathway effector regulate  cell
3D soft and elastic hydrogel could effectively enhance cell growth,
proliferation, and osteogenic differentiation of MSCs (Di et al.,
2023). Additionally, the differentiation of embryonic stem cells
(ESCs) into cardiomyocytes favored 3D cultures with less
mechanical stress than 2D cultures (Ou et al., 2011). However,
an increase in mechanical stress due to excessive collagen deposition
after ischemic injury may hinder the colonization, proliferation, and
differentiation of transplanted MSCs (Li et al., 2014).

2.3.2.3 Promotion of myocardial regeneration

After MSCs homing and retention in the injured myocardium,
they can perform functions such as secretion and differentiation for
myocardial regeneration.

The role of MSCs in myocardial regeneration is debated,
particularly whether they can differentiate into cardiomyocytes to
replace lost cardiomyocytes after ischemic injury, as we also noted

frontiersin.org


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2024.1468833

Chu et al.

10.3389/fbioe.2024.1468833

)

MSCs homing

C o e

MSCs retention
.

o)

MSCs migration /_\_/

e ———————
N
-

Blood vessel

=% Thrombosis

A= MSC

@ Inflammatory cell
=
) SDF-1

. ECM

Dying MSCs

FIGURE 1

Interplay between MSCs and the altered microenvironment after ischemic injury. The graphic symbols were listed in the right panel.

above. One crucial requirement for MSCs differentiation is the
induction of specific signals (Eschenhagen et al., 2017). During
heart development, several factors, including BMPs, WNTs, and
FGFs, and the sequential activation of transcription factors like
MIXL1, Nkx2.5, and GATA4, are involved in the differentiation
from MSCs into cardiomyocytes (Buijtendijk et al., 2020). The first
report in 1999 indicated the induction of adult MSCs differentiation
into cardiomyocyte-like cells with sarcomere for spontaneous
contraction by adding 5-azacytidine into the cultures (Makino
et al, 1999; Tomita et al., 1999). Further studies have developed
various methods by combining different chemicals to improve the
efficiency of MSCs differentiation into cardiomyocytes, and these
induced cardiomyocytes have been applied for cell transplantation
in IHDs for myocardial regeneration (Shim et al., 2004). However,
little have observed that MSCs
cardiomyocytes in vivo (Leiker et al., 2008), likely due to the lack

studies differentiate into

of appropriate signals in the microenvironment.

3 Integ)lay between MSCs and the
altered microenvironment after
ischemic injury

The myocardial microenvironment is a complex system
composed of various non-cardiomyocytes, including immune
cells, vascular cells, and fibroblasts, as well as the non-cellular
extracellular matrix. It plays a critical role in modulating the
behavior of MSCs and influencing their ability to effectively
participate in tissue repair and regeneration (Franchi et al., 2020).

3.1 Pathological changes after
myocardial ischemia

The dramatic pathological changes following myocardial ischemia

include the massive loss of cardiomyocytes, destruction of microvessels,
and recruitment and activation of immune cells (Figure 1). Current
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knowledge indicates that the regenerative capacity of cardiomyocytes is
extremely weak, leading to fibrotic repair to maintain the heart’s
integrity. Various fibrotic mediators and cytokines released by
macrophages, lymphocytes, and other cells create a fibrotic
in the ischemic area, stimulating the
transformation of fibroblasts into myofibroblasts (Xiao et al., 2023).
These myofibroblasts produce large amounts of extracellular matrix

microenvironment

proteins, leading to collagen deposition and cardiac fibrosis, which
induces adverse remodeling that can gradually progress to heart failure
(Prabhu and Frangogiannis, 2016).

3.2 Change of vasculature and the
deteriorated microenvironment

Appropriate vasculature is crucial for the survival and normal
function of cardiac cells, as it provides essential oxygen, nutrients,
growth factors, and cytokines (Brutsaert, 2003). Ischemic injury,
arising from the obstruction of blood vessels, can lead to further
structural damage in these vessels (Xiao et al., 2021a). Endothelial
cells, in particular, are highly susceptible to ischemic insults and may
experience impaired integrity and increased permeability. This
disruption of the endothelial barrier facilitates the leakage of fluid
and macromolecules into the surrounding tissue, exacerbating the
ischemic injury (Chu et al., 2023). Additionally, ischemic insults can
damage the basement membrane, resulting in the loss of its
structural support and regulatory functions. Furthermore, smooth
muscle cells in the vessel wall may undergo apoptosis or dysfunction,
compromising the structural integrity of blood vessels and
contributing to the progression of vascular remodeling and
dysfunction (Heitzer et al, 2001). In response to ischemia-
induced hypoxia, angiogenesis 1is initiated, sprouting from
existing endothelial cells and expanding towards the injured site
to recover blood supply (Nofi et al., 2018). However, angiogenesis is
often not sustained, and vascular remodeling further impairs the
ability of blood vessels to withstand hemodynamic stress (Xiao
et al., 2021a).
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The ischemic injury leading to vascular changes directly affect
the survival and migration of MSCs. As blood vessels are the primary
route for MSCs to obtain oxygen, nutrients, and growth factors,
vascular obstruction or damage disrupts the microenvironment,
compromising their survival and normal functions (Kang and
Zheng, 2013). On the other hand, endothelial cells losing their
integrity and increasing vascular permeability might facilitate the
migration of MSCs from blood vessels to the injured site (Chu et al.,
2023). Additionally, in response to ischemia-induced hypoxia,
MSCs their
immunomodulation and suppress inflammatory responses (Xiao
et al, 2021b). Some studies showed that hypoxia might shift the
differentiation preference of MSCs towards vascular repair-related

might  activate paracrine  effects  on

cell types, including endothelial cells and smooth muscle cells (Tian
et al., 2022).

Following ischemic injury, the heart undergoes a series of
intricate immune responses involving the activation and
infiltration of various immune cells. These include both innate
immune cells, such as neutrophils and macrophages, and
adaptive immune cells, including T and B cells (Nahrendorf
2007; 2014). These

accumulate at the site of cardiac injury and release a multitude of

et al., Frangogiannis, immune cells
inflammatory mediators and cytokines, such as interleukins (IL-1,
IL-6, IL-17), tumor necrosis factor-alpha (TNF-a), chemokines
(CXCL1, CCL2), and reactive oxygen species (ROS), which
further promote the inflammatory response and tissue repair
(Swirski and Nahrendorf, 2013). The immune response typically
peaks within 4-7 days following ischemic injury and subsequently
reduces to a stable state over time (Xiao et al., 2021a).

MSCs respond to cytokines and chemokines released from the
injured myocardium, rapidly mobilizing and migrating towards the site
of injury under the guidance of these factors (Kang and Zheng, 2013).
Once in the injured myocardium, MSCs interact with various immune
cells. Macrophages play a pivotal role in the inflammatory response
following ischemic heart injury, with the ability to polarize into M1
(pro-inflammatory) or M2 (anti-inflammatory) phenotypes, each
exerting distinct effects on MSCs (Ben-Mordechai et al, 2013).
M1 macrophages release pro-inflammatory cytokines that can
compromise MSCs survival and function, while M2 macrophages
foster a more conducive environment for MSCs-mediated tissue
repair. Reciprocally, MSCs can influence macrophage polarization,
favoring the M2 phenotype, which aids in reducing inflammation
and promoting healing (Neupane et al, 2023). Additionally, MSCs
can mitigate the inflammatory response by suppressing T cell
proliferation and activation (Behm et al., 2024), as well as inhibiting
NK cell activation and cytotoxicity, thereby protecting heart tissue from
immune-mediated damage. The interplay between MSCs and immune
cells is dynamic, with MSCs promoting a more balanced immune
response that supports tissue repair (Najar et al., 2010).

On the other hand, the ECM forms the native cellular support
network and has a strong interplay with its residing cells. Following
myocardial ischemic injury, the ECM undergoes significant
remodeling, particularly in its composition (Chu et al, 2021).
Activated cardiac fibroblasts proliferate and increase the synthesis
of collagenous proteins, primarily types I and III collagen, which are
then deposited in the ECM. This excessive deposition of collagenous
proteins leads to fibrosis, altering the structural integrity of the
myocardium (Xiao et al, 2023). In addition to collagen, non-

Frontiers in Bioengineering and Biotechnology

10.3389/fbice.2024.1468833

of the ECM,
glycosaminoglycans, proteoglycans, elastin, and laminin, may also

collagenous ~ components such  as
undergo changes in their content and distribution, further
contributing to ECM remodeling (Bonnans et al., 2014).

This remodeling process creates a new microenvironment that
supports MSCs migration and affects their biological behavior. Firstly,
the remodeled ECM provides a structural framework and essential cues
for MSCs migration. Specific signals and adhesion molecules, including
growth factors, cytokines, and chemokines embedded within the
remodeled ECM, could guide MSCs to the injured area, acting as
chemoattractants for efficient homing and tissue repair processes (Zhu
et al, 2006). Additionally, the mechanical stress altered by the
remodeled ECM might change MSCs biological functions, including
their paracrine effects to attenuate myofibroblast transition-induced
fibrosis (Galie and Stegemann, 2014) and promote angiogenesis (Piao
et al., 2005). Furthermore, MSCs could acquire contraction ability when
exposed to mechanical stretch, contributing to functional recovery after
ischemic injury (Choi et al., 2017; Girao-Silva et al., 2014; Izadpanah
etal,, 2022). However, excessive collagen deposition leads to fibrotic scar
formation, resulting in a deteriorated microenvironment for MSCs
characterized by stiff ECM, intensive mechanical stress, and reduced
blood vessels (Li et al., 2021). Therefore, this situation should be avoided
when utilizing MSCs treatment for IHDs.

4 Rebuilding of myocardial
microenvironment for MSCs promotion
of myocardial regeneration

As discussed earlier, the efficacy of MSCs-based therapies largely
depends on the quality of the recipient myocardial
microenvironment. Enhancing the myocardial microenvironment
is pivotal for maximizing the regenerative capacity of MSCs. By
addressing the underlying deficiencies in the myocardial
microenvironment and creating a more favorable setting for
MSCs engraftment, the regenerative potential of MSCs can be
fully realized, opening new therapeutic avenues for myocardial
regeneration.

The essential role of vasculature in facilitating MSCs homing to
injured tissue is well-documented (Shi et al., 2021). In IHDs, the
destruction of blood vessels disrupts the signaling between the
injured myocardium and MSCs and impedes MSCs migration to
the injury site, ultimately hindering tissue regeneration. Numerous
studies have demonstrated that promoting angiogenesis beforehand
benefits the survival of transplanted MSCs (Shi et al., 2021; Chin
et al., 2021). Recovering vasculature in the injured myocardium
enhances the survival prospects of grafted MSCs, making
angiogenesis a promising therapeutic approach (Figure 2).

4.1 Regulation of angiogenesis in the
ischemic myocardium

The HIF-1 signaling pathway is a central regulator of
angiogenesis, orchestrating the expression of multiple pro-
angiogenic factors and metabolic adaptations essential for vessel
formation (Semenza, 2014). HIF-1 is a heterodimeric transcription
factor with two subunits: HIF-1a and HIF-1p (ARNT). HIF-1q, the

frontiersin.org


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2024.1468833

Chu et al.

10.3389/fbioe.2024.1468833

FIGURE 2

Cs
ntation

Improving hypoxic condition \

« Acting as conduit
Providing signals

* Rebuilding ECM

\ Improved microenvironment

The approaches for angiogenesis and its role in rebuilding the microenvironment and in improving MSCs efficacy.

oxygen-sensitive subunit, is tightly regulated by cellular oxygen
levels. Under hypoxic conditions, HIF-1a escapes hydroxylation
and proteasomal degradation, translocates to the nucleus, and
dimerizes with HIF-1B to form an active transcription complex
(Wang et al, 1995). This complex binds to hypoxia-responsive
elements (HREs) in target gene promoters, inducing their
expression. One crucial target of HIF-1 in angiogenesis is VEGF,
which promotes endothelial cell proliferation, migration, and tube
formation (Liu et al., 2018; Cheng et al., 2016). HIF-1 directly
upregulates VEGF expression, initiating and enhancing the
angiogenic response and revascularization to improve tissue
perfusion (Liu et al,, 2018; Li et al., 2012).

However, the angiogenic response following myocardial
ischemic injury is often impaired (Zhang et al., 2016b). While
angiogenesis is rapidly activated in response to ischemic injury,
peaking at day 4 and declining after 1 week, HIF-1a consistently
accumulates in the ischemic myocardium (Xiao et al., 2020; Xiao
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etal., 2021a). The primary issue may be impaired activation of HIF-1
regulation of angiogenic factors, leading to an imbalance between
angiogenic factors and their inhibitors. This imbalance hinders new
blood vessel formation and limits tissue revascularization, ultimately
affecting  MSCs-mediated Additionally, the
inflammatory response following myocardial ischemia releases
cytokines that inhibit
promote fibrosis (Gomez-Ferrer et al., 2021).

tissue  repair.

pro-inflammatory angiogenesis and

4.2 Rebuilding of the microenvironment and
enhancement of MSCs efficacy

the of
angiogenesis on the ischemic myocardial microenvironment and

Several mechanisms underlie beneficial effects

MSC:s function (Shi et al., 2021). Firstly, new blood vessel formation
increases oxygen and nutrient delivery to the injured tissue and
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removes waste products, creating a more conducive environment for
MSCs survival and proliferation (Sun et al, 2020b). Secondly,
angiogenesis stimulates the release of growth factors and
cytokines beneficial for MSCs function. For instance, VEGF and
FGF, potent angiogenic factors, also promote MSCs proliferation,
migration, and differentiation (King et al., 2021). The restoration of
functional vasculature in the ischemic myocardium provides a route
for MSCs to migrate to the injury site and plays a key role in ECM
reconstruction and inflaimmatory response modulation (Gomez-
Ferrer et al., 2021; Sun et al., 2020b). Vasculature-derived ECM
supports MSCs adhesion and migration, essential for efficient
recruitment to damaged tissue (King et al., 2021). Angiogenesis
also modulates the inflammatory response by promoting anti-
inflammatory cell infiltration and reducing pro-inflammatory
cytokine levels, creating a less hostile microenvironment for
MSCs, allowing for better cell survival and function (Chin
et al,, 2021).

Promoting angiogenesis in ischemic heart disease can be
achieved through activating angiogenic factors (Lupu et al,
2020). Direct intravenous injection, intramyocardial injection, or
gene therapy with VEGF and FGF can significantly increase capillary
density (Henning, 2016). Overexpression of HIF-1a via adenoviral
or lentiviral vectors stimulates angiogenic factor expression (Huang
et al,, 2014). A recent study showed that while HIF-1a proteins
consistently accumulate in the infarct zone, angiogenic factor
expression is impaired, possibly due to dysfunction in selective
HIF-1 signaling regulation. Supplementing the trace element
copper can retune this dysregulation and reactivate HIF-1 target
angiogenic factor expression without excessively increasing HIF-1a
accumulation (Xiao et al., 2023; Zhang et al., 2016b).

Other techniques, including physical stimuli like low-intensity
pulsed ultrasound (LIPUS) and electrical stimulation, have also been
explored as non-invasive means to enhance VEGF expression and
promote capillary formation (Amaral et al,, 2001; Li et al., 2022).
Electrical stimulation stimulates the release of angiogenic growth
factors from endogenous cells and promotes neovascularization
(Zhao et al, 2021). Both techniques have shown positive effects
on angiogenesis and cardiac function in preclinical studies.

Another approach involves cell-based therapies, particularly using
endothelial progenitor cells (EPCs). EPCs exhibit inherent angiogenic
properties and secrete a diverse range of growth factors promoting blood
vessel formation. When injected into the ischemic myocardium, EPCs
can differentiate into vascular endothelial cells, directly participating in
new blood vessel formation (Ghem et al., 2017; Zhang et al., 2008).
Combining MSCs and EPCs for ischemic heart disease treatment
represents an innovative and promising therapeutic approach. MSCs,
known for their immunomodulatory effects, reduce inflammation and
promote tissue repair, while EPCs specifically target endothelial cells
regeneration. This combination harnesses the regenerative and
angiogenic potential of these stem cells to promote cardiac tissue
repair and restore blood flow to ischemic regions of the heart.

5 Conclusion and perspective

In conclusion, MSCs have emerged as a promising therapeutic
option for THDs due to their paracrine properties, which promote
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angiogenesis, modulate inflammatory responses, and inhibit the
fibrotic process. However, the efficacy of MSCs-based therapies is
significantly disturbed by the myocardial microenvironment, which
undergoes dramatic changes following ischemic injury. Rebuilding
the myocardial microenvironment, particularly by promoting
angiogenesis, is a pivotal strategy to enhance the regenerative
capacity of MSCs. Angiogenesis improves tissue perfusion and
creates a more conducive environment for MSCs survival and
function. Strategies to promote angiogenesis, such as activating
the HIF-1 signaling pathway, supplementing copper, and
combining EPCs and MSCs-based therapies,
promising results in preclinical studies. Future research should

have shown

focus on elucidating the mechanisms underlying MSCs
promotion of myocardial regeneration, developing novel
techniques to rejuvenate the ischemic microenvironment, and
conducting rigorous clinical trials to validate the efficacy and
these With
advancements in stem cell biology and regenerative medicine,
MSCs-based therapies hold great potential for treating IHD,

ultimately improving patient outcomes and quality of life.

safety of therapeutic approaches. continued
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Chronic and infected wounds, particularly those caused by bacterial infections,
present significant challenges in medical treatment. This study aimed to develop a
novel nanoparticle formulation to enhance wound healing by combining
antimicrobial and photothermal therapy using albumin as a carrier for
Tanshinone IIA and the near-infrared photothermal agent IR780. The
nanoparticles were synthesized to exploit the antimicrobial effects of
Tanshinone IIA and the photothermal properties of IR780 when exposed to
near-infrared laser irradiation. Characterization of the nanoparticles was
performed using Transmission Electron Microscopy (TEM) and spectroscopic
analysis to confirm their successful synthesis. In vitro antibacterial activity was
evaluated using cultures of methicillin-resistant Staphylococcus aureus (MRSA),
and in vivo efficacy was tested in a mouse model of MRSA-infected wounds.
Wound healing progression was assessed over 16 days, with statistical analysis
performed using two-way ANOVA followed by Tukey's post-hoc test. The
nanoparticles demonstrated significant photothermal properties, enhancing
bacterial eradication and promoting the controlled release of Tanshinone IIA.
In vitro studies showed superior antibacterial activity, especially under
photothermal activation, leading to a substantial reduction in bacterial viability
in MRSA cultures. In vivo, nanoparticle treatment combined with near-infrared
laser irradiation significantly improved wound closure rates compared to controls
and treatments without photothermal activation. By the 16th day post-treatment,
significant improvements in wound healing were observed, highlighting the
potential of the combined photothermal and pharmacological approach.
These findings suggest that albumin-loaded nanoparticles containing
Tanshinone IIA and IR780, activated by near-infrared light, could offer an
effective therapeutic strategy for managing chronic and infected wounds,
promoting both infection control and tissue repair.

tanshinone IIA, albumin nanoparticles, wound healing, photothermal therapy,
antibacterial
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1 Introduction

Skin is the largest organ in the human body. It not only protects
the body from external microbes, chemicals, and physical stimuli,
but also plays critical roles in regulating body temperature,
maintaining moisture balance, and sensing the external
environment (Nestle et al., 2009; Proksch et al., 2008; Wang
et al., 2024). However, skin injuries can be caused by various
factors such as trauma, burns, and surgery. These injuries disrupt
the integrity of the skin, leading to imbalances in internal and
external environments and potential risks of infection (Zhou et al.,
2023). Once the skin is injured, the body immediately initiates a
series of complex biological responses to address the damage and
promote the healing and repair process. This process involves the
coordinated action of multiple cell types, signaling molecules, and
biological processes (Mahdavian Delavary et al., 2011; Sorg et al.,
2017). Initially, the
vasodilation, increased vascular permeability, and the infiltration

inflammatory response phase triggers

of inflammatory cells, aiming to clear dead tissue, pathogens, and
cellular debris (Xiao et al., 2023). Subsequently, the new tissue
formation stage involves the migration and proliferation of
fibroblasts and the synthesis of collagen, thus filling the wound
and forming preliminary repair tissue. Finally, the tissue remodeling
stage involves further remodeling and regeneration of the repair
tissue, as well as the regeneration of blood vessels and nerves, to
achieve complete wound healing and functional restoration (Takeo
et al., 2015).

Managing skin injuries is not just about simple wound
treatment; it requires a comprehensive consideration of the
biological processes of wound healing and taking appropriate
measures to promote the healing process. This might include
cleaning the wound, local antibacterial treatment, appropriate
dressing selection, nutritional support, and surgical intervention
when necessary (Sun et al., 2014). Effective management can speed
up wound healing and reduce the occurrence of infections and
complications. After skin damage, its ability to resist bacteria
significantly decreases; exposure to a moist environment provides
suitable conditions for bacterial growth, potentially leading to
infectious wounds. A large number of bacteria in an infectious
wound will recruit inflammatory cells, such as macrophages and
neutrophils, to the injury site (Eming et al., 2007; Naik et al., 2017).
In the early stages of skin repair, macrophages tend to frequently
differentiate into M1-type macrophages, leading to the appearance
of acute inflammation. Acute inflammation is the body’s protective
(Shi et al, 2022). In the
microenvironment, inflammatory cells control wound infections

response to the injured site

by phagocytosing bacteria, thereby promoting wound healing.
However, persistent bacterial infections can lead to prolonged
chronic inflammation and delay the transition of the wound
healing process to the next proliferation stage, further delaying
normal wound healing and turning it into a chronic wound
(Chiller et al., 2001; Zegadlo et al., 2023).

Traditional wound dressings (gauze, bandages, etc.) only have
simple functions such as quick hemostasis and absorption of
exudates. Their singular functionality during the wound healing
process can lead to secondary wound infections and the recurrence
of inflammation (Cullen and Gefen, 2023). Therefore, there is a need
to develop a multifunctional nanomedicine to comprehensively treat
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the problem of chronic wounds that are difficult to heal (Wolf et al.,
2009). This type of multifunctional nanomedicine needs to have
strong antibacterial capabilities, anti-inflammatory properties, and
the ability to regulate the local immune environment.

Photothermal therapy (PTT) has attracted attention due to its
novel mechanism, which differs from traditional therapies (Su et al.,
2019; Duan et al., 2023). Traditional antibiotics, such as penicillin
and its related beta-lactams, are the most widely used antibiotics that
kill bacteria by inhibiting bacterial cell wall synthesis through
binding to penicillin-binding proteins (Chen et al, 2020). In
contrast, PTT directly targets photothermal agents such as gold,
molybdenum disulfide, near-infrared organic small molecules, and
graphene nanomaterials, which have high photothermal conversion
efficiency under near-infrared laser (Yu et al., 2019). Nanomaterials
under near-infrared convert light energy into heat energy, causing
irreversible damage to bacteria. Compared to traditional therapies,
PTT is an ideal antimicrobial treatment method because it causes
less trauma, has a shorter treatment duration, strong penetration
ability, and fewer side effects (Chen et al., 2020).

Salvia miltiorrhiza, also known as Danshen, is a traditional
Chinese herb made from the dried roots and rhizomes of the
plant (Jiang et al, 2019). It has been found to alleviate pain,
promote blood circulation, and eliminate blood stasis. Modern
pharmacological research has shown that Danshen can dilate
coronary arteries, prevent myocardial ischemia and myocardial
infarction, improve microcirculation, and reduce myocardial
and Hsieh, 2010).
experimental and clinical studies have reported benefits to the

oxygen consumption (Lin Numerous
heart during pathological processes such as myocardial ischemia,
myocardial infarction, and reperfusion injury (Zhou et al., 2005).
Tanshinone IIA is a representative lipid-soluble component of
Danshen, and other tanshinones and the hydrophilic component
(Danshen) also play important roles in the pharmacological
activities of Danshen in treating various diseases (Zhang et al.,
2020; Zhang et al, 2012). Terpenoids are easily reduced to
dihydro derivatives, then oxidized and readily transformed.
Quinone compounds play a role in transferring electrons in the
metabolic products of organisms, exhibiting various biological
activities by promoting or interfering with various biochemical
reactions in the body. They serve as coenzymes in biological
reactions to promote some biochemical processes or disrupt their
action, thus displaying various pharmacological effects such as anti-
atherosclerosis, — anti-myocardial — ischemia, anti-arrhythmic,
repairing vascular endothelial cells, improving coronary blood
flow, anti-myocardial hypertrophy, and anti-tumor effects (Guo
et al.,, 2020). Research has found that Tanshinone IIA plays an
important role in the activation, development, and normal function
of immune cells. Tanshinone IIA has been shown to exhibit
significant antibacterial activity against both Gram-positive and
Studies that

Tanshinone ITA can disrupt bacterial cell membranes, inhibit

Gram-negative  bacteria. have demonstrated
biofilm formation, and reduce bacterial adhesion (Li and Zhou,
2018; Wang et al,, 2023). Tanshinone ITA participates in both innate
and acquired immune responses, promoting the various stages of the
inflammatory pathway (Gong et al., 2020).

To date, a variety of biomaterials have been used for rapid
wound healing, including electrospun nanofibers, porous foams,

biocompatible membranes, nanopreparations, and functional
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Schematic diagram of the preparation of albumin nanoparticles loaded with Tanshinone IIA and IR780 using the "molecular switch” method and
their combined photothermal treatment effect on wound healing caused by bacterial infection. This combination of photothermal therapy and drug
release accelerates tissue repair and regeneration, leading to improved wound closure and recovery.

hydrogels (Zhang et al., 2023; Naderi et al., 2018). Among these,
nanopreparations are the most widely used, especially those using
albumin as a carrier (da Silva et al., 2018). Albumin nanoparticles
can serve as an effective vehicle for drugs, encapsulating them inside
or on the surface to increase drug stability, solubility, and
bioavailability (Elzoghby et al., 2012). This type of carrier can
achieve controlled drug release by adjusting the size, surface
properties, and drug release rates of the nanoparticles, thereby
enhancing the therapeutic effects of the drugs.

In this study, albumin-loaded Tanshinone ITA and the near-
infrared small molecule IR780 nanoparticles were prepared using
the “molecular switch” method via a two-step process (Gong et al.,
2012). First, the disulfide bonds within the albumin molecule were
opened by dithiothreitol (DTT), exposing the hydrophobic regions
of albumin. In the second step, the composite nanoparticles were
further obtained through the electrostatic adsorption and
hydrophobic interactions of IR780 (Figure 1). In the wound
healing model, we infected mouse wounds with methicillin-
resistant Staphylococcus aureus (MRSA) to obtain a clinically
relevant model of difficult-to-heal wounds and fully evaluated the
combined therapeutic effects of albumin-loaded Tanshinone ITA
and IR780 nanoparticles.

2 Materials and methods
2.1 Materials
IR780 (95%) and Tanshinone ITA (98%) were sourced from

Shanghai Macklin Biochemical Co., Ltd., while Bovine Serum
Albumin (98%) was acquired from Shanghai Aladdin Reagent
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Co., Ltd. Dithiothreitol (DTT) was provided by Nanjing
Wangqing Chemical Glassware Instrument Co. Ltd. (China). The
cell counting kit-8 (CCK-8) was obtained from Dojindo
Laboratories (Japan). Unless specified otherwise, all additional
reagents were purchased from Nanjing Wanging Chemical
Glassware Instrument Co. Ltd. and were used without further
modification.

2.2 Preparation and characterization of
nanoparticles

Using the “molecular switch” method, Tanshinone ITA (TSIIA) and
IR780 (BSA-TSITA-IR780 NPs) dual-loaded albumin nanoparticles
were prepared by a two-step method. Initially, 100 mg of Bovine
Serum Albumin (BSA) was completely dissolved in 50 mL of
phosphate-buffered ~ saline (PBS). Subsequently, 100 pL of
dithiothreitol (DTT) solution (10 mg/mL) was added to the BSA
solution at 45°C. During the reaction, DTT effectively opened the
hydrophobic spaces within BSA. Then, while continuously stirring,
2 mL of ethanol solution containing Tanshinone IIA (10 mg/mL) was
gradually added to the BSA solution, resulting in the formation of BSA-
TSITA nanoparticles (BSA-TSITA NPs).

In the second step, 1 mL of ethanol solution containing IR780
(2 mg/mL) was added to the aforementioned solution. The
interaction of intermolecular electrostatic forces and hydrophobic
facilitated  the BSA-TSIIA-
IR780 nanoparticles. Subsequently, the nanoparticle solution was
ultrafiltered three times to remove free IR780, TSIIA, and ethanol.
The final concentrated solution was about 3 mlL, suitable for

interactions formation  of

subsequent experiments.
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The content of IR780 in the BSA-TSIIA-IR780 nanoparticles
was analyzed using a spectrophotometric method. Briefly, the BSA-
TSITA-IR780 nanoparticles were degraded by acetonitrile (volume
ratio 1:1). Afterwards, the resulting mixture was diluted 25-fold in
chloroform and sonicated for 10 min to ensure complete extraction
of IR780. The concentration of IR780 was determined by measuring
the absorbance at 785 nm using a UV-vis-NIR spectrophotometer
(UV-2450, Shimadzu, Japan) and calculating it from the standard
curve of IR780 in chloroform. The content of TSITA was calculated
using high-performance liquid chromatography (HPLC) with
reference to the standard curve. TSIIA detection was conducted
at a wavelength of 270 nm, using a reverse phase C18 column (5 pm,
4.6 mm x 250 mm, Agilent, United States) at 25°C. The flow rate was
maintained at 1.0 mL/min. The elution solvents were phase A
(methanol) and phase B (water), with a ratio of 85% A to 15% B
(Meng et al., 2015). The BSA concentration was determined using
the Coomassie Brilliant Blue method.

The particle size of the BSA-TSIIA-IR780 nanoparticles was
determined by Dynamic Light Scattering (DLS) using a Zeta Plus
(Brookhaven Instruments Corporation, United States). Before and
after irradiation with an 808 nm laser (power density of 1w/cm?, for
5 min), the
phosphotungstic acid, and their morphology was assessed using a
Transmission Electron Microscope (TEM, Hitachi H-600, Japan).

nanoparticles were negatively stained with

2.3 In Vitro heating curve

BSA-TSIIA-IR780 nanoparticles were diluted to 0.05 mg/mL
(concentration of IR780) and exposed to an 808 nm near-infrared
laser at a power density of 1.0 W/cm? for a continuous duration of
3 min. A thermometer was used to measure the temperature every
30 s. BSA-IR780 nanoparticles, free IR780, and PBS were used
as controls.

2.4 Drug release study

To study the release curve of TSIIA from nanoparticles, 1 mL of
BSA-TSITA-IR780 nanoparticles and BSA-TSIIA nanoparticles were
separately placed into dialysis bags (molecular weight cutoff of
3.5 kDa) and immersed in 15 mL of release medium (PBS
containing 1% Tween 80, pH 7.4). The release behavior of BSA-
TSIIA-IR780 nanoparticles was investigated with and without
irradiation by an 808 nm laser (power of lw/cm’ for 5 min).
Samples (release solution) were collected at predetermined time
points (0-72 h) and the same volume of release medium was
replenished. The content of TSIIA was measured by HPLC (as
previously described), and the drug release curve was obtained based
on the standard curve.

2.5 In Vitro antibacterial experiment

The model bacterium used in the antibacterial experiment was
methicillin-resistant S. aureus (MRSA, ATCC 43300). MRSA cells
were cultured in lysogeny broth (LB) medium at 37°C under aerobic
conditions until they reached mid-exponential growth phase (Liu
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et al.,, 2022). To assess the in vitro antibacterial activity of various
concentrations of BSA-TSIIA-IR780 nanoparticles, a suspension of
MRSA (100 uL, 1 x 10° CFU/mL) was added to a 96-well plate, along
with a range of concentrations of BSA-TSITA-IR780 nanoparticles
(100 pL; 0.5, 1.0, 2.0, and 5 pg/mL IR780; 5.0, 10.0, 20.0, and 50.0 pg/
mL TSITA), BSA-TSIIA nanoparticles (5.0, 10.0, 20.0, and 50.0 pg/
mL TSIIA), and BSA-IR780 nanoparticles (100 uL; 0.5, 1.0, 2.0, and
5 ug/mL IR780). LB solution was used as a control. In the
photothermal treatment group, the 96-well plate was irradiated
with a near-infrared laser (808 nm, 1.0 W/cm?) for 5 min. After
incubation for 120 min at 37°C, CCK-8 solution (10 uL/well) was
added to the 96-well plate. After incubating for 30 min in the dark at
room temperature, the plate was placed in an enzyme-linked
immunosorbent assay reader to measure the absorbance at
450 nm, which reflects the number of live bacteria in each well.
Each group included five replicate wells. Cell viability was expressed
as the mean absorbance +standard deviation (SD) of the five wells
per group. The experiment was repeated three times (Xu
et al.,, 2021).

2.6 Establishment of mouse wound model
and pharmacological study

All animal experiments were conducted in compliance with the
Animal Care and Use Committee of Nantong University. For the
wound healing model, this experiment used 5 week-old male ICR
mice. Prior to wound creation, the mice were given an
intraperitoneal injection of an anesthetic mixture (ketamine/
xylazine), and then the hair on their dorsal surface was shaved.
A skin wound measuring 1 x 1 cm” was created on the dorsal surface
of the mice using a 28-gauge needle. Five minutes after creating the
wound, each scratch area was inoculated with 40 uL of a suspension
containing 1 x 10° CFU/mL MRSA, dispersed in PBS. Twenty-4 h
after the wounds were infected with the MRSA suspension, the mice
were randomly assigned to different treatment groups (each group,
n = 4) as follows: control group (100 uL PBS), BSA-TSIIA NPs
(100 pL, 200 pg/mL TSIIA), BSA-TSIIA-IR780 NPs without laser
(100 pL, 200 pg/mL TSITA and 20 pg/mL IR780), BSA-IR780 NPs
(100 pL, 20 pg/mL IR780) plus laser, and BSA-TSIIA-IR780 NPs
(100 uL, 200 pug/mL TSIIA and 20 pg/mL IR780) plus laser. A near-
infrared laser (808 nm, 1.0 W/cm?) was used to irradiate the
treatment area for 5 min, 24 h after nanoparticle application to
the mice. Wound size was measured using a digital caliper and
photographed on days 0, 2, 4, 8, and 16. Wound healing rate was
calculated using the following equation:

Relative wound area (%) = W, / Wy x 100%

Where W 4 is the wound area on a specific day, and W, is the
wound area on day 0.

2.7 Statistical analysis

Comparison between two groups was performed using Student’s
t-test. Comparisons among more than two groups were conducted
using two-way Analysis of Variance (ANOVA), followed by Tukey
post-hoc analysis to compare the means of two groups. *p < 0.05,
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Chemical structures of Tanshinone IIA (A) and IR780 (B) and their UV characteristic absorption spectra (C).

**p < 0.01, "p < 0.05, “p < 0.01, data are presented as mean +
standard deviation.

3 Results and discussion

3.1 Nanoparticle preparation and
characterization

This experiment employed two model molecules, including the
hydrophobic Tanshinone ITA and the near-infrared small molecule
IR780. As shown in Figure 2A, Tanshinone IIA belongs to the
diterpene class of compounds, featuring a typical diterpene ketone
skeleton that includes multiple rings and functional groups. The
molecule of Tanshinone ITA contains a ketone group, which is one of
the key functional groups contributing to its activity. Tanshinone
ITA also features a complex side-chain structure, which may
influence its pharmacological activity and bioavailability (Jiang
et al, 2019; Huang et al.,, 2022). The structure of the compound
accounts for its multiple biological activities, including anti-
inflammatory, antioxidant, antitumor, and antimicrobial
properties. IR780 (Figure 2B) is a cyanine dye compound with
near-infrared light absorption properties, commonly used in
photothermal therapy and biological imaging. The indocyanine
group in IR780 molecules is one of the main reasons for its
absorption capability in the near-infrared region. Additionally,
the presence of an amino group endows IR780 with a certain
positive charge, offering unique advantages during the
nanoparticle assembly process (Zhang et al., 2014). Figure 2C
shows the ultraviolet characteristic —absorption peak of
Tanshinone ITA at 270 nm, while IR780 has a characteristic
absorption peak at 785 nm, with no interference between them,
which can be utilized to separate them in quantitative experiments
using the differences in ultraviolet characteristic absorption.

According to the literature and experimental procedures, we
used UV-vis-NIR spectroscopy to determine IR780, and high-
performance liquid chromatography (HPLC) for Tanshinone ITA.
As shown in Supplementary Figure SIA, there is a very good linear
relationship within a certain concentration range (0.0625-2.0 ug/
mL) in organic solvents (R* = 1). From Supplementary Figure S1B, it
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can be observed that Tanshinone ITA is well separated in the HPLC,
with the elution time at 5.5 min and a regular peak shape without
significant tailing, which can serve as a quantitative method for
Tanshinone IIA.

DTT (dithiothreitol) used in nanoparticle preparation reduces
the disulfide bonds in albumin, forming free thiol groups and
opening hydrophobic regions. Tanshinone ITA is then added to
form initial nanoparticles. IR780, as a hydrophobic charged small
molecule, further promotes the assembly of albumin nanoparticles,
resulting in drug-loaded nanoparticles with an average diameter of
about 185 nm (Figure 3A). Under laser irradiation, IR780 degrades,
leading to the “disassembly” of the nanoparticles, which enables the
release of Tanshinone ITA. From Figure 3B, it can also be seen that
the nanoparticle distribution is broad, with smaller nanoparticles
(42 nm) and larger nanoparticles (285 nm), indicating significant
changes in the nanoparticles under laser irradiation. The process of
IR780 acting as a photosensitizer to generate heat under laser
exposure can be explained by the photothermal conversion
mechanism. In the presence of a photosensitizer, the laser energy
is absorbed and excites the electrons of the photosensitizer to an
excited state, forming excited-state photosensitizer molecules. These
excited-state molecules, possessing higher energy, release some
energy during non-radiative decay, a process known as internal
conversion. The released energy is then absorbed by the internal
vibrations and rotations of the molecules, causing an increase in
internal temperature. This leads to the degradation of the
nanoparticles from within, reflected in changes in size and in
transmission electron microscopy images (Figures 3C, D). In
Figure 3C transmission electron microscopy image, we observed
that the albumin nanoparticles were generally uniform and spherical
in structure, contributing to their stability in solution. The
nanoparticles demonstrated excellent stability in phosphate-
buffered saline (PBS) over a period of 7 days, with minimal
aggregation or changes in particle size (Narayanan and El-Sayed,
2005). However, after laser irradiation, this regular structure was
disrupted, resulting in the appearance of irregular and larger
particles. It was demonstrated that after laser irradiation, the
structure of the albumin nanoparticles was altered, making the
drug more easily released, enhanced

thereby achieving

therapeutic effects.
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3.2 Photothermal properties of the
nanoparticles

In addition to leveraging the anti-inflammatory, antioxidant,
antitumor, and antimicrobial biological activities of Tanshinone IIA
itself, this project primarily utilizes IR780 as a near-infrared
molecule for its heat-producing characteristics. ~Through
photothermal action, it aims to kill bacteria, thus accelerating the
wound healing process. Photothermal therapy uses the heat effect
produced after a photosensitizer absorbs light to destroy the
structure and function of bacterial cells, achieving an
antibacterial purpose. Bacteria are sensitive to high temperatures;
localized heat effects can cause disruption of bacterial cell
membranes, denaturation of proteins, and DNA damage (Xu
et al, 2019). Furthermore, high temperatures can also impact
bacterial growth and metabolic processes, thereby effectively
killing bacteria. Therefore, we evaluated the heat production
characteristics of BSA-TSITA-IR780 NPs in solution (Figure 4).
Under conditions of 50 pg/mL IR780 concentration, within 30 s

of laser irradiation, the temperature of the BSA-TSIIA-IR780 NPs
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solution increased from 24°C to 37°C, reached 46.8°C at 60 s, and a
maximum of 58.9°C, indicating that under laser irradiation, the
photosensitizer IR780 can rapidly heat up and thus kill bacteria to
achieve therapeutic purposes.

3.3 In Vitro release of nanoparticles

Albumin-loaded nanoparticles containing Tanshinone ITA and
IR780 exhibit the capability of enhancing drug release under laser
irradiation. Effective release of the drug from the formulation is a
prerequisite  for its action, and stimulus-responsive release
nanopreparations possess the function of “on-demand” and
“microenvironment-responsive” release. Therefore, we compared the
release behaviors of albumin-loaded Tanshinone ITA nanoparticles and
albumin-loaded Tanshinone ITA with IR780 nanoparticles, and verified
the laser-responsive release characteristics of the latter (Figure 5). As
shown in the figure, compared to the composite nanoparticles,
albumin-loaded Tanshinone IIA nanoparticles released Tanshinone

IIA faster within 24 h (28.1% vs. 20.9% at the 24th hour), and the
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trend was similar at the 12th hour (23.7% vs. 15.4%). This may be due to
the addition of the small molecule IR780 in the composite
nanoparticles, which as a cationic hydrophobic molecule, provides
additional forces (such as electrostatic adsorption and hydrophobic
interactions) during nanoparticle formation, making it more difficult
for Tanshinone ITA to be released from the composite nanoparticles.
However, after 48 h, there was no significant difference in the release
from the two types of nanopreparations, indicating that the state of
nanoparticles in the release medium became consistent after 48 h, as did
the behavior of drug release. Under laser irradiation, albumin-loaded
nanoparticles containing Tanshinone ITA and IR780 showed a
significant increase in release, starting from the first hour after
irradiation (12.5% at the second h vs. 2.8%; 35.1% at the 12th hour
vs. 15.4%; 56.7% at the 48th hour vs. 33.7%). These results demonstrate
that albumin-loaded nanoparticles containing Tanshinone IIA and
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IR780 have excellent laser-responsive release functionality. This
experimental section utilizes albumin to deliver two molecules,
IR780 and Tanshinone IIA, leveraging both the heat-producing
effect of IR780 under laser irradiation and the antimicrobial and
anti-inflammatory pharmacological effects of Tanshinone IIA to
treat challenging-to-heal wounds. In the early stages of skin damage,
due to potential bacterial infections, there is a need to completely
eradicate bacteria and other pathogens, thus photothermal action can
meet this requirement; simultaneously, the composite nanoparticles
release more Tanshinone IIA under laser irradiation, which has
excellent antimicrobial and anti-inflammatory ~pharmacological
effects, allowing better penetration into the skin wound, exerting its
effects and regulating the immune microenvironment at the wound site
to promote rapid healing and recovery (Huang et al, 2022; Xu
et al, 2019).

3.4 In Vitro antibacterial experiment

The in vitro antibacterial experiment utilized the CCK-8 assay for
measurement. Firstly, we validated the antibacterial properties of
Tanshinone ITA. As shown in Figure 6A, both albumin-loaded
Tanshinone IIA and free Tanshinone IIA exhibited certain
antibacterial effects at high concentrations. At a concentration of
50 ug/mL, the inhibition rate was around 20%, and at 100 ug/mL,
the inhibition rate reached 35%-40%. Although there were some
antibacterial effects, they were not ideal, hence the addition of
photothermal therapy was necessary to further enhance bactericidal
activity. From Figure 6B, we observed that the bactericidal capability of
the nanoparticles was greatly enhanced with the addition of laser
treatment. The laser irradiation group showed significant
antibacterial ability even at a Tanshinone ITA concentration of
20 pg/mL (inhibition rate of 40%), and at 100 pg/mL, the inhibition
rate reached 93%, indicating that the photothermal effect significantly
enhances the antibacterial capability of the nanopreparations. As shown
in Figures 3D, 5, the albumin nanoparticles under laser irradiation can
more effectively release Tanshinone ITA, which plays an important role
in utilizing the antibacterial effects of Tanshinone IIA itself. This is also
the main reason why the nanoparticles can achieve a synergistic
antibacterial effect under laser irradiation. Upon near-infrared laser
irradiation, the IR780 generates localized heat, increasing the
temperature of the bacterial environment. The heat generated causes
damage to the bacterial cell membrane by increasing membrane fluidity
and permeability, ultimately leading to cell lysis. The loss of membrane
integrity compromises the bacteria’s ability to maintain homeostasis,
which is critical for survival (Xu et al, 2023). This experiment
demonstrates that the antibacterial performance of albumin-loaded
nanoparticles containing Tanshinone IIA and IR780 primarily relies on
the heat generation capability of the near-infrared small molecules,
while Tanshinone ITA mainly plays a role in anti-inflammatory
radicals, and regulating
therapeutic effects in treatment. The nanoparticles enhance bacterial

responses, scavenging free immune
clearance through the synergistic action of Tanshinone IIA’s
antimicrobial properties and the photothermal effect of IR780.
Under near-infrared laser irradiation, IR780 generates localized heat
that leads to bacterial cell membrane disruption and protein
denaturation, while Tanshinone ITA further inhibits bacterial growth

(Xu et al., 2023).
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3.5 In Vivo wound healing experiment
in mice

We validated the combined effects of nanoparticle-based
photothermal therapy and the antibacterial properties of
Tanshinone IIA on enhancing wound healing in a mouse
wound healing model. The MRSA infected mouse wound
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model is characterized by its difficulty in healing (Figure 7A
Control group), and by the 16th day after establishing the wound
model, the relative wound area was 29.9%, confirming the
successful establishment of this model. Our treatment group,
with albumin-loaded Tanshinone ITA nanoparticles, showed a
significantly better therapeutic effect, with a relative wound area
of 92% on the 16th day, demonstrating the nanoparticles’
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excellent capability to promote wound healing and the important
role of Tanshinone ITA in wound healing (Figure 7B). In the
group treated with albumin-loaded Tanshinone IIA and
IR780 nanoparticles, we obtained similar results to the
Tanshinone ITA nanoparticle group, with a relative wound
area of 4.8% on the 16th day, and statistical results showed no
significant difference from the Tanshinone IIA nanoparticle
group. In the laser irradiation group, we found that the
IR780 Tanshinone IIA
performed no differently from the Control group, proving that

albumin nanoparticles without
photothermal therapy alone under this study’s conditions does
not significantly enhance wound healing in mice, with a relative
wound area of only 24.7% on the 16th day. However, the final
group,
IR780 nanoparticles combined with laser treatment, leveraging

treatment albumin-loaded Tanshinone IIA and
the dual advantages of photothermal sterilization and enhanced
release of Tanshinone IIA, exhibited significant antibacterial
performance and greatly enhanced the healing of difficult
wounds (16th day, relative wound area of only 1.5%). Beyond
bacterial clearance, Tanshinone IIA is known for its anti-
inflammatory properties. It helps regulate the inflammatory
response by reducing the infiltration of inflammatory cells and
downregulating pro-inflammatory cytokines, which prevents
chronic inflammation and promotes the transition to the
proliferation phase of wound healing. This anti-inflammatory
effect accelerates tissue repair by reducing tissue damage caused
by excessive inflammation (Guo et al., 2020). The results prove
that our designed composite nanoparticles have an excellent
ability to promote wound healing.

4 Conclusion

We have reported a nanoparticle system composed of
albumin loaded with Tanshinone IIA, a monomeric active
molecule derived from traditional Chinese medicine, and
IR780, a near-infrared small molecule capable of producing
photothermal effects. These nanoparticles were prepared using
molecular self-assembly and applied to bacterial-infected wound
Albumin-loaded Tanshinone ITA

nanoparticles demonstrated good photothermal

healing. and
IR780
properties, biocompatibility, and excellent antibacterial activity
under near-infrared irradiation, suggesting potential clinical
applications in wound dressings. Various characterization
methods, including electron microscopy, particle size
distribution, and UV spectroscopy, confirmed the successful
creation of these functionalized nanoparticles. Compared to
the absence of laser irradiation, the albumin-loaded
Tanshinone ITA and IR780 nanoparticles enhanced the release
of Tanshinone ITA under near-infrared light, indicating that this
nanoparticle combination possesses near-infrared light-activated
drug release properties. The photothermal effect, along with the
antibacterial, anti-inflammatory, and free radical scavenging
activities of Tanshinone IIA, which also modulate the immune
microenvironment of the wound, enhanced the antibacterial
behavior both in vitro and in vivo. Overall, these results
suggest  that Tanshinone  ITA

IR780 nanoparticles under laser irradiation may be an ideal

protein-loaded and
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therapeutic approach for enhancing the healing of bacterial-
infected wounds.

Tanshinone ITA is an effective traditional Chinese medicine
extract with multiple biological activities. Advancing its clinical
application is a responsibility for every researcher and clinician;
however, its poor water solubility requires the use of organic solvents
for dissolution, which can lead to potential toxic side effects.
Albumin has multiple binding sites for hydrophobic drugs,
naturally making it a carrier for hydrophobic drug delivery.
Albumin nanoparticle formulations have also gained widespread
clinical use, such as commercially available albumin-bound
paclitaxel ~ nanoparticles and  albumin-bound  rapamycin
nanoparticles (Fu et al., 2022). Therefore, developing an albumin-
based nanoparticle formulation holds significant clinical value. This
part of the study started from effective components of traditional
Chinese medicine, combined with the advantages of nanoparticle
formulations, and applied the relatively novel photothermal therapy
albumin-loaded  Tanshinone IIA

to  develop composite

nanoparticles, which were comprehensively evaluated and
preliminarily validated in vivo. In addition to its antimicrobial
and anti-inflammatory actions, Tanshinone ITA has been shown
endothelial ~cell

proliferation and migration, Tanshinone IIA contributes to the

to promote angiogenesis. By stimulating
formation of new blood vessels, enhancing oxygen and nutrient
supply to the wound site, which is critical for tissue regeneration and
accelerated wound healing (Guo et al., 2020). However, further
improvements are needed for this project, such as explaining the
mechanisms by which Tanshinone ITA promotes wound healing and
how photothermal therapy synergistically enhances the
pharmacological actions of Tanshinone IIA. These aspects will be
further explored in our subsequent work. While the results are
promising, translating this nanoparticle system into clinical practice
poses several challenges. These include scaling up production,
ensuring consistent drug release profiles, and conducting rigorous
clinical trials to verify safety and efficacy in human patients.
Overcoming these challenges will be essential for the potential
clinical application of this system in treating chronic and

infected wounds.
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The balance of mitochondrial fission and fusion plays an important role in
maintaining the stability of cellular homeostasis. Abnormal mitochondrial fission
and fragmentation have been shown to be associated with oxidative stress, which
causes a variety of human diseases from neurodegeneration disease to cancer.
Therefore, the induction of mitochondrial aggregation and fusion may provide an
alternative approach to alleviate these conditions. Here, an optogenetic-based
mitochondrial aggregation system (Opto-MitoA) developed, which is based on
the CRY2clust/CIBN light-sensitive module. Upon blue light illumination,
CRYZ2clust relocates from the cytosol to mitochondria where it induces
mitochondrial aggregation by CRY2clust homo-oligomerization and CRY2clust-
CIBN hetero-dimerization. Our functional experiments demonstrate that Opto-
MitoA-induced mitochondrial aggregation potently alleviates niclosamide-caused
cell dysfunction in ATP production. This study establishes a novel optogenetic-based
strategy to regulate mitochondrial dynamics in cells, which may provide a potential
therapy for treating mitochondrial-related diseases.

KEYWORDS

optogenetics, mitochondria, aggregation, ATP, imaging

Introduction

Interactions among intracellular organelles are increasingly considered important regulators for
many cellular processes, such as metabolite exchange (Helle et al.,, 2013), organelle remodeling (Guo
et al,, 2018), growth and organelle biogenesis (Friedman et al., 2011; Cohen et al,, 2018). Among
various subcellular organelles, the dynamic processes of mitochondrial fission and fusion, and its
interactions with other organelles mediate many physiological processes, such as energy output
(Seidlmayer et al., 2019), reactive oxygen species (ROS) production (Yu et al,, 2006), lipid synthesis,
calcium homeostasis (Cohen et al., 2018; Twig et al., 2008; Giacomello and Pellegrini, 2016), and cell
death. For example, the bioenergetic roles of mitochondrial fusion have been identified. Knockout
of mitofusins has been shown to impair ATP biosynthesis (Seidlmayer et al., 2019). Furthermore,
the dysfunction of mitochondria and its interplay with other organelles such as endoplasmic
reticulum (ER) has been demonstrated to be associated with neurodegenerative and metabolic
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disorders (Rieusset et al., 2016; Area-Gomez and Schon, 2016), cancer cell
growth (Huang et al,, 2023), and migration (Morciano et al.,, 2018).

Recently, the manipulation of organelle interactions and
positioning has increasingly attracted the attention of researchers.
Those techniques can be classified into chemical and genetic
induction. Some chemicals can directly interact with protein
complexes residing in organelle-organelle membrane contact sites
(MCSs), influencing protein expression and regulating organelle
interactions. For instance, LDC3/Dynarrestin, an aminothiazole
derivative, has been demonstrated to enhance the interaction
between mitochondria and ER via action on the tethering complex
which consists of the ER protein vesicle-associated membrane protein-
associated protein B (VAPB) and the mitochondrial protein tyrosine
phosphatase-interacting protein 51 (PTPIP51) (Dietel et al, 2019).
Chemically induced crosslinking of supramolecules artificially added
onto the mitochondrial surface can also promote mitochondrial
aggregation and fusion (Sun et al, 2020), while niclosamide has
been shown to break intact mitochondria into fragments (Park
et al, 2011). Genetic strategies take longer to function, regulating
key proteins involving in organelle interaction such as mitofusins,
dynamin-related proteinl (DRP1), VAPB, and PTPIP51 (Stoica
et al,, 2014) by gene silencing or overexpression.

In contrast to these strategies, optogenetics has been shown to be a
promising approach in its rapid and reversible regulation of cellular
processes with high spatial-temporal resolution. Optogenetic tools have
been developed to control organelle interactions, positioning, and
deformation in cells (van Bergeijk et al,, 2015; Duan et al, 2015; Shi
et al,, 2018; Song et al., 2022). For example, the improved light-induced
dimer (iLID) and stringent starvation protein B (SspB) system has been
shown to tether the ER and mitochondria together (Tkatch et al, 2017).
The co-expression of optogenetic elements, such as cryptochromes 2
(CRY2) and cryptochrome-interacting basic helix-loop-helix (CIB1),
with specific targeting on organelle and molecular motors, have been used
to control organelle trafficking and positioning (Berry and Wojtovich,
2020; Rensvold et al,, 2022). Previous studies have used optogenetic
modules to regulate the mitochondrial function by modulating iron
pump activity, which ultimately controls mitochondrial membrane
potential and perturbs ATP synthesis (Tkatch et al,, 2017; Berry and
Wojtovich, 2020). However, all these tools cannot control mitochondrial
dynamics and make it hard to interpret the connection between
mitochondrial morphology and function.

In this
mitochondrial aggregation system (Opto-MitoA) that is based on
the CRY2clust/CIBN light-sensitive module. We demonstrate that
this optogenetic tool can rapidly control mitochondrial aggregation

study, we present a novel optogenetic-based

in cells and that its induced effects increase the energy-generating
function of mitochondria and alleviate niclosamide-caused cell
dysfunction. The Opto-MitoA may thus provide a new strategy
for light-induced mitochondrial aggregation and fusion and for the
potential treatment of mitochondrial-related diseases.

Materials and methods
Materials
Tom20-CIBN-GFP, Tom20-CIBN, and mCherry-CRY2clust

plasmids were generated as per Duan et al. (2015). Niclosamide
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was purchased from Sigma Aldrich (St. Louis, MO, United States,
No. N3510). 2/,7'-Dichlorofluorescin diacetate (DCFH-DA) for the
assay of reactive oxygen species was purchased from Sigma Aldrich
(St. Louis, MO, United States, No. D6883). CellTiter-Glo
Luminescent Cell Viability Assay was purchased from Promega
(Madison, WI, United States, No. G7571). Hoechst 33342 was
purchased from Sigma Aldrich (St. Louis, MO, United States,
No. 14533).

Cell culture and transfection

The COS-7 cells were cultured in high-glucose Dulbecco’s
modification Eagle’s medium (DMEM, Corning) with 10% fetal
bovine serum (FBS, Gibco) and 1% penicillin G/streptomycin
(Beyotime) at 37°C in a humidified 5% CO, incubator. The cells
grown at 70%-90% confluency were transiently transfected with
3000 (Thermo Fisher)
manufacturer’s instructions. After 18-24 h of transfection, the

Lipofectamine according to the

cells were used for imaging or functional evaluation experiments.

Live cell imaging

Live cell imaging was performed as per Xu et al. (2016). COS-7
cells were cultured on 35-mm glass bottom dishes and imaged
18-24 h after transfection. The cells were imaged in
pH 7.4 Krebs-Ringer bicarbonate HEPES imaging buffer (KRBH)
containing 125 mM NaCl, 5 mM KCl, 1.3 mM CaCl,, 1.2 mM
MgSO,, 20 mM D-Glucose, 25 mM HEPES, and 0.2% bovine serum
albumin. Cells were kept in a thermostat-controlled chamber at
37°C throughout the imaging process. An FV3000 confocal
microscope (Olympus) with a 100 x NA 1.4 oil object was used
for imaging. A 488-nm laser was used for visualizing GFP-tagged
mitochondria and inducing CRY2clust oligomerization, and a 561-
nm laser was employed to screen the oligomerization process of
mCherry-labeled CRY2clust.

Cellular ATP assay

The COS-7 cells were cultured in an opaque-walled 96-well plate
overnight, with 100 uL cell culture per well. Both CellTiter-Glo
Reagent and the plate were prepared and equilibrated to room
temperature for 30 min. CellTiter-Glo Reagent was then added to
the cell culture plate at 100 pL per well. An orbital shaker was used to
mix the contents and induce cell lysis. The plate was incubated at
room temperature for 10 min before record luminescence.

Cellular ROS assay

The COS-7 cells were transplanted to a 96-well plate and
cultured overnight. Cells were washed with PBS before
incubation with 10 mM DCFH-DA for 30 min at 37°C. After
rinsing with PBS three times, the plate was analyzed by a
with excitation/emission at

fluorescence microplate reader

485 nm/535 nm.

frontiersin.org


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2024.1500343

Zhang et al.

10.3389/fbioe.2024.1500343

FIGURE 1

Blue light
—_—

Schematic diagram depicting the optogenetic-based mitochondrial aggregation system (Opto-MitoA) in cells. In this schematic illustration, CIBN-
GFP is specifically targeted at the mitochondria via the Tom20 domain. CRY2clust (CRY2) tagged with mCherry (mCh) is expressed in the cytosol. Upon
blue-light illumination, CRY2clust formed protein clusters by homo-oligomerization, which further interacts with the CIBN to induce mitochondrial

aggregation in the cell.

Image analysis and statistics

Stacks of time-lapse images were processed and analyzed using
Image] 1.51 s (National Institutes of Health). To quantify the degree
of mitochondrial aggregation, the entropy of each image was
normalized by the first frame of the time-lapse image sequences.
All data were presented as the mean + SEM and statistically tested by
using Student’s t-test unless otherwise indicated. All analyzed
experiments used biological replicates to compute statistical
significance. In all statistical analyses, P < 0.05 was considered
statistically significant.

Results and discussion

Rapid optogenetic control of mitochondrial
aggregation in cells

Mitochondria are highly dynamic cellular organelles that play
an active role in calcium and damage-associated signaling, amino
acids, and lipid metabolism and apoptosis (Rensvold et al., 2022;
Araiso et al., 2022). The maintenance of mitochondrial integrity
and homeostasis is extremely critical and is achieved through
constant fusion and fission when exposed to metabolic and
environmental stress (Adebayo et al., 2021). We proposed a
novel system that employs blue light to rapidly control
mitochondrial aggregation and to study how that perturbation
affects cell function. This optogenetics-based mitochondrial
aggregation system (Opto-MitoA) is based on blue-light-
induced homo-oligomerization of CRY2clust (Park et al,
2017) and simultaneous hetero-dimerization between the
CRY2clust and CIBN (Figure 1). CRY2clust is a C-terminal
extension of CRY2PHR with nine-residue peptide, and CIBN
is the N-terminal region of CIB1 (amino acids 1-170). Opto-
MitoA consists of mCherry (mCh)-CRY2clust and Tom20-
CIBN-GFP. We chose red fluorescent protein mCherry to
track CRY2clust while not activating it. Tom20-CIBN-GFP is
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reported as targeting mitochondria and interacting with
CRY2clust. Upon blue-light illumination, the CRY2clust forms
protein clusters in the cytosol and interacts with the Tom20-
CIBN-GFP to rapidly induce the aggregation of mitochondria in
the cell (Figure 1).

First, we confirmed the specific mitochondrial localization of
Tom?20-CIBN-GFP by performing co-localization experiments with
MitoTracker Orange (Supplementary Figure S1). We then
transfected COS-7 cells with only Tom20-CIBN-GFP plasmid or
with both Tom20-CIBN-GFP and mCherry-CRY2clust plasmids to
examine whether it induces mitochondrial aggregation. The cells
were illuminated with a 488-nm laser (2 ms exposure time per pixel;
0.1 mW/cm?) at 10-s intervals to stimulate the oligomerization of
CRY2clust and the dimerization of CRY2clust-CIBN, and the
distribution and dynamics of mitochondria in cells were imaged
by confocal microscopy. For cells only transfected with Tom20-
CIBN-GEFP, the GFP-labeled mitochondria rarely changed before
and after 60 min of blue light illumination (Figure 2A,
Supplementary Video S1). However, in the COS-7 cells co-
transfected with Tom20-CIBN-GFP and mCherry-CRY2clust, we
detected upon blue light illumination the robust formation of
cytosol and the
formation of mitochondrial aggregation after

mCherry-CRY2 protein clusters in the
concomitant
60 min of light activation (Figure 2B, Supplementary Video S2).

To quantify mitochondrial aggregation, we employed image
entropy (Shannon, 1948) to measure the chaotic degree of
mitochondrial distribution at different time points. The values of
image entropy were calculated using a custom-written MATLAB
program (Supplementary Figure S2). Image entropy is negatively
correlated with the chaotic degree of mitochondrial distribution;
thus, the induced mitochondrial aggregation would decrease the
value of image entropy. Our results showed that the image entropy
of the Opto-MitoA group had reduced nearly 20% compared with
the control group after 60 min of blue light stimulation (Figures
2C,D). In summary, we demonstrated that our developed Opto-
MitoA module is capable of promoting mitochondrial aggregation
by using light.
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Rapid light-induced mitochondrial aggregation. The COS-7 cells were transfected either with Tom20-CIBN-GFP (Control group) or with both
Tom20-CIBN-GFP and mCherry-CRY2clust (Opto-MitoA group). (A) Confocal images of COS-7 cells transfected with Tom20-CIBN-GFP before and
after blue light illumination (representative time points shown). (B) Confocal images of COS-7 cells co-transfected with Tom20-CIBN-GFP and mCherry-
CRY2clust before and after blue light illumination (representative time points shown). Scale bars: 10 pm. (C) Quantification of mitochondrial
distribution at different time points by image entropy analysis. Data were statistically tested using one-way ANOVA. (D) Image entropy of mitochondrial
distribution after 60 min of blue light illumination. Gray: control group. Blue: opto-MitoA group. n = 45 cells, *** indicates P < 0.001.
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Light-induced mitochondrial aggregation is irreversible. COS-7 cells were transfected with both Tom20-CIBN-GFP and mCherry-CRY2clust
(Opto-MitoA). The dynamics of mitochondria were imaged by confocal microscopy. (A) Representative confocal images showing the dynamics of

mCherry-CRY2clust and the Tom20-CIBN-GFP-labeled mitochondria before and after blue light illumination, and recovery in dark conditions as time
indicated. Scale bar: 10 pm. (B) Quantitative image entropy analysis of mitochondrial (GFP) aggregation before and after blue light illumination and
recovery in dark conditions at different time points. (C) Quantitative image entropy analysis of CRY2clust (mCherry) aggregation before and after blue
light illumination and recovery in dark conditions at different time points

Opto-MitoA-induced mitochondrial
aggregation is irreversible

It has been well established that both light-induced homo-
oligomerization of CRY2clust and hetero-dimerization between
the CRY2 and CIBN are highly reversible (Park et al., 2017; Li
et al., 2020; Xu et al., 2016). Hence, we performed experiments to
whether ~ Opto-MitoA-induced
aggregation is reversible. The COS-7 cells were co-transfected
with Tom20-CIBN-GFP and mCherry-CRY2clust plasmids, and

determine mitochondrial
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the
microscopy. As

dynamics of mitochondria were imaged by confocal
light

illumination rapidly induces the formation of mCherry-CRY2

we previously demonstrated, blue
protein clusters in the cytosol, and the dimerization of CRY2 and
CIBN further promotes mitochondrial aggregation (Figure 3A).
After 60 min of blue light exposure, we turned off the blue light.
After another 30 min of recovery in the dark, we observed an
increase of dispersed mCherry fluorescence in the cytosol, which
indicates the reversibility of the CRY2clust and CRY2-CIBN
modules. Images at 90 min show some red fluorescence still
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FIGURE 4

Opto-MitoA alleviates niclosamide-induced cell dysfunction. COS-7 cells were transfected either with Tom20-CIBN-GFP only or with both
Tom20-CIBN-GFP and mCherry-CRY?2clust (Opto-MitoA). The cells were treated with niclosamide or together with blue light activation, and the ATP
production in cells was measured. (A) Confocal image samples of Tom20-CIBN-GFP-labeled mitochondria of control group, 10 uM niclosamide
treatment group, rescue group with 10 uM niclosamide, and Opto-MitoA treatment. Scale bar: 10 pm. (B) Histogram of the image entropy of the
control group, niclosamide group, and niclosamide and Opto-MitoA group. n = 5 cells. (C) ATP production in COS-7 cells treated with different

concentrations of niclosamide and different incubation time. Data were statistically tested using one-way ANOVA. (D) Histogram of ATP production in
control COS-7 cells with or without niclosamide treatment and in COS-7 cells expressing either Tom20-CIBN-GFP or with Opto-MitoA module, exposed
with both niclosamide and light. Data are statistically tested using two-way ANOVA. p-value differences between each group are < 0.01. * indicates P <

0.05, ** indicates P < 0.01, *** indicates P < 0.001

colocalized with green fluorescence (Figure 3A). We speculate that
the aggregation of mitochondria increases the spatial hindrance of
proteins, leading to a slower dissociation rate of the CRY2 and
CIBN. Astonishingly, we found that the Opto-MitoA-induced
mitochondrial aggregation was not reversible after recovery,
although the expressed protein modules have been shown to be
fully reversible. The mitochondria, as labeled with Tom20-CIBN-
GFP, were still forming aggregates even after 720 min of recovery in
the dark, and some proteins of mCherry-CRY2clust were trapped in
aggregated mitochondria (Figure 3A). The image entropy analysis
results demonstrated the progress of light-induced mitochondrial
aggregation, clearly showing the irreversibility of Opto-MitoA-
induced mitochondrial aggregation (Figure 3B), the reversibility
of the homo-oligomerization of CRY2clust, and the hetero-
dimerization between the CRY2 and CIBN (Figure 3C). The
underlying mechanism of these interesting phenomena is not
clear, and we suspect that the light-induced mitochondrial
aggregation may directly promote mitochondrial fusion. Indeed,
studies have shown that supramolecular crosslinking would induce
mitochondrial aggregation and fusion, and the possibility of changes
would also affect

in mitofusion protein conformations

mitochondrial fusion (Franco et al., 2016).

Frontiers in Bioengineering and Biotechnology

Light-induced mitochondrial aggregation
alleviates niclosamide-caused cell
dysfunction

Mitochondrial dynamics and morphology are closely related to
their functions. Chemically or genetically mediated structural
perturbations of mitochondria would cause energy deficit, impair
calcium ion homeostasis, and induce oxidative stress (Chinopoulos
and Adam-Vizi, 2010). Niclosamide (5-chloro-N-(2-chloro-4-nitro-
phenyl)-2-hydroxybenzamide) has been shown to modulate
mitochondrial dynamics via the promotion of Drpl-dependent
mitochondrial fragmentation (Park et al., 2011), which eventually
increases cellular reactive oxygen species (ROS) content (Peng et al.,
2023) and reduces ATP production (Sun et al., 2020; Zuo et al.,
2024). Here, we sought to understand whether Opto-MitoA-
induced mitochondrial aggregation could alleviate mitochondrial
dysfunction caused by niclosamide treatment.

We found that of COS-7 cells with 10 pM niclosamide for 1 h
caused mitochondrial fragmentation (Figure 4A). We then
measured the ATP levels in these cells treated with different
concentrations of niclosamide at different incubation times. Our
results showed that niclosamide treatment caused ATP production
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to decrease in a concentration- and time-dependent manner
(Figure 4Dj; Supplementary Figure S3). Treatment of COS-7 cells
with 10 uM niclosamide for only 2 h reduced ATP production nearly
50% compared with untreated control cells (Figure 4D). Collectively,
results
mitochondrial fragmentation and reduces ATP production in
COS-7 cells.

We sought to investigate whether Opto-MitoA could improve

these indicate that niclosamide treatment induces

mitochondrial functions and rescue mitochondrial dysfunctions
induced by niclosamide. COS-7 cells were transfected with
Tom20-CIBN-GFP and mCherry-CRY2clust plasmids. The cells
were exposed with both niclosamide and blue light to induce the
aggregation of fragmentated mitochondria in the cells. By using
confocal microscopy, a higher density of mitochondria of both
niclosamide and blue light groups was observed compared to the
niclosamide-treated group (Figure 4A). Image entropy of both the
niclosamide and blue light groups was significantly lower than the
niclosamide-treated group (Figure 4B). These indicate the successful
aggregation of fragmentated mitochondria. In the Opto-MitoA
expressing cells, we found a higher basal concentration of ATP
production compared with control cells and cells expressing Tom20-
CIBN-GFP (Figure 4D). Although niclosamide treatment reduces
ATP production in Opto-MitoA-expressing cells, its production is
still at a level comparable to the control cells without drug treatment
(Figure 4D). We further employed a fluorometric assay using
dichlorofluorescein (DCF) to measure ROS levels in our samples.
We found that cells treated with Opto-MitoA and niclosamide had a
significant decrease in ROS production compared to cells treated
with niclosamide after blue light illumination, indicating that the
drug has the potential to rescue mitochondrial function
(Supplementary Figure S4). Our results thus demonstrate that
Opto-MitoA
decreases

elevates the energy-generating function and
ROS production of mitochondria by promoting
mitochondrial aggregation, which also functions to alleviate
niclosamide-induced cell dysfunction in cells.

In summary, we developed a novel optogenetic-based
mitochondrial aggregation system (Opto-MitoA) based on the
CRY2clust/CIBN validated its

functionality of rapidly controlling mitochondrial aggregation in

light-sensitive module. We
cells with its induced beneficial effects of increasing the energy-
generating function of mitochondria and alleviating niclosamide-
caused cell dysfunction. This tool seems to enable light-induced
mitochondrial aggregation and fusion in cells and may have the
potential for treating mitochondrial-related diseases.
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Nanodiamond-mediated delivery
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Parkinson’s disease (PD) is a neurodegenerative disorder characterized by the
gradual loss of dopaminergic neurons in the substantia nigra and the
accumulation of a-synuclein aggregates known as Lewy bodies. MicroRNA-7
(miR-7) targets the gene SNCA, which encodes a-synuclein, reducing its
expression and alleviating neuronal damage in PD. Regulating the post-
transcriptional levels of a-synuclein through miR-7 effectively inhibits its
production. Herein, we use nanodiamonds as carriers to deliver miR-7 (N-7),
which can effectively protect dopaminergic neurons. Dopaminergic neurons
efficiently take up N-7 and express miR-7. N-7 inhibits the expression of a-
synuclein, reduces oxidative stress and restores dopamine levels effectively.
These findings suggest that nanocomposites have significant potential in
treating PD.

KEYWORDS

nanodiamonds, microRNA-7, Parkinson's

oxidative stress

disease, dopaminergic  neurons,

1 Introduction

Parkinson’s disease (PD) is a common neurodegenerative disorder that primarily affects
the elderly. Its main pathological feature is the degeneration and death of dopaminergic
neurons in the substantia nigra, as well as the formation of Lewy bodies, leading to clinical
symptoms such as resting tremor, bradykinesia, and rigidity (Bloem et al., 2021). The
primary component of Lewy bodies and Lewy neurites is aggregated a-synuclein (a-syn)
(Aarsland et al., 2021). The pathogenesis of PD involves mutations and aggregation of a-
synuclein, oxidative stress, and mitochondrial damage (Hansson, 2021). Mutations in the a-
synuclein gene can lead to structural changes in the a-synuclein protein, causing
dopaminergic neuron death (Iranzo et al,, 2021). Environmental toxins like 1-methyl-4-
phenyl-1,2,3,6-tetrahydro-pyridine (MPTP) and rotenone, along with mutations in genes
like DJ-1 and PINK-1, cause mitochondrial damage, further contributing to dopaminergic
neuron death (Malpartida et al., 2021). Oxidative stress and abnormal phosphorylation of
proteins can also lead to misfolding and subsequent dopaminergic neuron death (Jomova
et al,, 2023). Clinically, treatments for PD include dopamine precursors such as levodopa,
dopamine receptor agonists, monoamine oxidase inhibitors, anticholinergics, and
excitatory amino acid inhibitors (Vijiaratnam et al., 2021). Levodopa remains the most
effective drug for PD treatment but can lead to long-term side effects like dyskinesia (Ogawa
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GRAPHICAL ABSTRACT

etal,, 2022). Current treatments only alleviate symptoms and do not
address the underlying degenerative process.

Gene therapy targeting specific proteins could provide
neuroprotection and restoration by correcting the underlying
disease mechanisms. miR-7, an endogenous single-stranded non-
coding small RNA of 23 nucleotides, targets the SNCA gene
encoding a-synuclein (Barrie et al., 2018). Physiologically, miR-7
expression levels are inversely correlated with a-synuclein levels,
maintaining them within physiological ranges (Zhang et al., 2021).
Reduced levels of miR-7 in PD patients’ brains correlate with a-
synuclein accumulation, DA neuron damage, and reduced striatal
dopamine (McMillan et al., 2017). Our data suggest that miR-7 can
reduce oxidative stress and inhibit SNCA gene translation, thereby
protecting dopaminergic neurons. This suggests that targeted
delivery of miR-7 to dopaminergic neurons may have therapeutic
potential for PD.

However, naked miRNAs face several challenges due to their
negative charge, off-target effects, short half-life in circulation, and
instability. Cationic liposomes like Lipofectamine RNAIMAX have
been used for gene therapy delivery but can be deactivated in the
presence of serum (Tenchov et al,, 2012) and are unstable during
storage. Adeno-associated virus (AAV) can be used to deliver
microRNA, but most often involves intracranial stereotactic
injection. Nanoparticles are widely used in the biomedical
industry due to their excellent physical and chemical properties
(Gong et al.,, 2022; Cui et al., 2022; Meng et al., 2024; Xie and Xie,
2024). Numerous studies have reported the therapeutic effects of
nanocarrier-RNA drug delivery systems for treating diseases, such as
using polyethyleneimine, chitosan, silica nanoparticles, Au
nanoparticles and cationic lipid nanoparticles to deliver RNA to
target regions (Liu et al., 2023). From a delivery perspective, they

Frontiers in Bioengineering and Biotechnology

have achieved expected outcomes in experimental settings; however,
further investigation into drug targeting accuracy and long-term
delivery safety is required. Nanodiamonds (NDs) possess ideal
characteristics for nanocarrier functionality, including: nanoscale
size, stable and inert core, tunable surface modifications, intrinsic
fluorescence without photobleaching, minimal toxicity (Li et al.,
2019) and ability to form complexes with drugs (Liu et al., 2015).
Compared to other carbon-based nanomaterials, NDs have unique
abilities to dissolve hydrophobic drugs, increasing stability and
prolonging circulation time (Fujiwara et al,, 2020). Given their
inherent biocompatibility,
nature, NDs have broad applications in biomedicine and have

structural stability, and nontoxic

been used to deliver various therapeutic molecules-including
drugs, RNAs, hormones, proteins, and vitamins (Chen et al,
2018; Yang et al, 2020). Numerous studies have demonstrated
their efficacy as drug carriers, such as for paclitaxel and
cetuximab in the treatment of colorectal cancer (Lin et al., 2017),
G9a inhibitors for hepatocellular carcinoma (Gu et al, 2019),
doxorubicin for glioblastoma (Li et al., 2017), prostate cancer
(Salaam et al, 2014), and alendronate for osteoporosis (Ahn
et al, 2021), showing superior therapeutic effects compared to
the use of the drugs alone.

To overcome the challenges of delivering miR-7 to
dopaminergic neurons, we propose using NDs as carriers to
create a nanocomplex (N-7) for PD treatment. Results show that
N-7 has good biocompatibility. Dopaminergic neurons rapidly take
up N-7 and express miR-7. Furthermore, the transfection efficiency
of miR-7 when complexed with NDs outperforms that of
Lipofectamine RNAIMAX. Importantly, N-7 can rescue the loss
of tyrosine hydroxylase (TH) in PD cell models. Further research
indicates that the therapeutic effect of N-7 is achieved through
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inhibition of abnormal a-synuclein aggregation, promotion of TH
expression, and antioxidant activity. In summary, these findings
demonstrate the potential of N-7 for neuroprotective effects in
PD treatment.

2 Materials and methods

2.1 Materials

Nanodiamonds were purchased from Sigma-Aldrich (USA).
miR-7 was obtained from GenePharma (Shanghai, China). SH-
SY5Y, MN9D and HEK293T cell lines were purchased from Cell
Bank of Chinese Academy of Sciences (Shanghai, China).
Dulbecco’s Modified Eagle’s Medium (DMEM), Dulbecco’s
Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/F12)
and fetal bovine serum (FBS) were from Gibco, ThermoFisher.
Cell Counting Kit-8 was purchased from Beyotime (Shanghai,
China). The miR-7 used in the article is an artificially
synthesized short double-stranded RNA. The sequence of miR-7
and NC are in Supplementary Table SI.

2.2 Cell culture

SH-SY5Y and MNOID cells were cultured in DMEM/
F12 medium, and HEK293T cells were cultured in DMEM
medium. Both media were supplemented with 10% heat-
(FBS) (1%
streptomycin and 1% penicillin). Cells were maintained at 37°C
in a humidified atmosphere with 5% CO,.

inactivated fetal bovine serum and antibiotics

2.3 Preparation of N-7

2.3.1 NDs and miR-7 complex ratio

We used RNase-free water to dilute NDs (10 mg/mL)
10-100 times and mix them with miR-7 at mass ratios of NDs:
miR-7 of 0, 0.5, 1, 2, 5, 5, 10, 20, 30. Leave the mixture at room
temperature for 30 min after mixing uniformly. Set the naked miR-7
as the control group. After 30 min, load the samples onto an agarose
gel for electrophoresis.

2.3.2 NDs and miR-7 complexation time

Mix NDs and miR-7 at the optimal ratio determined in the
previous step. Set different incubation times: 2 h, 1 h, 30 min,
15 min, 5 min, 1 min, and 0 min. Set the naked miR-7 and naked
NDs as the control groups. Load all samples simultaneously onto an
agarose gel for electrophoresis.

2.3.3 Complex strength of NDs and miR-7

Prepare two sets of NDs-miR-7 complexes at the optimal ratio
and incubation time determined in steps 1 and 2. Centrifuge one set
of complexes using a simple mini centrifuge for 1 min and then load
the supernatant. Load the other set without centrifugation. Set the
supernatants of naked miRNA and empty NDs after centrifugation
as the control groups. Load all samples onto an agarose gel for
electrophoresis.

Frontiers in Bioengineering and Biotechnology

77

10.3389/fbioe.2024.1480573

2.3.4 Drug loading efficiency
Drug Loading Efficiency (%) = m (miR-7) / [m (miR-7) +
m (NDs)] x 100%

2.4 Agarose gel electrophoresis

Prepare a 1% agarose gel. Add 1x TAE electrophoresis buffer to
completely immerse the gel. In the top left well, add 5 uL of marker.
Mix RNA samples with loading buffer and sequentially add them to
the wells. Place the gel with the sample side towards the negative
electrode and run at 100 V for approximately 20 min. Place the gel in
a gel imaging system, set parameters, and perform imaging. miRNA
should appear as a single band.

2.5 Dynamic light scattering (DLS)

Dilute the samples in DEPC-treated water to an appropriate
concentration and measure at 25°C. Fit the correlation function
using the cumulant method to obtain the hydrodynamic diameter
(Z-average, nm) and its polydispersity index (PDI). Repeat
three times.

2.6 Transmission electron microscopy (TEM)

Place a copper grid coated with a continuous carbon film on a
10 uL drop of sample solution and leave it for 5 min to adsorb the
nanomaterial. Stain the grid by placing it in an equal volume of 2%
phosphotungstic acid for 2 min, then dry it. Observe the
morphology under TEM. Use Image] software for size analysis.

2.7 Biocompatibility analysis

We set up a blank group (NDs), a control group (miR-7), and
experimental groups with varying mass ratios of NDs to miR-7
(0-30) and different mixing times (0-120 min). After mixing NDs
and miR-7 for 10 min, the mixture was centrifuged at 6,000 rpm for
1 min, and the supernatant was collected. SH-SY5Y cells in the
logarithmic growth phase were digested with 0.25% trypsin and
seeded at 5 x 104 cells per well in a 96-well plate, with five replicates
per group, and incubated overnight. The culture medium was then
removed. The blank group received no treatment, the control group
had its medium replaced with fresh culture medium, and the
experimental groups were treated with different concentrations of
NDs (0, 5, 25, 50, 100, 200 pg/mL) and miR-7 (0, 5, 10, 50, 100 mM),
as well as N-7 complexes and other groups (Ctrl, miR-7, NC, L-7,
L-NC, N-NC) (with miR-7 at 10 nM, where NC is a negative control
miRNA). Solutions were prepared by mixing NDs and miR-7 for N-
7, and Lipofectamine RNAiMAX and miR-7 for L-7, followed by
incubation and addition to the cell culture medium. Cells were
further incubated for 48 h. A CCK-8 assay was performed by adding
100 uL of a 10% CCK-8 reagent mixture to each well, incubating in
the dark for 1-2 h until the medium turned orange-red, and
measuring absorbance at 450 nm. Cell viability was calculated
using the formula: Cell Viability (%) = (A (Experimental
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Group) — A (Blank Group)) / (A (Control Group) - A
(Blank Group)) x 100%.
2.8 Confocal fluorescence microscopy

Cells
immunostained for microtubule were imaged using confocal

expressing fluorescent protein markers or cells
microscope. CY5 was excited with a 561 nm helium-neon laser
and Hoechst 33258-labeled nuclei were excited with a 405 nm diode
laser, respectively. The imaging channels were set at 570-620 and

450-500 nm, respectively.

2.9 Western blot

Separate protein samples using SDS-PAGE (Sodium Dodecyl
Sulfate Polyacrylamide Gel Electrophoresis). Transfer the proteins
onto a PVDF (Polyvinylidene Fluoride) membrane. Block the
membrane with 5% non-fat milk in Tris Buffered Saline with Tween
20 (TBST) at room temperature. Incubate with primary antibodies
overnight at 4°C. Wash the membrane with PBS (Phosphate Buffered
Saline). Incubate with the secondary antibody conjugated to a reporter
molecule at room temperature for 2 h. Visualize the proteins using an
enhanced chemiluminescence Kkit.

2.10 Flow cytometry

Before measurements, cell media was removed and cells were
washed for three times with PBS. Next, 0.2 mL trypsin (Invitrogen)
was added to each sample and incubated for 1 min at 37°C before
0.5 mL DMEM/F12 was added. Cell suspensions were transferred
into tubes before analyzed using a FACS Calibur flow cytometer.
Consistent gating based on cell size and granularity (forward and
side scatter) was applied to select the fluorescence signals of counted
cells. At least 10,000 cells were counted for each sample and
experiments were performed in triplicates.

2.11 gqRT-PCR analysis

Extract RNA from cells using Trizol reagent. Following the
instructions provided with the Vazyme miRNA 1st Strand cDNA
Synthesis Kit (by stem-loop), reverse transcribe RNA into cDNA.
Conduct real-time quantitative PCR using the Vazyme miRNA
Universal SYBR qPCR Master Mix kit according to the
manufacturer’s instructions. The primer sequences used are
detailed in Supplementary Table S2.

2.12 Detection of reactive oxygen species
(ROS) levels

Dilute DCFH-DA in final
concentration of 10 uM. Remove the cell culture medium from
adherent cells in the dish and add 200 pL of the diluted probe to
cover the cells fully. For the positive control group, add 0.2 uL of

serum-free medium to a
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Rosup along with the probe. Incubate at 37°C for 20 min. Stain with
Hoechst 33342 (1:100 dilution) for 10 min. Gently wash the cells
three times with serum-free medium, leaving a small amount of
medium on the culture insert to keep it moist. Observe under a
confocal laser scanning microscope with excitation wavelengths of
350 nm (for Hoechst 33342) and 488 nm (for DCF).

2.13 Statistical analysis

Data analysis and statistical graph creation were performed
using GraphPad Prism 8 software. Independent samples t-tests
were used to compare differences between two groups. One-way
ANOVA was used to compare differences among groups. Data are
presented as mean * standard deviation. A p-value less than
0.05 indicates statistically significant difference (*P < 0.05; **P <
0.01; ***P < 0.001).

3 Results and discussion

3.1 Preparation, characterization and
biocompatibility of N-7

We conjugated miR-7 to the NDs through electrostatic adsorption
(Figure 1A). Gel retardation experiments showed that when the mass
ratio of NDs to miR-7 is 20:1, miR-7 is completely bound to the NDs
(Supplementary Figure S1A), with a drug loading of 4.7 wt.%. Binding is
complete within 10 min of co-incubation, whereas when NDs mixed
with miR-7 are immediately loaded onto the gel, very little miR-7 binds
to the NDs (Supplementary Figure S1B). After centrifugation of the
synthesized N-7 complex, agarose gel electrophoresis of the supernatant
did not show any miR-7 (Supplementary Figure S1C), indicating that
miR-7 is stably bound to the NDs.

Transmission electron microscopy (TEM) images show that NDs
appear as spherical particles with some aggregation, with diameters of
approximately 5-10 nm. After complexing with miR-7, the solution
becomes more viscous, and the material appears as aggregated clusters
with scattered particles around them, with diameters of approximately
15-20 nm (Figure 1B). Dynamic light scattering (DLS) measurements
show an average particle size of 47.6 nm for NDs with a polydispersity
index (PDI) of 0.23; after complexing with miR-7, the particle size
increases to 225.4 nm with a PDI of 0.77 (Figure 1C). The difference in
particle sizes measured by DLS and TEM may be due to the hydrated
state of the particles in DLS measurements and possible aggregation of
NDs in the liquid medium. DLS results also show that the zeta
potential of NDs decreases from 31.3 mV to 222 mV after
complexing with miR-7 (Supplementary Figure S2). The positive
zeta potential of the N-7 complex facilitates interaction with
negatively charged components of the cell membrane, such as
sulfate proteoglycans, promoting uptake
endocytosis, phagocytosis, or pinocytosis.

Compared to the control group, the cell survival rate gradually

heparan through

decreases with increasing concentrations of NDs, but the survival
rate remains above 50% across all tested concentrations; low
concentration NDs (5 pg/mL) have almost no effect on cell
survival (Figure 1D). These results indicate that nanodiamonds
possess good biocompatibility, as shown in other studies (Chen
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FIGURE 1

Characterization and biocompatibility of NDs and N-7. (A) Schematic diagram illustrates the synthesis of the N-7 complex using the electrostatic
adsorption method. (B) Transmission Electron Microscopy of NDs and N-7. (C) Dynamic light scattering analysis of NDs and N-7. CCK-8 detection of the
effects of different concentrations of NDs (D) or miR-7 (E) on the cell viability of SH-SY5Y cells (n = 3). (F) CCK-8 detection of the effects on the cell
viability of SH-SY5Y cells under different conditions. NDs, nanodiamonds. N-7, the complex of nanodiamonds and microRNA-7. NC, nonsense
microRNA. L-7, Lipofectamine RNAIMAX transfection of microRNA-7 (n = 3). L-NC, Lipofectamine RNAIMAX transfection of nonsense microRNA. N-NC,
the complex of nanodiamonds and nonsense microRNA. ns means no statistical significance, *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001 with

respect to the control group.

et al, 2018). Liposome-transfected miR-7 at low concentrations
(5 nM, 10 nM, 50 nM) does not harm cell viability and is even
beneficial at 5 nM and 10 nM (Figure 1E). N-7 nanocomplexes and
L-7 (miR-7 concentration 10 nM) significantly increase cell survival
rates after 48 h of co-incubation with SH-SY5Y cells. In comparison,
free miR-7 benefits cell survival, while NC has no effect, and both
liposome transfection and ND-mediated delivery slightly decrease
cell survival (Figure 1F). These data suggest that N-7 complexes
protect dopaminergic neurons.
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3.2 The internalization of NDs both in vitro
and in vivo

Confocal laser scanning microscopy was used to observe the
uptake of red fluorescent NDs by MN9D cells at different time
points ranging from 1 h to 48 h, and at both low (5 pg/mL) and high
(20 ug/mL) concentrations. (Figure 2A). At a low concentration
(5 pg/mL), NDs are observed to be evenly distributed in the cells
after 1 h of incubation, with a tendency to accumulate around the
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FIGURE 2

The internalization of NDs both in vitro and in vivo. (A) MN9D cells were incubated with different concentrations of NDs for up to 48 h. At indicated
time points, intracellular fluorescence was observed using confocal laser scanning microscopy. (B) and (C) Fluorescence of internalized NDs were
quantified using flow cytometry analysis (n = 3). **P < 0.01, ***P < 0.001 and ****P < 0.0001 with respect to the control group. (D) and (E) Flow cytometric
analysis of the distribution of fluorescent nanodiamonds in the olfactory bulb, striatum, midbrain and pons (n = 3). P1 represents neurons, and

P2 represents glial cells. ns means no statistical significance, *P < 0.05 and **P < 0.01 with respect to the PBS group
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FIGURE 3

Uptake of N-7 by MN9D cells. (A) Imaging the uptake of Cy5-miR-7 by MN9D cells under different conditions using confocal laser scanning

microscopy. (B) Fluorescent particle count per cell (n = 20)

nucleus at 8 h, and remain in the perinuclear region up to 48 h. Ata
high concentration (20 ug/mL), NDs are seen to accumulate around
the nucleus after 8 h, and remain in the cytoplasm up to 48 h,
although fewer cells are visible at this time point.

Flow cytometry results (Figures 2B, C) show that the uptake rate
of NDs by MN9D cells at a low concentration (5 pg/mL) increases
gradually from 1 to 4 h, stabilizes from 4 to 24 h, and then decreases,
with 9.34% of cells having internalized NDs at 48 h. At a high
concentration (20 pug/mL), the uptake rate is faster, reaching 21.98%
at 1 h, with the highest uptake (46.59%) at 12 h, followed by a
gradual decline to 31.86% at 48 h. This indicates that NDs are taken
up by cells in a concentration-dependent and time-dependent
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manner, and that over time, nanodiamonds may be expelled
from cells via exocytosis. Nanodiamonds were administered
intranasally to mice, and their distribution in the olfactory bulbs
and striatum was detected using flow cytometry (Figures 2D, E).
Thus, nanodiamonds can be internalized both in vitro and in vivo.

3.3 NDs-mediated cellular uptake and
expression of miR-7

Cy5-labeled miR-7 (Cy5-miR-7) was transfected into MN9D cells
using NDs and Lipofectamine RNAIMAX. Confocal laser scanning
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FIGURE 4

Expression of N-7 by MN9D and SH-SY5Y cells. (A) and (B) Fluorescence of internalized NDs by MN9D cells were quantified using flow cytometry
analysis. (C) Relative expression levels of miR-7 in SH-SY5Y cells at different times post-transfection with Lipofectamine RNAIMAX. (D) Relative expression
levels of miR-7in SH-SY5Y cells after 24 h of incubation with naked miR-7, L-7, and N-7. U6 as the internal reference gene in (C) and (D) (n = 3). *P < 0.05,
***xp < 0.0001.
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N-7 targets the mRNA of a-synuclein. (A) Protein levels of a-synuclein were analyzed by Western blotting and its intensity is quantified in (B). (C)
EGFP fluorescence in HEK293T cells after transfection with the SNCA-EGFP plasmid for 24 or 48 h and quantified in (D). (E) EGFP fluorescence in
HEK293T cells under different conditions and quantified in (F). L-In, Lipofectamine RNAIMAX transfection of mimic miR-7 inhibitors. ns means no

significant difference, *P < 0.05 and **P < 0.01.

microscopy observations (Figure 3) showed that naked Cy5-miR-
7 displays strong red fluorescence in cells from 1 to 4 h post-
incubation, with a tendency to accumulate around the nucleus at
2 h and decreasing fluorescence intensity at 4 h. For Lipofectamine
RNAIMAX-transfected Cy5-miR-7 (L-7), the intensity of red
fluorescence increases over time, peaking at 24 h. For Cy5-miR-
7 complexed with NDs (N-7), strong red fluorescence is observed
from 1 to 24 h, with a significant amount of punctate accumulation in
the cytoplasm at 1 h, and stable fluorescence intensity from 2 to 24 h.

Flow cytometry analysis (Figures 4A, B) showed that neither
NDs nor Lipofectamine RNAiMAX alone display any fluorescence

Frontiers in Bioengineering and Biotechnology

signal. Naked Cy5-miR-7 shows an increase in the number of Cy5-
positive cells from 1 to 8 h, peaking at 8-12 h and declining at 24 h,
with only about 50% of cells being Cy5-positive at the peak. For
Lipofectamine RNAiMAX-transfected Cy5-miR-7, the number of
Cy5-positive cells increases to about 50% at 1-2 h and remains stable
until 12 h, reaching a peak of approximately 90% at 24 h. For NDs-
mediated Cy5-miR-7, over 50% of MN9D cells are Cy5-positive at
1 h, and the uptake continues to rise until it reaches a maximum of
96% at 24 h.

The expression of miR-7 within cells increases over time after
transfection with Lipofectamine RNAIMAX (Figure 4C). Naked
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FIGURE 6

The effect of N-7 on MPP*-induced PD model. (A) SH-SY5Y cells were photographed with an inverted microscope in white light. (B) CCK-8
detection of the effects on the cell viability of SH-SY5Y cells under different conditions (n = 3). *###P < 0.0001 with respect to the control group. ns means
no statistical significance, **P < 0.01, ***P < 0.001 and ****P < 0.0001 with respect to the MPP* Ctrl group. (C) Protein levels of TH were analyzed by
Western blotting and quantified in (D) (n = 3). #**P < 0.01 with respect to the control group. *P < 0.05 with respect to the MPP* Ctrl group. (E) gRT-

PCR analysis of relative expression levels of TH (n = 3). ####P < 0.0001 with respect to the control group. **P < 0.01 with respect to the MPP* Ctrl group.
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N-7 inhibits MPP*-induced oxidative stress in SH-SY5Y cells. (A) DCFH-DA probe fluorescence was imaged under different conditions using
confocal laser scanning microscopy. (B) Statistical analysis of the average fluorescence intensity in Figure (A), with Rosup serving as the positive control
###P < 0.001 with respect to the control group. *P < 0.05 and **P < 0.01 with respect to the MPP* Ctrl group

miR-7 co-incubated with SH-SY5Y cells for 24 h does not differ
significantly in relative expression compared to the control group,
while L-7 and N-7 co-incubated with SH-SY5Y cells for 24 h show

significantly higher miR-7 expression. Furthermore, miR-7
complexed with NDs demonstrates superior transfection
efficiency compared to Lipofectamine RNAIMAX, with

statistically significant differences (P < 0.05) (Figure 4D).

Studies have shown that NDs are primarily internalized via
clathrin-mediated endocytosis and can bind serum proteins to
enhance receptor-mediated endocytosis (Igarashi et al., 2012).
Using polyethylenimine-modified diamond nanoparticles (50 nm)
increased DNA delivery efficiency by 70-fold. This suggests that
nucleic acids carried by NDs can be efficiently taken up by cells. In
this study, we confirmed that Cy5-labeled miRNAs complexed with
NDs enter cells rapidly, with over 50% of cells showing
Cy5 fluorescence after 1 h, reaching 90% by 4 h and maintaining
this level up to 24 h. Compared to Lipofectamine RNAiMAX, NDs
deliver miR-7 faster and achieve 1.5 times higher intracellular
expression of miR-7 after 24 h.
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3.4 N-7 targets the mRNA of a-synuclein

The motor symptoms of PD are largely due to the loss of
dopaminergic neurons in the substantia nigra and the resulting
dysregulation of basal ganglia activity (Russo et al, 2021).
Neuropathologically, PD is characterized by protein inclusions
known as Lewy bodies (LBs), with a-synuclein being the major
protein component of these inclusions (Cascella et al., 2021). To
examine the effect of N-7 on SNCA expression, we transfected the
human embryonic kidney cell line 293T (HEK293T) with the
pLenti-DsRed_IRES_SNCA:EGFP plasmid using TransIntro EL
reagent. After 24 h of transfection, a significant number of cells
expressing EGFP green fluorescence were observed under the
microscope. The expression level of a-synuclein was found to be
approximately 65 times higher than in the control group. By 48 h
post-transfection, both the fluorescence intensity and a-synuclein
expression had further increased, reaching about 70 times that of the
control (Figures 5A, B). This indicates the successful establishment
of an a-synuclein overexpression model. Western blot analysis
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revealed an increase in a-synuclein protein expression levels 24 h
post-transfection with the SNCA-EGFP plasmid. Additionally, a
significant enhancement in fluorescence intensity was observed at
the 48-h mark following transfection (Figures 5C, D).

After overexpressing or inhibiting miR-7 for 24 h and then
transfecting the SNCA-EGFP plasmid for another 24 h, the
expression of EGFP green fluorescence was observed under
confocal microscopy in HEK293T. Approximately 50% of the
cells expressed SNCA-EGFP in the SNCA-EGFP group. Both the
Lipofectamine RNAIMAX-transfected miR-7 overexpression (L-7)
group and the nanodiamond-loaded miR-7 (N-7) group showed a
decrease in SNCA-EGFP fluorescence expression. Cells treated with
the negative control Lipofectamine RNAIMAX-transfected non-
targeting miRNA (L-NC) showed no significant changes in
fluorescence expression. Cells treated with the Lipofectamine
RNAiIMAX-transfected miR-7 mimic inhibitor (L-In) showed a
slight increase in fluorescence expression, but the difference was
not statistically significant (Figures 5E, F), demonstrating the
suppressive effect of miR-7 on SNCA gene translation.

3.5 Protection of dopaminergic neurons by
N-7

1-Methyl-4-phenylpyridinium (MPP*) is an inhibitor of
mitochondrial complex I that leads to the depletion of cellular
ATP and loss of membrane potential, ultimately causing
mitochondrial dysfunction and increased production of ROS
(Prasad and Hung, 2020). It is commonly used as an inducer for
PD cell models. By exposing SH-SY5Y cells to a gradient of MPP*
concentrations and analyzing their cell viability, the optimal
experimental concentration for creating PD models was
determined. Results showed that cell viability decreased with
increasing MPP* concentration; at 100 pM MPP", cells exhibited
damage and death, which was statistically significant; at 1 mM
MPP*, there was a substantial cell death, with a survival rate of
approximately 50%, reaching the half-maximal lethal concentration,
suggesting that this concentration could be used as the MPP*
treatment dose in this study (Supplementary Figure S3).

An important neurochemical abnormality in PD is the degeneration
of dopaminergic neurons in the substantia nigra, leading to reduced
striatal dopamine (DA) levels. TH is the rate-limiting enzyme of DA
biosynthesis, catalyzing the hydroxylation of tyrosine to L-DOPA (Du
etal, 2022). After 48 h of 1 mM MPP" treatment, the cell viability of SH-
SY5Y cells was approximately 60%. Treatment with naked miR-7led to a
significant recovery in cell viability (P < 0.01). Cells treated with NC,
L-NC, or N-NC had cell viabilities similar to the model group, showing
no therapeutic effect. After treatment with L-7, cell viability significantly
increased compared to the model group (P < 0.0001), and after treatment
with N-7, cell viability also significantly increased (P < 0.001); there was
no statistical difference between the L-7 and N-7 groups (Figure 6B). The
results indicate that N-7 does not induce changes in the density or
morphology of SH-SY5Y cells.

After pre-treatment with N-NC, L-7, or N-7 for 12 h, MPP* was
added to achieve a final concentration of 1 mM, and samples were
collected after 24 h for observation under inverted microscopy.
Results showed that the control group had a high cell density with
neurite-like cell projections; after MPP" treatment, cell density
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decreased to approximately 50%, with no significant change in
cell morphology; the density of treated cells did not change
significantly, and cell morphology remained unchanged
(Figure 6A). Western blot results showed that TH protein levels
significantly decreased in the PD model group (P < 0.0001), while
TH protein levels did not change in the negative control (N-NC)
group. TH protein levels significantly increased in the positive
control (L-7) group (P < 0.01), and the increase in the N-7
group (P < 0.01) was slightly higher than in the L-7 group
(Figures 6C, D). qRT-PCR results were similar to those of the
Western blot (Figure 6E). These data indicate that the N-7
nanocomplex not only prevents the MPP*-induced decrease in
TH protein levels but also prevents the MPP*-induced decrease
in TH RNA levels,
dopaminergic neurons.

In this study, we used MPP* to induce a PD cell model and used
nanodiamonds (NDs) loaded with miR-7 to target the SNCA gene,
providing protection against PD cell models. The results show that

demonstrating protective effects on

N-7 can improve the viability of cells damaged by MPP* and can
increase TH protein expression and RNA levels, demonstrating
protective effects on dopaminergic neurons.

3.6 Reduction of cellular oxidative stress
levels by N-7

Oxidative stress is a prominent feature of PD and is closely
associated with neuronal death and neurological dysfunction,
playing a key pathogenic role in PD (Gao et al., 2024). Excessive
generation of ROS caused by oxidative stress can lead to apoptosis of
dopaminergic neurons, which is one of the primary causes of PD
(Fan et al,, 2023). As a complex I inhibitor, MPP"* inhibits ATP
production and stimulates the formation of superoxide and
peroxynitrite, thus damaging proteins through oxidative and
nitrosative stress (Ghosh et al, 2016). Therapies aimed at
reducing cellular ROS levels may provide neuroprotective
treatment for PD. In the experiment, we used the DCFH-DA
probe to detect intracellular ROS levels. Results showed weak
ROS in the control group, high fluorescence intensity and high
ROS levels in the positive control group (Rosup). After MPP*
treatment, ROS levels significantly increased compared to the
control group. After treatment with N-NC, there was no
significant change in ROS levels. After treatment with N-7 and
L-7, ROS levels decreased, and there was no statistical difference
between N-7 and L-7 (Figures 7A, B).

4 Conclusion

In this study, we designed a nanocomplex (N-7) for the
treatment of PD. Compared to traditional RNA transfection
reagents like Lipofectamine RNAIMAX, nanodiamonds (NDs)
were able to more rapidly and efficiently deliver miR-7 to
dopaminergic neurons. In MPP*-induced PD cell models, N-7
exhibited neuroprotective effects, not only improving the survival
rate of dopaminergic neurons in PD models but also alleviating the
pathological reduction in TH levels, inhibiting a-synuclein
expression, and reducing oxidative stress. N-7 demonstrated
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excellent biocompatibility. In summary, the results of this study
indicate that N-7 represents a promising strategy for drug delivery in
the treatment of PD and other neurodegenerative diseases.
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The creation and development of classical multifunctional nanomaterials are
crucial for the advancement of nanotherapeutic treatments for tumors. Currently,
metal—organic frameworks (MOFs) modified with polydopamine (PDA) are at the
forefront of nanomedicine research, particularly in tumor diagnostics and
therapy, owing to their exceptional biocompatibility, expansive specific surface
area, multifaceted functionalities, and superior photothermal properties, which
led to significant advancements in anti-tumor research. Consequently, a range of
anti-cancer strategies has been devised by leveraging the exceptional capabilities
of MOFs, including intelligent drug delivery systems, photodynamic therapy, and
photothermal therapy, which are particularly tailored for the tumor
microenvironment. In order to gain deeper insight into the role of MOFs@PDA
in cancer diagnosis and treatment, it is essential to conduct a comprehensive
review of existing research outcomes and promptly analyze the challenges
associated with their biological applications. This will provide valuable
perspectives on the potential of MOFs@PDA in clinical settings.

KEYWORDS

metal—organic frameworks, polydopamine, metal—organic frameworks modified with
polydopamine, cancer, diagnosis and therapy

1 Introduction

Nanomedicine protects drugs, improves drug targeting, enables intelligent drug release,
and overcomes drug resistance (Wang and Zhang, 2023). Nanomedicine utilizes the tumor
microenvironment to treat tumors and enables comprehensive treatment and diagnosis of
tumors, improving the efficiency of tumor treatment (Wang and Zhang, 2023).
Nanomedicine plays a pivotal role in tumor diagnosis and therapy, emerging as a
frontier for the discovery of innovative diagnostic and therapeutic approaches that are
increasingly attracting research interest (Wang and Zhang, 2023; Zhang J. et al,, 2023;
Forgham et al., 2024). It has enhanced the efficacy of cancer treatment and reduced
treatment-associated toxicities, markedly improving the quality of life and survival rates for
cancer patients and contributing to the advancement of precision medicine (Sandbhor et al.,
2024). Multifunctional nanomaterials are the main elements of nanomedicine and are the
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carriers of nanomedicine for the diagnosis and treatment of tumors
(Zhou L. L. et al, 2024). The design and fabrication of these
multifunctional nanomaterials are crucial for achieving efficient
and safe tumor treatment and represent a central milestone in
the progression of nanomedicine, which can catalyze the
development of new diagnostic and therapeutic strategies
(Sharma and Otto, 2023; Zhou Z. et al,, 2021; Lan et al., 2023).
Consequently, the pursuit of multifunctional nanomaterials in the
domain of tumor diagnostics and therapeutics, through a
comprehensive review, holds the potential to offer insights for
the creation of novel multifunctional nanomaterials and foster
the discovery of innovative anti-tumor strategies, thus proving to
be of significant value.

Metal-organic frameworks (MOFs) with excellent properties are
mesoporous crystalline materials composed of metal ions and
organic ligands, which have become leading materials in the field
of tumor diagnosis and therapy and have received increasing
attention (Ma et al., 2023; Binaeian et al., 2023; Wang Y. et al,
2025a). Compared with traditional nanomaterials, MOFs mainly
have the following advantages (Wang S. et al., 2024; Shi P. et al,,
2023; Gulati et al.,, 2023; Moharramnejad et al., 2023; Mehata et al.,
2023): (1) MOFs possess abundant mesopores and a high specific
surface area, enabling efficient drug loading. Some MOFs can
degrade within the tumor microenvironment to realize the
precise release of drugs at the tumor site. Therefore, MOFs are
highly efficient carriers for the construction of nano-drug delivery
systems. (2) Some MOFs are composed of metal ions that are
essential to the human body and low-toxicity organic ligands,
which exhibit good biocompatibility. Some MOFs are degradable,
which reduces the long-term toxicity of the nanoparticles. Thus,
MOFs have good biosafety, which is the basis for anti-tumor
applications. (3) Due to the diverse and multifunctional nature of
the metal ions and organic ligands, MOFs exhibit highly efficient
imaging properties [computed tomography (CT) imaging, magnetic
resonance imaging (MRI), and fluorescence imaging (FI), among
others] and therapeutic properties [chemodynamic therapy (CDT),
photodynamic therapy (PDT), and sonodynamic therapy (SDT),
among others]; their rich and adjustable functions make them an
efficient platform for achieving diagnostic and therapeutic
integration and comprehensive treatment. (4) MOFs have nano-
enzymatic activity, which can scavenge the highly expressed
glutathione (GSH) in the tumor microenvironment and catalyze
the generation of reactive oxygen species (ROS) and O, from
endogenous highly expressed H,O, to improve the hypoxic state
of the tumor microenvironment. Therefore, MOFs can regulate the
characteristics of the tumor microenvironment and enhance the
tumor therapeutic effect. Therefore, MOFs have important research
significance and can promote the development of novel tumor
diagnostic and therapeutic strategies.

Polydopamine (PDA), which is produced from dopamine by
self-polymerization reaction under oxygen and an alkaline
environment, has excellent properties and is a classical
nanomaterial that has been widely studied and highly regarded in
the field of tumor diagnosis and therapy (Zhao X. et al., 2024; Mao
etal,, 2024; Menichetti et al., 2024). Compared with other functional
materials, PDA has the following main advantages (Wu H. et al,
2022a; Li M. et al., 2023; Acter et al., 2023; Witkowska et al., 2023; Li
H. etal., 2021): (1) PDA not only has good biocompatibility but also
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has degradability. Therefore, PDA has superior biosafety, which is
the basis for its wide application. (2) PDA is an excellent
agent, with high photothermal
efficiency and high photothermal stability, demonstrating high

photothermal conversion
efficiency of photothermal performance. (3) PDA has high
adhesion and could be coated on the surface of a variety of
functional materials, making it an ideal unit for the preparation
of multifunctional nanomaterials. (4) The surface of PDA is rich in
reactive groups such as catechol, amine, and amino, which not only
chelate metal ions (Gd’*, Mn*', and Fe’*, etc.) to produce T,-
weighted MRI but also facilitate surface modification. (5) The
preparation process of PDA is simple, making it easy to obtain
samples for biomedical applications. Therefore, PDA is of great
research significance and has broad applications in tumor therapy
and diagnosis.

MOFs@PDA could combine the advantages of MOFs and PDA,
which is a classic multifunctional material for achieving a good
synergistic effect of “1 + 1>2.” MOFs and PDA have both advantages
and disadvantages. Some MOFs have problems such as poor water
solubility, unstable physiological environments, and lack of active
groups on the surface, which limit their biological applications
(Zhou et al.,, 2022). By virtue of its strong adhesion properties,
PDA can grow on the surface of MOFs and improve the water
solubility, stability, and biocompatibility of MOFs (Zhou et al,
2022). PDAs alone are relatively monofunctional and cannot
provide highly efficient tumor diagnosis and treatment. However,
PDA can chelate the metal ions that compose MOFs, leading to the
growth of MOFs with multiple functions on its surface; this process
endows PDA with multifunctionality to meet high clinical
therapeutic requirements (Chen L. et al, 2019). Therefore,
MOFs@PDA is a classical combination that can overcome the
defects of MOFs
physicochemical properties, which is more suitable for tumor

inherent and PDA and produce new
diagnosis and treatment. For example, PDA is coated on the
surface of MOFs that are efficiently loaded with drugs, placing
the drugs inside the composite material, avoiding the problem of
drug leakage in the bloodstream that exists with most carriers, and
mitigating the toxic side effects of the drugs (Huang et al., 2023).

Currently, MOFs@PDA has achieved a series of breakthrough
research results in the field of tumor diagnosis and treatment by
virtue of its excellent performance, which is useful for reference.
Unfortunately, no review on MOFs@PDA in the field of tumor
diagnosis and therapy has been reported. In this paper, we
of MOFs@PDA in
monotherapy and combination therapy (Figure 1) and analyzed

summarized the application tumor
the challenges of MOFs@PDA in oncology applications in a timely
manner to deepen the understanding of MOFs@PDA, which is
expected to be useful for the construction of new classical
multifunctional nanomaterials and the development of novel

anti-tumor strategies.

2 Application of polydopamine-coated
metal—organic frameworks in
cancer therapy

MOFs@PDA combine the unique advantages of both MOFs and
PDA, overcoming the inherent limitations of each while acquiring
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Schematic illustration showing the application of MOFs@PDA in tumor therapy.

new physicochemical properties. This results in a highly efficient
and safe classical multifunctional nanomaterial. MOFs@PDA can
act as a contrast agent and be used for photodynamic and
photothermal therapy, thus achieving the integration of diagnosis
and treatment (Guo et al., 2020). MOFs@PDA can efficiently load
proteases and drugs, which could achieve comprehensive treatment,
and it has made significant breakthroughs in addressing drug
resistance,  tumor  microenvironment-induced  therapeutic
resistance, and the low efficiency of low-temperature PTT (Li
J. M. et al, 2023; Liu G. et al., 2020; Yu H. et al., 2022; Deng X.
etal, 2023). The application of MOFs@PDA in cancer diagnosis and

therapy is shown in Table 1.

2.1 Polydopamine-coated metal—organic
frameworks in monotherapy for tumor

2.1.1 Chemotherapy

At present, chemotherapy is still one of the main clinical
treatments for tumors. However, there are some problems such
as the non-specific distribution of chemotherapeutic drugs,
premature degradation during circulation, and poor water
solubility, which limit the efficient application of chemotherapy
in clinics (Wang P. et al,, 2024). Therefore, it is of great research
value to use a simple method to construct a nano-drug delivery
system to overcome the abovementioned shortcomings. Shu et al.
(2018) encapsulated DOX inside ZIF-8 by the one-step method,
coated ZIF-8 surface with PDA, chelated Fe** with shell PDA, and
connected hyaluronic acid (HA) to the surface of the prepared
material by the coordination between the carboxyl group of HA and
Fe*, resulting in the preparation of DOX@ZIF-HA Due to the
presence of HA, DOX@ZIF-HA could actively target tumor tissues
with high CD44 receptor expression and become specifically
distributed at the tumor site. DOX@ZIF-HA loaded DOX inside
the material to prevent premature degradation and leakage of the
drug during circulation. Because PDA chelated Fe**, DOX@ZIF-HA
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had a relaxation rate (R;) of 5.57 mM " s™', which was higher than
that of Gd-DTPA, a clinical MRI contrast agent, and it showed
excellent T;-weighted MRI performance. DOX@ZIF-HA, with a
drug-loading capacity of approximately 8.92%, exhibited good
stability and pH-responsive drug release performance, which
achieved T;-weighted MRI-guided active targeted chemotherapy
(Shu et al., 2018). Zhou C. et al. (2022) coated the surface of MIL-53
(Fe) loaded with camptothecin (CPT) by PDA to prepare PDA@
CPT@MIL-53 (Fe). The surface modification of PDA not only
improved the stability, hydrophilicity, and biocompatibility of
MIL-53 (Fe) but also prevented the leakage of CPT in blood
circulation. PDA@CPT@MIL-53 (Fe) has a drug-loading capacity
of 43.07%, and it showed a pH-responsive drug release, which
reduced the side effects of chemotherapy. Due to the presence of
MIL-53 (Fe), PDA@CPT@MIL-53 (Fe
relaxation rate of 50 mM™'s' and showed good T2-weighted

) possessed a transverse

MRI performance, which achieved imaging-guided chemotherapy
(Zhou C. et al., 2022).

2.1.2 Photodynamic therapy

Photodynamic therapy (PDT) can be divided into type I PDT
and type II PDT, which has advantages such as non-invasiveness,
low side effects, and high tumor specificity, serving as an efficient
method for the clinical treatment of tumors (Hsia et al., 2023; Jiang
et al,, 2023). Most PDT belongs to type II PDT, where the main
mechanism consists of photosensitizers converting O, into ROS
under light irradiation, which, in turn, destroys tumor cells (Sun
et al,, 2023; Yu Q.et al., 2024; Yu L. et al,, 2024). Tumor hypoxia is
the basic feature of a tumor microenvironment and is mainly caused
by the rapid increase of tumors and abnormal vascular systems in
the tumor, resulting in abnormal blood supply and local hypoxia,
which can not only promote the development of tumors but also
reduce the efficacy of PDT, chemotherapy, and radiation therapy
(Zhang C. et al,, 2023; Liu Z. et al.,, 2024). MOFs@PDA has nano-
enzyme activity or can combine with nano-enzyme to catalyze the
high concentration of H,O, in the tumor to produce O,, which
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MOFs@PDA-based Surface modification of Imaging Treatment mode Reference
nano-system MOFs@PDA performance
DOX@ZIF-HA HA T,-weighted MRI Chemotherapy Shu et al. (2018)
PDA@CPT@MIL-53 (Fe) _ T,-weighted MRI Chemotherapy Zhou et al. (2022)
UIO@Ca-Pt _ _ PDT Ren et al. (2021)
MnCoO-PDA-PEG-Ce6 PEG T,-weighted MRI and FI PDT Wang et al. (2019a)
PDA-Pt@PCN-FA FA FI PDT Wang D. et al. (2018)
Cu-BTC@PDA _ T,-weighted MRI PTT Thirumurugan et al.

(2023)
MCP-PEG-RGD PEG and ¢cRGD T,-weighted MRI PTT Wang X. S. et al.

(2018)
SOR@ZIF-8@PDA _ _ PTT + chemotherapy Hu et al. (2023)
BA@ZIF-8-PDA-PEG PEG-NH, _ PTT + chemotherapy Gao S. S. et al. (2023)
DOX/Pd@ZIF-8@PDA _ PAI PTT + chemotherapy Zhu et al. (2019)
PDA-PCM@ZIE-8/DOX Tetradecanol _ PTT + chemotherapy Wu et al. (2018)
PDA/MTX@ZIF-8 _ _ PTT + chemotherapy Yin et al. (2022)
IDa-PRMSs@ZF FA _ PTT + chemotherapy Zhang W. et al. (2023)
DOX@MoS,-PMA HA T,-weighted MRI and PAI =~ PTT + chemotherapy Yang et al. (2021)
DI@HMONs-PMOFs PEG-NH, T,-weighted MRI and PAI = PTT + chemotherapy Chen et al. (2019)
ZIF-8/DMPP PEG T,-weighted MRI and PAI =~ PTT + chemotherapy Guo et al. (2020)
Fe304-NH,@PDA@Au@MIL101- = _ T,-weighted MRI PTT + chemotherapy Li S. et al. (2021)
NH,-DOX
Gd/Tm- PB@ZIF-8/PDA-DOX T,-T, weighted MRIand FI = PTT + chemotherapy Xu et al. (2020)
BTTP-MOF@PDA/DOX BTTP T,-weighted MRI PTT + chemotherapy Wang Y. T. et al.

(2022)
Cu-BTC@PDA _ _ CDT + PTT Liu Leet al. (2023)
PDA@Cu/ZIF-8 _ _ CDT + PTT An et al. (2020)
HG-MIL@PDA HA _ CDT + PTT Wu et al. (2021)
MP@PI _ FI CDT + PTT Deng et al. (2022)
Gd-PDA-Ce6@Gd-MOF _ T,-T, weighted MRI PTT + PDT Pu et al. (2021)

and PAI
PDA-MB-CAT-ZIF-8 _ _ PTT + PDT Feng et al. (2020a)
MCDP@Bif _ PET/CT CDT + chemotherapy Li J. M. et al. (2023)
CQ/FA-PDA@MOF FA _ CDT + immunotherapy Chiang B. et al. (2023)
MPDA/AIPH@ZIF-8/GA _ _ PTT + TDT Deng et al. (2023)
PDAs-siRNA-ZIF-8 _ PAI and near-infrared PTT + GT Feng et al. (2020b)
imaging
Zr/Ce-MOFs/GOx/PDA _ _ PTT + catalytic therapy You et al. (2024)
TPZ/PFA@UiIO-66@PDA _ PAI PTT + hypoxia-activated Chen et al. (2021)
chemotherapy

MPDA@ZIF-8/DOX + GOx _ _ PTT + starvation therapy Liu et al. (2020)
ZDZP@PP mPEG-NH, _ PDT + chemotherapy Ren et al. (2020)
PDA-MOF-E-M Osteosarcoma cell membranes T,-weighted MRI PTT + ferroptosis Liu Y. J. et al. (2024)

(Continued on following page)
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TABLE 1 (Continued) Application of MOFs@PDA in cancer diagnosis and therapy.

Imaging

Treatment mode Reference

performance

MOFs@PDA-based Surface modification of
nano-system MOFs@PDA
PDA@C3N4@MIL/GOx@HA HA _
MGH HA PAI

Oxa@MIL-PDA-PEGTK NH,-PEGTK-COOH

RBCM-HCPT@Cu/ZIF-8@PDA Erythrocyte membrane

PTT + ST + CDT Yu et al. (2022)

PTT + ST + CDT Zhang et al. (2019)
PTT + CDT + chemotherapy Huang et al. (2022)

PTT + CDT + chemotherapy Ren et al. (2024)

CMC/OSA/PCN-224 (Cu) at PDA

AIPH/PDA@CuS/ZIF-8 PAI

PTT + PDT + CDT Zhang and Yuan.

(2024)

PTT + PDT + CDT Zhang et al. (2021)

PCN-DOX@PDA
Ini@PM-HP HA

PCoA@M Macrophage membranes

T,-weighted MRI

FI + photothermal imaging

PTT + PDT + chemotherapy Chen B. et al. (2023)

PTT + PDT + chemotherapy Feng et al. (2022)

PTT + ST + GT Cheng K. et al. (2022)

DGZPNs

Cu@MIL-101@PMTPC

PTT + ST + chemotherapy Zhan et al. (2023)

CDT + PDT immunotherapy + An et al. (2024)

chemotherapy

d-Arg/GOX/TPZ@MOF (Fe)-
PDA/Fe’*/FA-BSA

FA-BSA T,

-weighted MRI

ST + CDT + RT + GT +
chemotherapy

Wang et al. (2023)

significantly improves the photodynamic effect (Ren et al., 2021;
Wang D. et al., 2019a; Wang X. S. et al,, 2018). Ren et al. (2021) used
PDA and CaO, to coat the surface of UIO-66-NH, loaded with
photosensitizer TCPP through stirring and applied a Pt nano-
enzyme, which grew on the surface of the prepared material by a
reduction reaction, resulting in the construction of UIO@Ca-Pt.
CaO, reacted with water to form calcium hydroxide and H,O,,
which overcame the deficiency of endogenous H,O,. Pt could
catalyze H,0, to produce a large amount of O, and increase the
level of O, in the tumor site, thus improving the effect of TCPP-
mediated PDT (Ren et al., 2021). The researchers made rational use
of nano-enzymes to generate a large amount of O, at the tumor site
in a cascade enzyme reaction, alleviating the lack of oxygen at the
tumor site and significantly improving the efficiency of PDT, which
provided an effective way to overcome the problem of lack of oxygen
in the tumor environment. Wang D. et al. (2019a) obtained well-
dispersed MnCoO by a one-step method, coated the surface of
MnCoO with PDA, modified the shell PDA with PEG, and used the
prepared material to load photosensitizer Ce6 through Mn®" and
deprotonated COO~ coordination, resulting in the preparation of
MnCoO-PDA-PEG-Ce6. Due to the presence of PDA and PEG,
MnCoO-PDA-PEG-Ce6 showed excellent biocompatibility and
good physiological stability, which could be enriched at tumor
sites. MnCoO not only had T2-weighted MRI performance but
also was a type of nano-enzyme that could continuously catalyze
endogenous high concentrations of H,O, to produce a large amount
of O,, thus improving the efficacy of PDT mediated by Ce6.
MnCoO-PDA-PEG-Ce6 had a drug-loading capacity of 13.8%
and could lead to continuous production of O, in situ to
improve the state of hypoxia, showing a good effect of PDT on
both hypoxic and normoxic tumors (Wang D. et al., 2019a). Wang
X.S. etal. (2018) synthesized Pt on the surface of PDA, coated PCN
on the surface of PDA, and connected FA with shell PCN, leading to
the formation of PDA-Pt@PCN-FA. Because of the stable properties
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of PDA, researchers could synthesize Pt on the surface of PDA via a
reduction reaction. Pt was a type of nano-enzyme that could catalyze
the infiltration of H,O, into the inner layer of the material and
produce a large amount of O,, thus improving the efficacy of PDT
and inhibiting tumor metastasis. When O, entered the shell PCN,
PCN generated a large amount of ROS under laser irradiation,
showing highly efficient PDT. PDA-Pt@PCN-FA used nano-
enzymes to continuously produce O,, which showed high
efficiency of PDT for both hypoxic and normoxic tumors
(Figure 2) (Wang X. S. et al,, 2018). In this study, a core-shell
multi-functional complex was reasonably designed, and the different
parts of the material had a clear division of labor, performed their
own duties, and did not interfere with each other, thus providing a
large amount of oxygen for PDT, solving the problem of low
efficiency of PDT caused by hypoxia, and inhibiting tumor
metastasis (Wang X. S. et al,, 2018). The abovementioned studies
used nano-enzymes to catalyze the formation of O, from
endogenous H,0,, which improved the efficacy of PDT.
However, the insufficient content of endogenous H,O, at the
tumor site could limit the efficiency of O, production.

2.1.3 Photothermal therapy

Photothermal therapy (PTT) uses photothermal agents to
absorb the energy of laser light and convert it into heat, which
uses high temperatures to destroy tumor cells (Li N. et al., 2024).
PTT has the advantages of high specificity, fewer side effects, high
efficiency, and simple operation (Zhang S. et al., 2024; Duan et al,,
2023). The multi-functional photothermal agent that integrates
diagnosis and photothermal performance can monitor the effect
of photothermal therapy and delimit the area of photothermal
therapy, which improves photothermal efficiency and is a hot
spot in the field of photothermal research (Chen X. et al., 2024;
Liu S. et al., 2024; He et al., 2023). Some MOFs have excellent
imaging performance, and PDA has excellent photothermal
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(A) Schematic illustration of experimental procedure for preparing PDA-Pt@PCN-FA and anti-tumor mechanisms of PDA-Pt@PCN-FA. DLS and SEM
images of (B) PDA-Pt and (C) PDA-Pt@PCN. TEM images of (D) PDA-Pt and (E) PDA-Pt@PCN. (F) O, generation properties in different groups. (G) Relative
tumor volume changes in different treatment groups. (H) Representative tumor images and average tumor weight of tumor-bearing mice in different
treatment groups. Copyright 2018, with permission from Wiley-VCH GmbH and Wang X. S. et al. (2018).

performance. Therefore, MOFs@PDA can serve as a multi-
functional photothermal agent, enriching the variety of multi-
functional photothermal agents (Thirumurugan et al, 2023;
Wang et al.,, 2018). Thirumurugan et al. (2023) synthesized Cu-
BTC by the hydrothermal method and coated the surface of Cu-BTC
with PDA to prepare Cu-BTC@PDA. Due to the paramagnetism of
Cu*" in Cu-BTC, Cu-BTC@PDA possessed an R, value of 3.01 mg’
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' s and exhibited excellent T,-weighted MRI performance in vitro.
Due to the presence of PDA, Cu-BTC@PDA not only exhibited good
biocompatibility but also had 13.32% photothermal conversion
efficiency, showing superior photothermal effect (Thirumurugan
et al., 2023). Wang et al. (2018) combined Mnj [Co. (CN) 4], and
PDA into a hybrid nanogel (MCP) by the one-pot method and used
MCP to connect PEG and cRGD, thus preparing MCP-PEG-RGD .
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chemotherapy induced by SOR@ZIF-8@PDA; copyright 2023, with permission from American Chemical Society and Hu et al. (2023).

Due to the presence of PEG and RGD with active targeting
MCP-PEG-RGD  exhibited  good  stability,
biocompatibility, and long blood circulation time, which could

performance,

accumulate in large quantities at the tumor site. MCP-PEG-RGD
had a photothermal conversion efficiency of 41.3% and possessed an
R; value of 5.175 mM™'S™", which achieved the active-targeting PTT
guided by T,-weighted MRI (Wang et al., 2018).

2.2 Polydopamine-coated metal—organic
frameworks in combination therapy

Because of the heterogeneity, complexity, and diversity of
tumors, comprehensive treatment has the advantages of different
treatment methods, which is the focus of research in the field of
tumor therapy (Turkmen et al., 2024; Yang et al., 2024). MOFs@
PDA are multifunctional nanomaterials that combine diagnostic
and therapeutic functions, and they are highly efficient platforms for
comprehensive treatment, providing a vehicle for exploring novel
strategies for tumor diagnosis and treatment and promoting the
development of tumor diagnosis and treatment.
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2.2.1 MOFs@PDA integrated photothermal therapy
and chemotherapy for anti-tumor effects
Chemotherapy can enhance the efficacy of PTT, and PTT
promotes drug release and enhances the ability of drugs to enter
cells (Yang K. et al, 2023). Therefore, PTT combined with
chemotherapy is an efficient combination therapy (Wang X.
et al,, 2023). At present, liver cancer, with high incidence and
mortality, still lacks effective treatment (Ladd et al, 2024).
Sorafenib (SOR) is a clinically approved HCC treatment drug,
which prolongs the survival time and improves the quality of life
of patients (Chon et al., 2024). However, SOR has some problems,
such as short half-life, low solubility, easy drug resistance, and
adverse side effects, which limit its clinical application (Liu X.
et al, 2024). Therefore, many nanomaterials are used to load
SOR to improve the therapeutic efficiency of SOR (Wang L.
et al,, 2023a). However, many nanomaterials load SOR on their
surface, which cannot prevent SOR leakage into bloodstream or its
toxicity to normal tissues (Kong et al., 2021). In view of this, Hu et al.
(2023) encapsulated SOR inside ZIF-8 by a simple one-pot method
and coated ZIF-8 with PDA to prepare SOR@ZIF-8@PDA. PDA not
only improved the biocompatibility and stability of ZIF-8 but also
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prevented drug leakage in blood circulation and reduced adverse
drug reactions. Due to the presence of PDA, SOR@ZIF-8@PDA had
a photothermal conversion efficiency of 23.95%, showing a good
photothermal effect. Because ZIF-8 has the characteristics of acid-
responsive degradation and PDA accelerated degradation at high
temperatures, SOR@ZIF-8@PDA showed pH- and light-stimulated
responsive drug release, with the most drug release under both acidic
and light conditions. SOR@ZIF-8@PDA exhibited a drug-loading
capacity of 7.3% and excellent biosafety, enabling the combination of
chemotherapy and PTT, which significantly inhibited tumor growth
(Figure 3) (Hu et al, 2023). Due to the self-polymerization of
dopamine in an alkaline solution and the coordination between
zinc ion (Zn**) and PDA, Gao S. S. et al. (2023) coated PDA on the
surface of ZIF-8 loaded with baicalein (BA) and modified PEG-NH,
on the surface of shell PDA by electrostatic action to prepare BA@
ZIF-8-PDA-PEG. Due to the presence of PDA and PEG-NH,, BA@
ZIF-8-PDA-PEG possessed good
biocompatibility. In an acidic environment, the protonation of

stability, dispersion, and
the imidazolium group in ZIF-8 resulted in the destruction of
coordination between the zinc ion and the imidazole ring, which
led to the degradation of ZIF-8. PDA can also undergo degradation
through depolymerization under weakly acidic conditions.
Therefore, BA@ZIF-8-PDA-PEG showed pH-responsive drug
release, facilitating precise drug delivery in the slightly tumor
acidic environment of the tumor while reducing the adverse
effects of chemotherapy. BA@ZIF-8-PDA-PEG improved the
stability and solubility of BA, with a drug-loading capacity of
70.4% and a photothermal conversion efficiency of 39.48%,
enabling chemotherapy combined with PTT (Gao S. S. et al,
2023). This study provided a reference for the construction of a
nano-drug delivery system based on traditional Chinese medicine
and provided a method for the rational use of traditional Chinese
medicine. Zhu et al. (2019) encapsulated two-dimensional Pd
nanowires and DOX inside ZIF-8 by the one-step method and
coated ZIF-8 surface with PDA to prepare DOX/Pd@ZIF-8@PDA.
Due to the presence of two photothermal agents, Pd and PDA,
DOX/Pd@ZIF-8@PDA had a photothermal conversion efficiency of
up to 45% and an excellent photothermal effect. DOX/Pd@ZIF-8@
PDA had a drug-loading capacity of 12% and showed pH- and light-
stimulated responsive drug release, enabling the combination of
PTT and chemotherapy (Zhu et al, 2019). In this study, two-
dimensional materials, MOFs, and PDA were combined to obtain
novel composites, which improved the drug-loading performance
and intelligent drug release ability of two-dimensional materials and
made use of the efficient photothermal properties of two-
dimensional materials, providing an efficient platform for the
realization of comprehensive treatment. Wu Q. et al. (2018)
encapsulated DOX inside ZIF-8 by the one-pot method, coated
the ZIF-8 surface with phase change materials (tetradecanol and
PCM), and applied PDA to coat the surface of PCM@ZIF-8/DOX,
leading to the preparation of PDA-PCM@ZIF-8/DOX. Due to the
of PDA, PDA-PCM@ZIF-8/DOX exhibited good
biocompatibility, low toxicity, and high stability, overcoming the

presence

problem of rapid degradation of ZIF-8 in an acidic environment.
PDA-PCM@ZIF-8/DOX  possessed  the
degradation in an acidic environment,

characteristics ~ of
showing the pH-
responsive release of drugs. PDA-mediated PTT led to local high
temperature, resulting in the dissolution of PCM and promoting
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drug release, which resulted in heat-responsive drug release.
Therefore, PDA-PCM@ZIF-8/DOX achieved pH- and thermal-
responsive release of drugs, which could enable accurate
treatment of tumors and avoid damage to normal tissues. PDA-
PCM@ZIF-8/DOX had a drug-loading capacity of 37.86% and a
photothermal conversion efficiency of 30.61%, enabling the
combination of PTT and chemotherapy (Wu Q. et al,, 2018).
PDA-PCM@ZIF-8/DOX prepared in this study had pH-
responsive degradation properties, which avoided long-term
toxicity accumulation of nanomaterials. The thermo-responsive
degradation of PCM was used to modify the surface of the
material, which enabled the precise release of the drug at the
irradiation site of the tumor, promoting the development of
precision medicine. Yin et al. (2022) encapsulated methotrexate
(MTX) in the inner part of ZIF-8 by the one-pot method and coated
ZIF-8 with PDA to prepare PDA/MTX@ZIF-8. PDA/MTX@ZIF-
8 had a drug-loading capacity of 16.45% and showed drug release in
response to pH and light stimulation, enabling the combination of
chemotherapy and PTT (Yin et al., 2022). These studies suggested
that ZIF-8@PDA, with its intelligent drug release capability, served
as an excellent photothermal agent and an ideal drug carrier,
enabling the efficient combination of chemotherapy and PTT.
Zhang W. et al. (2023)
(NH4,HCO3) and DOX with rod-shaped mesoporous silica
nanoparticles (RMSs), applied PDA to coat RMSs and load
photosensitizer ICG, and synthesized ZIF-8 modified with FA on
the PDA surface to prepare IDa-PRMSs@ZF. IDa-PRMSs@ZF not
only had a photothermal conversion efficiency of 26.06%, showing a

loaded ammonium bicarbonate

good photothermal effect, but also showed drug release in response
to pH and light stimulation. FA-ZIF-8 endowed the composites with
active tumor targeting and improved their biocompatibility. In an
acidic environment and at high temperatures, NH,HCO; readily
decomposed, producing a large amount of CO,, which promoted the
rapid release of DOX at the tumor site. This enabled DOX to reach
the therapeutic concentration in a short time, thereby improving the
effectiveness of chemotherapy. IDa-PRMSs@ZF could actively
target the tumor tissue and release several chemotherapeutic
drugs within the tumor, thus achieving a highly efficient
combination of chemotherapy and PTT. This provided an ideal
nano-platform for the construction of a nano-drug delivery system
with active targeting capabilities and the ability to trigger drug
release in large quantities at the tumor site (Zhang W. et al., 2023).

2.2.2 Imaging-guided chemo-
photothermal therapy

Yang S. et al. (2021) synthesized MoS, with photothermal
therapy and PA imaging ability by the one-pot method, applied
PDA to coat the surface of MoS,, used Fe-MOFs consisting of Fe**
and trimesic acid (H;BTC) to grow layer-by-layer through self-
assembly on the PDA surface, and utilized the Fe-MOFs for DOX-
loading and connecting with HA, leading to the preparation of
DOX@MoS,-PMA. Because the active group of PDA could chelate
Fe*, Fe-MOFs could grow on the surface of MoS,@PDA, which
showed T;-weighted MRI properties. The DOX@MoS,-PMA could
actively target breast cancer cells with high HA receptor expression
and had a drug-loading capacity of 21.46%, enabling drug release in
response to both pH and light stimulation. DOX@MoS,-PMA
achieved MRI and PAI-guided the combination of chemotherapy
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and PTT, which significantly inhibited tumor growth (Yang S. et al.,
2021). MoS,, as a non-mesoporous material, was combined with
mesoporous MOFs to form a composite that leveraged the
photothermal properties of MoS, and the drug-carrying capacity
of MOFs; this combination compensated for the low drug-carrying
efficiency of MoS,, enabling highly efficient combination therapy.
Chen L. et al. (2019) used PDA to coat hollow mesoporous
organosilica nanoparticles (HMONs) loaded with DOX to
synthesize Fe-MOFs consisting of Fe’* and H3;BTC on the
surface of PDA through the layer-by-layer self-assembly
technique and used Fe-MOFs to connect PEG-NH2 and load
ICG, leading to the preparation of DI@HMONs-PMOFs. Because
of the coordination between PDA and Fe’* and the PAI performance
of ICG, DI@HMONs-PMOFs had T;-weighted MRI and PAI
performance, which was helpful in achieving accurate diagnosis
and imaging-guided treatment. DI@QHMONs-PMOFs had a drug-
loading capacity of 11.88% for DOX and a drug-loading capacity of
19.52% for ICG, and it showed drug release in response to pH and
light stimulation, achieving an efficient combination of PTT and
chemotherapy (Chen L. et al,, 2019). In this study, taking advantage
of the fact that PDA was easy to coat on the surface of functional
materials and chelate metal ions, HMONs and MOFs were
combined to achieve efficient loading of drugs and photothermal
agents, achieving comprehensive treatment guided by imaging,
which provided a novel idea for the construction of a multi-
functional complex. Guo et al. (2020) encapsulated DOX inside
ZIF-8 by the one-pot method, coated the ZIF-8 surface with PDA,
chelated Mn*', and connected PEG with shell PDA, leading to the
preparation of ZIF-8/DMPP. Due to the chelation of Mn** by PDA,
ZIF-8/DMPP exhibited T,-weighted MRI and PAI performance,
improving imaging accuracy. ZIF-8/DMPP with a drug-loading
capacity of 18.9% exhibited pH-responsive degradation and
showed pH- and light stimulation-responsive drug release,
achieving a combination of chemotherapy and PTT (Guo et al,
2020). This study illustrated that MOFs@PDA, with PDA as the
shell, could directly chelate metal ions to achieve imaging
capabilities through a simple method; this provided a simple and
rational strategy for preparing multifunctional nano-platforms with
integrated diagnostic and therapeutic functions. Li S. et al. (2021)
used Au nanocages, a photothermal agent, to adhere to the core-
shell structure of Fe;0,-NH,@PDA through physical stirring; they
then synthesized MIL-101-NH, on the surface of the synthetic
material by the microwave thermal method and loaded DOX
into the MIL-101-NH, shell, leading to the preparation of Fe;O,4-
NH,@PDA@Au@MIL101-NH,-DOX.  Fe,0,-NH,@PDA@Au@
MIL101-NH,-DOX exhibited good biocompatibility, exhibited
drug release in response to light stimulation, and enabled T,-
weighted MRI-guided chemotherapy combined with PTT (Li S.
et al,, 2021). These studies suggest the correctness of the following.
Due to its strong adhesive properties, PDA can be easily coated on
the surface of different types of materials (Wu H. et al., 2022a; Li M.
et al., 2023; Acter et al., 2023; Witkowska et al., 2023; Li H. et al.,
2021). Since PDA could chelate the metal ions that constitute MOFs,
MOFs easily grow on the PDA surface. Through the bridge action of
PDA, MOFs were easy to combine with different types of
nanomaterials to form a complex, which provided multi-
functional platforms for the integration of diagnosis and
treatment. Xu et al. (2020) synthesized ZIF-8 on the Gd**- and
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Tm?*-doped Prussian blue (Gd/Tm-PB) surface, coated the ZIF-8
surface with PDA, and loaded DOX with shell PDA, leading to the
preparation of Gd/Tm-PB@ZIF-8/PDA-DOX. Due to the presence
of Gd** and Tm’’, Gd/Tm-PB showed the performance of T,-T,-
weighted MRI and fluorescence imaging (FI), leveraging the
complementary advantages of different imaging modes to
improve diagnostic accuracy. Due to the degradation of PDA at
high GSH concentration and the degradation of ZIF-8 in acidic
environments, the complex achieved drug release in response to
GSH and pH. Gd/Tm-PB@ZIF-8/PDA-DOX enabled the
combination of chemotherapy and PTT guided by multimodal
imaging (Xu et al, 2020). Given the tumor microenvironment’s
characteristics—low pH and high GSH concentration—the complex
demonstrated potential for accurate drug release at the tumor site,
thus reducing the toxicity of chemotherapy (Xu et al,, 2020). The
bone microenvironment also provided a “barrier” for malignant
bone tumors, preventing chemotherapeutic drugs and tumor-
targeting molecules from entering bone tumor cells (Natoni
et al,, 2019; Liu et al., 2014; Chen et al., 2017; Tian et al., 2021).
Therefore, it is of great research value to develop new efficient and
safe methods for the treatment of bone tumors. Wang et al. (2022a)
prepared the complex of Mn-Co MOFs and PDA by the one-step
method, used PDA to connect bone-targeted small molecule BTTP
through the Michael addition reaction, and applied PDA to
efficiently load DOX through m-m stacking, leading to the
preparation of BITP-MOF@PDA/DOX. Due to the presence of
BTTP, BITP-MOF@PDA/DOX could actively target bone tumors
and efficiently enrich nanomaterials and DOX at bone tumor sites.
BTTP-MOF@PDA/DOX had a drug-loading capacity of 9.23%,
showed pH-responsive drug release, and possessed a
photothermal conversion efficiency of 42.67%, showing a good
photothermal effect. Due to the Mn®" in the Mn-Co MOFs, the
BTTP-MOF@PDA/DOX  had T,-weighted ~MRI
performance, enabling the integration of diagnosis and treatment.
BTTP-MOF@PDA/DOX could actively target bone tumors, and it
achieved an efficient combination of PTT and chemotherapy to

excellent

inhibit bone tumor growth and bone destruction, which provided
ideas for overcoming low treatment efficacy caused by the bone
microenvironment (Figure 4) (Wang et al., 2022a).

2.2.3 MOFs@PDA integrate photothermal therapy
and chemodynamic therapy to enhance anti-
tumor effects

Chemodynamic therapy (CDT) involves metal ions reacting
with H,O,; in the tumor through the Fenton reaction to generate
toxic hydroxyl radicals (¢OH), which destroy tumor cells (Cheng B.
et al., 2023). Insufficient intracellular H,O, concentration leads to
less ROS production, and high GSH expression in tumor cells
scavenged ROS, which reduced the efficiency of CDT (Cheng B.
et al., 2023). The combination of PTT and CDT is an excellent
therapeutic modality (Cheng B. et al., 2023; Yan et al., 2024; Gao Q.
et al,, 2023). PTT generated high temperatures that increased the
efficacy of the Fenton reaction and promoted the effect of CDT, and
CDT generated ROS that inhibited the activity of heat shock
proteins and enhanced the sensitivity of PTT (Yan et al, 2024;
Gao Q. etal., 2023). Liu L. et al. (2023) coated PDA on the surface of
Cu-BTC composed of Cu** and H3BTC to prepare Cu-BTC@PDA.
The shell PDA improved the stability and biocompatibility of Cu-
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FIGURE 4

Schematic illustration of experimental procedure for preparing BTTP-MOF@PDA/DOX (TM@P/DOX) and the combination of photothermal therapy
and chemotherapy induced by TM@P/DOX with the property of bone tumor cell targeting; copyright 2022, with permission from Elsevier and Wang Y. T.

et al. (2022).

BTC. The photothermal conversion efficiency of Cu-BTC@PDA
was 49.38%, which was significantly higher than that of PDA
(36.12%). The photothermal performance of Cu-BTC@PDA was
enhanced by the plasma generated by the d-d leap of Cu** in Cu-
BTC. Cu-BTC@PDA released Cu*" in the acidic microenvironment.
Cu®" consumed GSH and generated Cu®, which reduced the
clearance of OH. Cu* reacted with H,O, in tumor cells to
generate OH, which produced CDT. Cu-BTC@PDA achieved
highly efficient PTT combined with CDT, which significantly
inhibited the growth of melanoma (Liu L. et al, 2023). An P.
et al. (2020) applied Cu**-doped ZIF-8 to grow on the surface of
PDA, leading to the preparation of PDA@Cu/ZIF-8. Cu** released
by PDA@Cu/ZIF-8 could scavenge GSH and produce Cu*, which
could react with H,O, through the Fenton reaction to form OH,
resulting in CDT. PDA-mediated PTT promoted GSH depletion
and enhanced Fenton reaction efficiency, thereby disrupting
intracellular redox balance and improving the efficacy of CDT.
PDA@Cu/ZIF-8 could effectively deplete GSH, facilitating strong
energy between PTT and CDT (An P. et al.,, 2020). In view of the low
efficiency of CDT caused by the insufficient concentration of
endogenous H,0,, Wu et al. (2021) synthesized MIL-101-NH,
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composed of Fe’* and 2-aminoterephthalic acid on the surface of
PDA modified by PVP and applied shell MIL-101-NH, to load GOx
and connect HA, leading to the preparation of HG-MIL@PDA. Due
to the presence of HA, HG-MIL@PDA could actively target tumor
cells with high expression of CD44 receptors and prolong blood
circulation time, thus efficiently enriching the tumor site. Due to the
degradability of shell MIL-101-NH,, HG-MIL@PDA has the dual
stimulation of pH and light to release Fe** and GOx. GOx could
catalyze glucose to produce H,O, and gluconic acid in the presence
of O,, which could compensate for the deficiency of endogenous
H,0,. Fe’* could react with GSH to deplete it and generate Fe**,
which inhibited the antioxidant system and reduced ROS clearance.
Fe*" reacted with a large amount of H,0, to produce a large amount
of ROS, thus achieving high-efficiency CDT. Gluconic acid could
reduce the acidic environment of the tumor site, which promoted
the efficiency of the Fenton reaction and improved the effect of CDT.
HG-MIL@PDA had a photothermal conversion efficiency of
26.03%, showed a good photothermal effect, and enabled an
efficient combination of CDT and PTT (Wu et al., 2021). In this
study, HG-MIL@PDA had the ability to generate a large amount of
H,0, and remove GSH, solving the problem of CDT inefficiency
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Schematic illustration of the fabrication of MP@PI and the combination of photothermal therapy and chemodynamic therapy induced by MP@PI
with the mechanism of ferroptosis; copyright 2022, with permission from the American Chemical Society and Deng H. et al. (2022).

due to the insufficient endogenous H,O, and high expression of
GSH, which could provide a new idea for the efficient use of CDT in
the treatment of tumors (Wu et al., 2021). Different from apoptosis,
necrosis, and pyroptosis, ferroptosis has a mode of death
characterized by iron-dependent lipid peroxidation and the
accumulation of large amounts of reactive oxygen species, which
can promote the efficacy of chemotherapy, radiotherapy, PDT, and
PTT (Ye et al.,, 2024). Studies have shown that the inhibition of
cystine/glutamate transporter (System xc-)
peroxidase 4 (GPX4) is the main mechanism leading to
ferroptosis (Song et al., 2024). The inhibition of GSH, that is, the
GPX4 cofactor, leads to the suppression of the GPX4 expression,

and glutathione

which leads to lipid peroxidation and the generation of ferroptosis
(Song et al., 2024; Yang et al., 2025; Nie et al., 2024). Deng H. et al.
(2022) coated PDA on the surface of MOFs loaded with
piperlongumine (PL) and incorporated IR 820 using shell PDA,
leading to the formation of MP@PI. PDA could consume GSH and
reduce the expression of GPX4, which was beneficial for the
occurrence of ferroptosis and enhanced the efficacy of CDT. PI
produced a large amount of H,0, in the tumor site, which could
overcome the problem of poor efficacy of CDT caused by the
deficiency of endogenous H,0,. A large number of iron ions in
MOFs could react with H,O, to produce a large amount of ROS,
which led to lipid peroxidation, promoted the generation of
ferroptosis, and produced efficient CDT. PTT mediated by PDA
and IR820 not only promoted the efficiency of CDT but also
produced the effect of pyroptosis. Under laser irradiation, MP@
PI could clear GSH and downregulate the expression of GPX4,
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resulting in lipid peroxidation, the generation of ferroptosis, and
CDT. MP@PI showed pH-responsive drug release and FI capability,
and it effectively combined ferroptosis and pyroptosis to eliminate
tumors, achieving an efficient combination of PTT and CDT
(Figure 5) (Deng H. et al.,, 2022).

2.24 PTT + PDT

Both PTT and PDT are effective local therapies, which can
produce a good synergistic anti-tumor effect (Zhang M. et al,
2024a). Pu et al, (2021) synthesized gadolinium (III) ion-doped
PDA using a simple hydrothermal method, loaded photosensitizer
Ce6 onto Gd-PDA by electrostatic interaction and - interaction,
and coated Gd-MOF on the surface of Gd-PDA NPs using layer-by-
layer self-assembly technology, leading to the preparation of Gd-
PDA-Ce6@Gd-MOF. Due to the presence of shell Gd-MOF, Gd-
PDA-Ce6@Gd-MOF exhibited good stability, enabled pH- and
light-stimulated drug release, and prevented premature drug
leakage in blood circulation. Gd-PDA-Ce6@Gd-MOF had a
photothermal conversion efficiency of 39.14% and a drug-loading
capacity of 7.4%, and it possessed longitudinal proton relaxation
time of 13.72 mM™" S™' and transverse proton relaxation time of
216.14 mM™"' S7', enabling PDT and PTT guided by MRI and PAI
(Puetal, 2021). Feng J. et al. (2020a) coated ZIF-8 on the surface of
PDA and encapsulated photosensitizer MB and catalase (CAT)
inside the shell ZIF-8 by the one-step method, leading to the
preparation of PDA-MB-CAT-ZIF-8. PDA-MB-CAT-ZIF-
8 prevented the leakage of MB and CAT in blood circulation and
achieved the responsive drug release of pH, which facilitated precise
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drug release at the tumor site. CAT catalyzed endogenous H,O, to
produce a large amount of O,, which improved the effect of MB-
mediated PDT. PDA-MB-CAT-ZIF-8 has a drug-loading capacity of
3.4% for CAT and 5% for MB, and it solved the problem of lack of
oxygen at the tumor site by the rational use of biological enzymes,
achieving PTT-PDT combination therapy (Figure 6) (Feng
J. et al., 2020a).

2.2.5 CDT+ chemotherapy

Due to the lack of targeting and abnormal blood supply in the
tumor site, traditional chemotherapeutic drugs or nanomaterials could
not penetrate the hypoxic area of the solid tumor and accumulate in the
hypoxic area at high concentrations, which strongly limited the
2023).
Therefore, the therapeutic effect of tumors could be improved by

therapeutic effect of the hypoxic area (Li J. M. et al,

efficiently and accurately delivering therapeutic drugs or
nanomaterials to the tumor area of hypoxia (Li J. M. et al,, 2023). Li
et al. loaded CaO, and DOX with MIL, coated the surface of the
preparation material with PDA, and used shell PDA to adhere to
anaerobic Bifidobacterium infantis (Bif), leading to the preparation of
MCDP@BIf. The PDA coating on the shell could not only prevent the
leakage of encapsulated CaO, and DOX but also promote the adhesion

of the composite material to Bif. Due to the presence of Bif, MCDP@Bif
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could actively target the hypoxic area of the tumor and enrich the
hypoxic area of the tumor with high concentrations, thus reducing the
systemic adverse reactions of DOX. Shell PDA was degraded in a tumor
microenvironment of high GSH, low pH, and high ROS, leading to the
release of CaOQ,@MIL-DOX from MCDP@BIf. In the tumor acidic
microenvironment, CaO,@MIL-DOX released CaO,, Fe**, and DOX.
Fe’* depleted GSH and generated Fe*', which reduced ROS
consumption and improved the efficacy of CDT. CaO, produced a
large amount of H,0, and Ca®" in the tumor acidic microenvironment.
Fe?" reacted with H,O, to produce a large amount of ROS, resulting in
efficient CDT. A large amount of Ca®* released by CaO, caused calcium
overload in tumor cells, increased the level of oxidative stress in tumor
cells, and promoted apoptosis, thus enhancing the chemotherapeutic
effect of DOX. MCDP@Bif utilized anaerobic bacteria to target hypoxic
tumor areas, exhibited pH-responsive drug release, and generated large
amounts of H,O, at the tumor site; this enabled highly effective, low-
toxicity CDT-combined chemotherapy, providing novel therapeutic
strategies for overcoming treatment resistance caused by hypoxia
(Figure 7) (Li J. M. et al,, 2023).

2.2.6 CDT + immunotherapy

In immunotherapy, immunogenic cell death (ICD) can activate
T cells, thereby destroying tumor cells. ICD results in the release of
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several damage-related molecular patterns (DAMPs), including high
mobility group protein 1 (HMGB1), adenosine triphosphate (ATP),
and calmodulin (CRT) from cancer cells (Alavijeh and Akhbari,
2024). Dendritic cells (DCs) can phagocytize and present DAMP
and further activate T lymphocytes for immunotherapy (Alavijeh
and Akhbari, 2024). The low immunogenicity of tumors and the low
efficiency of antigen delivery strongly limited the effect of
immunotherapy (Li Q. et al, 2022; Cheng W. et al, 2022). In
view of this, Chiang et al. (2023) synthesized MOF-199 using a
hydrothermal method, used MOF-199 to load chloroquine (CQ) via
n-7 interaction, and used PDA to coat on the outside of MOF-199
and attach it with folic acid (FA), leading to the preparation of CQ/
FA-PDA@MOF. Cu*" in the complex reacted with GSH to form
Cu’, which reduced ROS clearance caused by GSH. Cu* reacted with
H,O, via the Fenton reaction to generate large amounts of ROS,
causing CDT and immunogenic death of several tumor cells, which
led to the release of DAMP. CQ inhibited protective autophagy
generated by CDT, leading to the collapse of cellular self-defense
mechanisms, exacerbating cytotoxicity, and promoting the release of
tumor-associated antigens. CQ/FA-PDA@MOF could absorb a
large number of tumor-associated antigens released by the
abovementioned process and transfer them to dendritic cells to
induce cytotoxic T-lymphocyte infiltration, enabling -efficient
delivery of antigens, which resulted in efficient immunotherapy
and inhibition of tumor metastasis. CQ/FA-PDA@MOF efficiently
produced tumor-associated antigens by CDT, enabled efficient
antigen delivery, and achieved a highly efficient combination of
CDT and immunotherapy, providing a novel approach to overcome
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the low immunogenicity and heterogeneity of tumors that resulted
in low immunotherapeutic efficacy (Figure 8) (Chiang et al., 2023).

227 PTT + TDT

Traditional high-temperature PTT (>50°C) can cause skin damage
and induce inflammation, which limits the clinical application of PTT
(Li Keet al,, 2023). Low-temperature PTT (<45°C) can avoid potential
damage to normal tissues, which has great potential clinical value (Liu
W. et al,, 2023). However, a large number of heat shock proteins are
produced during PTT, which can repair cell thermal damage and
significantly reduce the efficiency of low-temperature PTT (Fan et al,
2023). Inhibiting the expression of heat shock protein to achieve low-
temperature PTT meets the clinical requirements for efficient and low
toxicity treatment, which has important research value (Li X. et al,
2021). Deng X. et al. (2023) prepared MPDA/AIPH@ZIF-8/GA by
coating ZIF-8 on the surface of mesoporous dopamine (MPDA) loaded
with  2,2-azobis  [2-(2-imidazolin-2-yl) propane]-dihydrochloride
(AIPH) and using ZIF-8 to load gambogic acid (GA). MPDA/
AIPH@ZIF-8/GA improved the stability of AIPH and prevented the
leakage of AIPH in blood circulation. Due to the degradation of ZIF-8 in
the acidic environment and the degradation of ZIF-8 promoted by high
temperature, MPDA/AIPH@ZIF-8/GA achieved drug release in
response to pH and light, which reduced the side effects of
chemotherapy. Due to the presence of PDA, the complex had a
photothermal conversion efficiency of 24.7%, showing a good
photothermal effect. The released GA inhibited the expression of
HSP90 and reversed the thermotolerance of tumor cells to achieve
low-temperature PTT. Under laser irradiation, the large amount of heat
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generated by the complex led to the rapid decomposition of AIPH to
produce oxygen-independent cytotoxic alkyl radicals, which caused
oxidative damage to cancer cells, resulting in tumor cell destruction and
enabling thermodynamic therapy (TDT). The MPDA/AIPH@ZIF-8/
GA exhibited good therapeutic safety and realized low-temperature
PTT combined with TDT, which had a significant inhibitory effect on
both hypoxic and normoxic tumors (Figure 9) (Deng X. et al., 2023).
This study utilized traditional Chinese medicine to efficiently inhibit the
expression of heat shock proteins, enabling low-temperature PTT. This
approach provides a potential strategy for achieving low-temperature
PTT and holds significant reference value. In addition, this study
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provided an O,-independent free radical generation scheme, which
enriched the methods of tumor treatment based on free radicals and
provided an effective solution for the treatment of hypoxic tumors.

228 PTT+ GT

Small interfering RNA (siRNA)-induced cancer gene therapy
(GT), which inhibits the expression of specific genes, has promising
applications (Jadhav et al., 2024). However, there are some problems
with siRNA, such as nuclease degradation, low cell uptake efficiency,
and non-specific biological distribution and immune response,
which hinder the clinical application of siRNA (Tao et al., 2024).
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Therefore, the development of novel nano-carriers for the efficient
delivery of siRNA to tumor sites has important research value
(Kandasamy and Maity, 2024; Moazzam et al, 2024). Feng
J. et al. (2020b) prepared PDA-siRNA-ZIF-8 by coating ZIF-8 on
the surface of PDA and encapsulating siRNA inside the shell ZIF-8
by the one-step method. Because the siRNA was inside ZIF-8, PDA-
siRNA-ZIF-8 avoided the enzymatic degradation of siRNA and
prevented the leakage of siRNA in blood circulation. Due to the
acid-responsive degradation of ZIF-8, the complex was not only
enriched in the tumor site by the enhanced permeability and
retention (EPR) effect but also had the ability to accurately
release siRNA in the tumor acidic microenvironment, reducing
the adverse side effects of gene therapy. PDA-siRNA-ZIF-8 had a
photothermal conversion efficiency of 39%, showed a good
photothermal effect, and enabled the combination of PTT and
gene therapy guided by PAI (Figure 10) (Feng J. et al., 2020b). In
this study, siRNA was encapsulated in nanomaterials, which solved
the problems of siRNA and enabled the efficient delivery of siRNA
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and the accurate release at the tumor site, providing a potential
strategy for the construction of a novel siRNA delivery system.

2.2.9 Combination of the other two
treatment methods

Catalytic therapy mainly regulates the tumor microenvironment
(TME) through specific catalytic reactions, leading to the depletion of
GSH and the production of ROS and oxygen, leading to tumor cell death,
which has the advantages of high specificity and low toxicity (Zheng et al,,
2025; Bonet-Aleta et al., 2024). However, the high expression of GSH in
tumor cells and the insufficient supply of endogenous H,O, limit the
efficiency of catalytic therapy (Xiong et al.,, 2024). In view of this, You et al.
(2024) loaded glucose oxidase (GOx) with Zr/Ce-MOFs and coated Zr/
Ce-MOFs with PDA to prepare Zr/Ce-MOFs/GOx/PDA. GOx catalyzed
glucose to produce a large amount of H,O,, which compensated for the
insufficient supply of endogenous H,O,. Ce’" in the Zr/Ce-MOFs
catalyzed H,0, to produce highly toxic OH and Ce*. Ce*" could
consume GSH and generate Ce’*. A large amount of GSH
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consumption could avoid the consumption of OH produced by catalytic
reaction. Due to the presence of PDA, Zr/Ce-MOFs/GOx/PDA had a
photothermal conversion efficiency of 26.2% and produced a good
photothermal effect, which promoted the efficiency of the catalytic
Zr/Ce-MOFs/GOx/PDA  achieved a
cascade catalytic reaction within the tumor microenvironment to
regulate H,O, and GSH, enabling PTT combined with catalytic
therapy with high efficacy and low toxicity, which provided ideas for

reaction mentioned above.

designing nano-enzymes to regulate the TME to improve therapeutic
efficacy (You et al., 2024). In order to solve the problem of hypoxia in the
tumor microenvironment, improving hypoxia is a challenging task (Shen
et al,, 2023). Researchers can also take advantage of the characteristics of
the tumor hypoxic microenvironment to use hypoxia-activated toxic
drugs to destroy hypoxic tumors (Zhao L. et al,, 2024). Chen H. et al.
(2021) used the large surface area and high porosity of UiO-66 to
efficiently load perfluorotributylamine (PFA) and tirapazamine(TPZ)
and coated PDA on the surface of UiO-66, leading to the preparation of
TPZ/PFA@UiO-66@PDA (Chen H. et al,, 2021). TPZ/PFA@UiO-66@
PDA remained stable in PBS and the culture medium for 24 h and could
be enriched in the tumor site by the permeability and retention effect. Due
to the presence of PDA, TPZ/PFA@UiO-66@PDA not only exhibited a
good photothermal effect but could also prevent early leakage of TPZ and
PFA in blood circulation. PFA adsorbed O, in the tumor site, resulting in
significant hypoxia of tumor cells and the upregulation of the oxygen-
dependent HIF-1a pathway, which led to tumor cell apoptosis. The
significant hypoxic environment induced by PFA activated the
conversion of TPZ to highly toxic benzotriazine (BTZ), resulting in
efficient chemotherapy. TPZ/PFA@UiO-66@PDA exhibited good
biocompatibility and enabled the combination of PTT and hypoxia-
activated chemotherapy, which effectively inhibited the growth of
hypoxic tumors (Chen H. et al, 2021). This study made use of the
hypoxia characteristics of the tumor microenvironment and used PFA to
adsorb O, from the tumor site to create a significant hypoxia
environment, leading to the efficient activation of hypoxia-sensitive
drugs and effectively eliminated hypoxia tumors, which provided a
strategy for solving the problem of treatment resistance caused by
hypoxia (Chen H. et al,, 2021). Liu G. et al. (2020) prepared MPDA@
ZIF-8/DOX + GOx by growing ZIF-8 in situ on the surface of MPDA
loaded with DOX and encapsulating GOx inside ZIF-8. The shell ZIF-8
encapsulated GOx inside, which prevented the leakage of GOx in blood
circulation, improved the stability of GOx, and ensured the efficient
catalytic activity of GOx. In an acidic environment, the outer shell ZIF-8
degraded and released GOx, which consumed glucose and inhibited ATP
production, inhibiting the function of ATP-dependent P-glycoprotein
(P-gp) transporter proteins. MPDA@ZIF-8/DOX + GOx released GOx
and DOX in a sequential manner and released GOx first to inhibit Pgp
function and limit the drug efflux, which led to a large accumulation of
DOX at the tumor site, thus reversing the resistance. MPDA@ZIF-8/
DOX + GOx with a drug-loading capacity of 68.3% showed pH-
responsive release of GOx and DOX, which significantly inhibited the
growth of breast cancer resistant to DOX and reversed drug resistance
(Liu G. et al,, 2020). This study constructed a novel nano-drug delivery
system that could efficiently load P-gp inhibitors and chemotherapeutic
drugs, release P-gp inhibitors and chemotherapeutic drugs sequentially,
and effectively reverse drug resistance by inhibiting ATP production,
providing a new strategy for overcoming chemotherapeutic drug
resistance. Ren et al. (2020) synthesized ZIF-8 on the surface of ZIF-
67 loaded with DOX, encapsulated PpIX inside ZIF-8, and used PDA to
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wrap ZIF-8 and connect mPEG-NH,, leading to the preparation of
ZDZP@PP. Due to the presence of PDA and mPEG-NH,, ZDZP@PP
remained stable in PBS and DMEM culture medium for a week and
showed excellent biocompatibility, which facilitated the accumulation of
nanomaterials at the tumor site. Different parts of ZDZP@PP were
loaded with different drugs, which enabled the sequential release of DOX
and PpIX and avoided the reaction between different drugs. Because the
complex had the characteristics of acid-responsive degradation, ZDZP@
PP showed pH-responsive drug release, which was conducive to accurate
drug release in the tumor acidic microenvironment. ZIF-67 had the
function of nano-enzyme, which could catalyze endogenous H,O, to
produce O,, improving PpIX-mediated PDT. ZDZP@PP utilized nano-
enzymes to overcome the problem of oxygen deprivation at the tumor
site and achieved a highly effective combination of PDT and
chemotherapy (Ren et al, 2020). The combination of PTT and
ferroptosis showed excellent synergistic effects, and PTT could
enhance the sensitivity of cells to ferroptosis (Zeng et al., 2022; Wu
et al, 2022b). Iron ions released by Fe-MOF could catalyze H,O, to
produce OH through the Fenton reaction, resulting in cell oxidative
damage and lipid peroxidation, which promoted the generation of
ferroptosis (Zhang M. et al., 2024b; Rao et al., 2023; Bai et al., 2024).
Liu Y. J. et al. (2024) embedded PDA into the Fe-MOF by physical
mixing, applied the prepared material to load erastin by Michael’s
addition reactions, and used osteosarcoma cell membranes to wrap
the surface of PDA-MOF-E, leading to the preparation of PDA-
MOF-E-M. Due to the presence of the osteosarcoma cell membrane,
PDA-MOF-E-M showed high biocompatibility and homologous
targeting. PDA-MOF-E-M showed good stability in an acid-base
environment (pH = 5.0 and pH = 9.0) and thermal environment
(35°C and 42°C), indicating that it could have favorable chemical
stability in various humoral environments of the human body. Fe-
MOF releases a large amount of iron ions, creating an iron-rich
environment in the tumor, which resulted in lipid peroxidation and
promoted the generation of ferroptosis. Erastin inhibited the expression
of the SLC7A11 protein, resulting in the decrease of the intracellular
cysteine level and inhibition of GSH synthesis, which indirectly inhibited
the activity of GPX4, led to the accumulation of lipid peroxides, and
finally induced ferroptosis. Fe-MOF and erastin cooperate to promote the
occurrence of ferroptosis through different mechanisms. PDA-MOF-E-
M showed excellent T;-weighted MRI performance and enabled the
combination of PTT and ferroptosis, which inhibited osteoclast
differentiation and significantly inhibited the growth of osteosarcoma,
providing a novel therapeutic option for the treatment of osteosarcoma
(Figure 11) (Liu Y. . et al., 2024). This study suggests that Fe-MOF@PDA
was a potential ferroptosis inducer and provided a large amount of Fe**,
which cooperated with ferroptosis inducers that inhibit GPX4 activity to
enhance ferroptosis, leading to a highly efficient anti-tumor effect.

2.3 Polydopamine-coated metal—organic
frameworks in multimodal
combination therapy

23.1PTT + CDT + ST

GOx catalyzed glucose to produce H,O, in the presence of O,,
which blocked the energy supply and produced starvation therapy
(ST) (Fu et al., 2023). However, the characteristics of hypoxia in the
tumor microenvironment strongly restrict the therapeutic efficiency
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(A) Schematic illustration of experimental procedure for preparing PDA-MOF-E-M and the combination of ferroptosis and photothermal therapy
generated by PDA-MOF-E-M. (B) SEM images of PDA-MOF-E-M. (C) T;-weighted MRI images of PDA/Fe and PDA-MOF-erastin-M in vivo. (D)
Luminescence images of mice in different treatment groups and tibial tumor images in different treatment groups. Copyright 2024, with permission from

KeAi Communications and Liu Y. J. et al. (2024).

of GOx (Fu et al., 2023). The efficiency of CDT is limited due to the
insufficient concentration of endogenous H,0,, which makes it
impossible to use the Fenton reaction to produce a large amount of
OH (Hao et al,, 2023). Yu H. et al. (2022). coated carbon nitride
(C3N4) on PDA by physical stirring, modified PDA@C;N, surface
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with polyacrylic acid (PAA), used MIL-100 to grow on the PAA-
modified PDA@C;N, surface through layer-by-layer self-assembly,
loaded GOx with shell MIL-100, and connected HA to the surface of
GOx by amide bond, leading to the preparation of PDA@C;N,@
MIL/GOx@HA. C;N, cleaved water to produce O,, which could
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improve the hypoxia state of the tumor microenvironment and
improve the efficiency of glucose catalyzed by GOx. GOx catalyzed
glucose to produce a large amount of H,0, in the presence of O, to
overcome the problem of insufficient endogenous H,O,. The iron
ion in MIL-100 had peroxidase-like activity, which could catalyze
H,0, to produce toxic OH, resulting in efficient CDT. The
abovementioned process was triple cascade catalysis that relieved
hypoxia and produced efficient ST and CDT. PDA not only
improved the O, production efficiency of C;N; but also
produced a good photothermal effect, which promoted the triple
cascade catalytic reaction. Due to the presence of HA, PDA@C;N,@
MIL/GOx@HA could actively target tumor tissue and reduce side
effects. PDA@C;N,@MIL/GOx@HA
biocompatibility, achieved photothermal enhanced triple cascade
catalysis, and improved tumor hypoxia, enabling an efficient

showed good

combination of PTT, ST, and CDT and achieving a significant
inhibitory effect on hypoxic tumors (Figure 12) (Yu H. et al,
2022). This study utilized nano-enzymes to achieve a triple
cascade reaction that improved hypoxia in the tumor site and
overcame insufficient endogenous H,O,, which achieved highly
efficient ST and CDT, acquiring a safe and efficient method of
tumor therapy. Zhang et al. prepared MGH by coating hyaluronic
acid-modified dopamine (HA-PDA) on the surface of MIL-100
loaded with GOx (Zhang Y.et al,, 2019). Due to the presence of
HA-PDA, MGH could actively target tumor tissues with high
CD44 receptor expression, exhibit good biocompatibility and
stability, and prevent the leakage of GOx in blood circulation.
GOx catalyzed glucose in the presence of O,, which not only
inhibited energy production and produced ST but also produced
gluconic acid and H,0,. MIL-100 catalyzed H,O, to produce OH
and O, through the Fenton-like reaction, which produced CDT and
improved the hypoxia state of tumors. Gluconic acid deepened the
local acidity of the tumor and promoted the efficiency of the Fenton-
like reaction. Generated O, enhanced the efficiency of glucose
catalyzed by GOx. MGH produced a large amount of OH and
O, by cascade catalytic reaction, which enabled the efficient
combination of PTT, ST, and CDT guided by PAI (Zhang Y.
et al, 2019). In this study, a positive feedback cascade catalytic
reaction was achieved through the combination of a nano-enzyme
and a biological enzyme, resulting in the production of a large
amount of H,0, and O,; this approach overcame the inefficiency of
CDT caused by the lack of endogenous H,0, and the inefficiency of
GOx-mediated ST caused by hypoxia, enabling the effective
coordination of ST and CDT.

2.3.2 PTT + CDT + chemotherapy

Huang et al. (2023) coated PDA on the surface of MIL-100
loaded with oxaliplatin (Oxa) and connected the shell PDA to NH,-
PEGTK-COOH by amide bond to prepare Oxa@MIL-PDA-
PEGTK. Oxa@MIL-PDA-PEGTK had the characteristic of acid-
responsive degradation and a drug-loading capacity of 5.34%, and it
enabled drug release in response to the double irritation of pH and
H,O,, which was conducive to the precise release of drugs in the
tumor microenvironment. Fe** in MIL-100 could react with the high
concentration of H,O, in cells to produce a large number of OH for
destroying tumors, which led to CDT. Oxa@MIL-PDA-PEGTK
could efficiently deliver drugs and accurately release drugs at the
tumor site, enabling the combination of CDT, chemotherapy, and
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PTT, which significantly inhibited the growth of liver cancer
(Figure 13) (Huang et al., 2023). Wang et al. synthesized Cu*'/
ZIF-8 using a simple ion-doping method, loaded DOX with Cu**/
ZIF-8, and coated shell PDA on the surface of Cu®*/ZIF-8, leading to
the preparation of DOX@Cu*'/ZIF-8@PDA (Wang L.et al., 2022b).
DOX@Cu**/ZIF-8@PDA possessed a drug-loading capacity of 9%,
and it exhibited pH- and light-stimulated drug release, which
reduced the side effects of chemotherapy. Released Cu®* could
oxidize GSH, break the redox homeostasis of tumors, and
produce Cu+ to overcome the low efficiency of CDT caused by
high GSH expression in the tumor microenvironment. Cu*
catalyzed the formation of OH from H,0O, in tumors to produce
effective CDT. Due to the presence of PDA, DOX@Cu®*/ZIF-8@
PDA had a photothermal conversion efficiency of 34.6% and showed
a good photothermal effect, which enhanced the effect of CDT and
chemotherapy. DOX@Cu*'/ZIF-8@PDA depleted GSH and
achieved an efficient combination of PTT, chemotherapy, and
CDT (Wang L. et al, 2022). Ren et al. (2024) coated PDA on
Cu/ZIF-8 with hydroxycamptothecin (HCPT) and used erythrocyte
membrane to coat on the surface of PDA, leading to the preparation
of RBCM-HCPT@Cu/ZIF-8@PDA. Due to the presence of the
erythrocyte membrane, RBCM-HCPT@Cu/ZIF-8@PDA could
achieve immune escape and prolong blood circulation in the
body, which could be efficiently enriched at the tumor site. Due
to the acid-responsive degradation of ZIF-8, RBCM-HCPT@Cu/
ZIF-8@PDA effectively releases copper ions and HCPT in the tumor
microenvironment, thus enabling safe and effective CDT and
chemotherapy. RBCM-HCPT@Cu/ZIF-8@PDA with a drug-
loading capacity of 19.1% showed excellent biosafety, had acid-
and light-responsive drug release, and enabled an efficient
combination of CDT, chemotherapy, and PTT (Ren et al., 2024).

2.3.3 PTT + PDT + CDT

Due to the problems such as poor targeting, side effects, and
methods
chemotherapy, it is very valuable to develop a non-chemotherapy

poor accuracy of traditional treatment such as
system to achieve accurate and effective tumor treatment (Zhang
and Yuan, 2024). Drugs or nanoparticles are usually injected into the
body by subcutaneous or vascular injection and enter the tumor site
through systemic blood circulation (Tu et al., 2024; Dash et al., 2024;
Zuo et al., 2024). The successful enrichment of nanomaterials at
tumor sites poses a significant challenge to the stability of
nanoparticles in vivo and their tumor-targeting performance
(Wang Q. et al, 2024; Zhang X. et al, 2024). Meanwhile,
nanoparticles are easily cleared by the immune system, and drugs
tend to leak into the bloodstream during circulation (Wang Q. et al.,
2024; Zhang X. et al,, 2024). Therefore, it is difficult to achieve
accurate treatment of tumors. In view of the above, Zhang et al.
synthesized PCN-224 (Cu) by chelating Cu** with TCPP (ligand of
PCN-22) and used PDA to coat on the surface of PCN-224 (Cu) to
prepare PCN-224 (Cu) @ PDA (PCP). Zhang et al. dispersed PCP
into disodium alginate (OSA) and carboxymethyl chitosan (CMC)
and synthesized nanocomposite self-healing hydrogels by Schiff base
bonding. The complex was injected into the tumor site through
intra-tumoral injection to release PCP slowly, which avoided the
toxicity caused by the non-specific distribution of nanomaterials
caused by systemic circulation and facilitated precise treatment.
Cu®" in PCN-224(Cu) reacted with GSH to produce Cu*, which
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FIGURE 13

Schematic illustration of the experimental procedure for preparing Oxa@MIL-PDA-PEGTK and its applications for the efficient combination of
chemodynamic therapy, chemotherapy, and photothermal therapy; copyright 2023, with permission from the American Chemical Society and Huang

et al. (2023).

reduced ROS scavenging and improved the efficacy of CDT and
PDT. Cu" reacted with a high concentration of H,0, in tumor cells
to form ROS, which could be used for CDT. PCN-224 (Cu) showed
excellent performance of PDT, and PDA exhibited good
photothermal performance. The complex integrated a variety of
non-chemotherapy treatment methods into one platform to achieve
the combined effects of PTT, PDT, and CDT, which provided a
reference for the establishment of efficient, accurate, and non-
chemotherapy treatment of tumors (Figure 14A) (Zhang and
Yuan, 2024). The self-healing hydrogel in the study not only had
superior biosafety but also had injectability, which could enter the
tumor tissue through intra-tumoral injection, enabling precise drug
release at the tumor site and avoiding the toxicity of drugs or
nanoparticles to normal tissues during systemic circulation
(Zhang and Yuan, 2024). Zhang L. et al. (2021) synthesized ZIF-
8 on the surface of PDA loaded with AIPH and encapsulated PVP-
modified CuS inside ZIF-8 to prepare AIPH/PDA@CuS/ZIF-8. Due
to the degradation of shell ZIF-8 in an acidic environment, AIPH/
PDA@CuS/ZIF-8 could accurately release CuS and AIPH in the
tumor site. CuS could clear GSH and produce Cu®, which could react
with H,O, to form ROS through the Fenton reaction, resulting in
CDT. Due to the presence of CuS, AIPH/PDA@CuS/ZIF-

Frontiers in Bioengineering and Biotechnology

8 possessed a photothermal conversion efficiency of 28.05% and
produced a good photothermal effect. High temperatures generated
by PTT led to the decomposition of AIPH to O,-independent alkyl
free radicals for oxygen-independent PDT. Both PDA and CuS
could scavenge GSH, which reduced ROS scavenging, and disrupt
the oxidative stress balance in tumor cells, improving the efficacy of
PDT and CDT based on ROS as a therapeutic mechanism. AIPH/
PDA@CuS/ZIF-8 achieved PAI-guided combination therapy,
integrating PTT, O,-independent PDT, and CDT, which
produced efficient anti-tumor effects on both hypoxic and
normoxic tumors (Figure 14B) (Zhang L. et al., 2021). This study
utilized the high temperature generated by PTT to lead to the
decomposition of AIPH, resulting in the production of a large
number of highly toxic alkyl radicals without the involvement of
O, to generate highly efficient O,-independent PDT, which
provided a new method to overcome the inefficiency of PDT due
to the lack of oxygen at the tumor site.

2.3.4 PTT + PDT+ chemotherapy

An intelligent response drug release system can improve
treatment efficiency and reduce adverse reactions, which has
great application potential in the accurate treatment of tumors
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(A) Schematic illustration of the synthesis of OSA/CMC@PCP and its application for the synergistic therapy of breast cancer with chemodynamic
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illustration of the synthesis and synergistic therapy of AIPH/PDA@CuUS/ZIF-8; copyright 2022, with permission from Wiley-VCH GmbH and Zhang

et al. (2021).
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(Zhao H. et al., 2024). Chen Z. et al. (2023) prepared PCN-DOX@
PDA by loading DOX on PCN-600 assembled through the
coordination of Fe** and TCPP and utilizing PDA to coat the
surface of PCN-600. Due to the degradation of shell PDA in an
acidic environment and the heat-promoted thermal movement of
the molecules, PCN-DOX@PDA light-
stimulation-responsive drug release, which achieved precise drug
release at the tumor site and reduced the side effects of

showed pH- and

Frontiers in Bioengineering and Biotechnology

chemotherapy, promoting the implementation of precision
medicine. Due to the presence of Fe’* and photosensitizer TCPP,
PCN-DOX@PDA  exhibited  superior  T,-weighted ~MRI
performance and efficient PDT. PCN-DOX@PDA, with a drug-
loading capacity of 78%, demonstrated dual stimuli-responsive drug
release and excellent biocompatibility, and it enabled an MRI-
guided combination of PDT, PTT, and chemotherapy, which
provided a reference for the construction of a multi-functional
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intelligent response drug delivery system (Figure 15A) (Chen Z.
et al, 2023). Feng L. et al. (2022) prepared PCN-224 (Mn) by
chelating TCPP with Mn**, applied PCN-224 (Mn) to load the
hydrophobic chemotherapeutic drug iniparib through electrostatic
interaction, and applied HA-PDA to modify the surface of PCN-224
(Mn), leading to the preparation of Ini@PM-HP. Ini@PM-HP had a
drug-loading capacity of 29.38% and could be degraded in a
phosphate environment, showing phosphate-responsive drug
release, which was expected to be accurately released in the
tumor microenvironment with a high phosphate concentration.
The DNA damage and
dysfunction, and it promoted tumor apoptosis, producing

released iniparib causes repair
chemotherapy and improving the efficacy of PDT. Released Mn**
had peroxidase-like activity, which could catalyze the high
concentration of H,O, in the tumor to produce O,, improving
the anoxic state of the tumor and enhancing the efficacy of PDT and
chemotherapy. Due to the presence of HA-PDA, Ini@PM-HP could
actively target tumor tissues with high CD44 receptor expression
and possessed a photothermal conversion efficiency of 19.5%,
showing good photothermal performance. Ini@PM-HP used
nano-enzyme to generate O, in situ, which improved the hypoxia
state of tumors and enabled a highly efficient combination of
chemotherapy, PDT, and PTT, providing a multi-functional
nano-platform and a reference for improving hypoxia and

combined therapy (Figure 15B) (Feng L. et al., 2022).

2.3.5 PTT + ST+ gas therapy

H,S-based gas therapy is an effective anti-tumor modality,
which can hinder the cell cycle, induce apoptosis of tumor cells,
enhance immunotherapy, and inhibit tumor metastasis, showing a
promising application (Ghaffari-Bohlouli et al., 2024; Wu G. L. et al,,
2023; Li S. et al., 2023; Cheng J. et al., 2023). H,S has a short blood
half-life and poor stability and could not specifically target tumor
tissue, which severely limits the effectiveness of H,S treatment (Rong
et al,, 2022; Ge et al,, 2022; Cheng K. et al., 2022). Therefore, it is of
great significance to construct a multi-functional nano-platform to
achieve the targeted enrichment of H,S at the tumor site and the
accurate release of H,S at the tumor site (Cheng K. et al., 2022). PTT
could upregulate the expression of the heat shock protein, which
caused heat tolerance of tumor cells and limited the efficiency of
PTT (Premji et al., 2024). Therefore, the inhibition of heat shock
proteins produced during PTT is an important method to improve
the efficiency of PTT (Chang et al, 2022). Due to the strong
chelation of the catechol group of PDA with metal ions, Cheng
K. etal. (2022) synthesized Co-MOF on the surface of PDA using the
one-pot method, loaded triethole (ADT) into mesoporous Co-MOF,
and coated it with a macrophage membrane, leading to the
preparation of PCoA@M. Due to the expression of integrin on
the membrane of macrophages, PCoA@M could recognize
tumorous cells with high expression of vascular cell adhesion
molecules, efficiently enrich tumor tissues, show high stability,
and reduce phagocytosis of the immune system. PCoA@M was
degraded in an acidic environment to achieve pH-responsive release
of Co®* and ADT, which facilitated accurate drug release in the
acidic microenvironment of the tumor. Co** downregulated the
expression of HSP90 and inhibited heat shock protein-mediated
thermo-resistance in tumor cells, which increased the sensitivity of
PTT. The precise release of ADT at the tumor site was catalyzed by
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enzymes highly expressed in the tumor cells to generate high
concentrations of H,S, producing gas therapy. ADT reacted with
nicotinamide adenine dinucleotide (NADH), leading to a reduction
in the content of NADH and resulting in a dynamic imbalance in the
nicotinamide adenine dinucleotide/lutein adenine dinucleotide
(NADH/FAD) ratio; this disruption ultimately reduced ATP
production, thereby inducing ST. NADH/FAD-mediated
autofluorescence showed that the content of PCoA@M reached
the maximum at 8 h after tail vein injection. PCoA@M, with a
drug-loading capacity of 3.4%, showed good biosafety and enabled
the combination of PTT, gas therapy, and ST, which significantly
inhibited the growth and lung metastasis of breast cancer (Figure 16)
(Cheng K. et al., 2022). This study utilized the Co** in PCoA@M to
inhibit the expression of heat shock proteins and improve the
efficiency of PTT, which suggested that Co**-containing MOFs@
PDA may act as a heat shock protein inhibitor, showing promising
This
H,S-producing drugs at the tumor site and precise release of

applications. study achieved efficient enrichment of
H,S-producing drugs at the tumor site, and it applied the
enzymes in tumor cells to catalyze drugs to generate H,S, which
facilitated the efficient enrichment and precise release of H,S at the
tumor site and improved the effectiveness of H,S-based gas therapy,
providing ideas for the efficient use of H,S in the treatment

of tumors.

2.3.6 Others

Zhan et al. (2023) encapsulated GOx and DOX in the inner part
of ZIF-8 using the one-pot method and coated ZIF-8 with PDA to
prepare DGZPNs . Because PDA and ZIF-8 were stable in a neutral
environment and degraded in an acidic environment, DGZPNs not
only prevented the premature release of GOx and DOX in blood
circulation but also achieved acid-responsive release of GOx and
DOX in the tumor microenvironment, which reduced the toxicity of
drugs to normal tissues. GOx consumed glucose to disrupt the
metabolic pathway of cancer cells, which led to ST. DGZPNs
possessed a drug-loading capacity of 14.6% and a photothermal
conversion efficiency of 36.9%, enabling the combination of
chemotherapy, ST, and PTT, which could inhibit tumor growth
in a safe and efficient way (Zhan et al., 2023). An G. et al. (2024)
prepared MIL-101 by the solvothermal method, applied Cu
nanoparticles to grow on MIL-101 through the reduction
reaction, and applied Cu@MIL-101 to load cisplatin (Pt) and 1-
methyl-D-tryptophan (1-MT) and connect TCPP by the amide
bond, leading to the preparation of Cu@MIL-101@PMT. An
et al. prepared Cu@MIL-101@PMTPC by coating PDA on the
surface of Cu@MIL-101@PMT and coating CaO, on the surface
of PDA through physical stirring. Because PDA was coated on the
surface of Cu@MIL-101 loaded with drugs, the composite avoided
drug leakage in the process of blood circulation and enriched the
tumor site through EPR, reducing the toxicity of drugs to normal
tissues. Cu@MIL-101@PMTPC possessed a drug-loading capacity
of 40.5% for Pt and 9.5% for 1-MT, and it showed pH-responsive
drug release. Fe’* in MIL-101 (Fe) and Cu nanoparticles could react
with intracellular GSH, leading to GSH depletion, and the
production of Fe** and Cu’, improving the efficacy of CDT and
PDT. Fe’* and Cu" could interact with H,O, by the Fenton-like
reaction to produce ROS, which produced the effect of CDT. Outer
CaO, reacted with water to produce O, and H,O,, which enhanced
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Schematic illustration of the experimental procedure for preparing PCoA@M and synergistic treatment of breast cancer induced by PCoA@M;
copyright 2022, with permission from Springer Nature and Cheng K. et al. (2022). PCoA@M could be efficiently enriched at tumor sites by integrin on the
membrane of macrophages. PCoA@M inhibited HSPs to enhance photothermal therapy and inhibited NADH generation, which achieved the
combination of starvation therapy, gas therapy, and photothermal therapy, inhibiting tumor growth and metastasis.

the effect of PDT and provided a continuous supply of H,O, for
Fenton-like reactions, enhancing the effect of CDT. 1-MT was an
indoleamine 2-dioxygenase (IDO) inhibitor, which could enhance
the expression of CD8" and CD4" T cells and accelerate
immunogenic cell death, and it can overcome the immune
escape caused by cisplatin, producing immunotherapy. Cu@
MIL-101@PMTPC had cascade catalysis to achieve self-supply
of O, and H,0,, improving the poor efficacy of PDT caused by
hypoxia and overcoming the poor efficacy of CDT caused by
insufficient H,O, in tumors. Cu@MIL-101@PMTPC enabled
high-efficiency combination of CDT, PDT immunotherapy, and
chemotherapy, enriching the types of multi-functional nano-
platforms and providing a new strategy for cancer treatment
(An G. et al, 2024). TPZ is a biological reductant with selective
hypoxia cytotoxicity, which could produce highly active free
radicals in a hypoxic environment, resulting in tumor cell
death (Shi Q. et al., 2024; Chen Y. et al.,, 2024). Wang Y. et al.
(2023b) used MIL-88B-NH, to load D-arginine (D-Arg), GOx,
and TPZ, then coated PDA on the surface of MIL-88B-NH,, and
used shell PDA to chelate Fe** and link with folic acid-modified
bovine serum albumin (FA-BSA), leading to the preparation of
D-Arg/GOx/TPZ@MOF(Fe)-PDA/Fe’*/FA-BSA. Due to the
presence of FA-BSA, the complex could actively target
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osteosarcoma and prolong the blood circulation time. GOx
catalyzed endogenous glucose to produce H,0, and gluconic
acid, which cuts off cell energy supply, producing ST. As
gluconic acid led to acidification of the tumor site, MIL-88B-
NH, degraded and released TPZ and Fe’*. Fe** reacted with H,0,
to produce ROS, which catalyzed D-Arg to produce NO,
enhancing the efficacy of radiotherapy (RT) and generating gas
therapy. Endogenous glucose catalyzed by GOx consumed O, and
RT consumed O,, resulting in serious hypoxia of the tumor
microenvironment. The serious hypoxia in the tumor site could
activate TPZ, resulting in efficient chemotherapy. The shell PDA
could not only seal the MIL-88B-NH, pores loaded with drugs but
also chelate Fe’* to produce superior T,-weighted MRI
performance. The complex showed pH- responsive drug release
and enabled the combination of ST, gas therapy, CDT, low-dose
RT, and chemotherapy, which significantly inhibited tumor
growth and lung metastasis (Figure 17) (Wang Y. et al., 2023b).
This study utilized ST and RT to lead to significant hypoxia at the
tumor site, which activated hypoxia-activated drugs to produce
highly effective anti-tumor effects, providing a new strategy for
treating tumors by making use of the characteristics of hypoxia at
the tumor site and offering an effective method to overcome
treatment resistance due to hypoxia.
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3 Summary and challenges

MOFs@PDA are classical multifunctional nanomaterials and ideal
carriers for constructing nano-drug delivery systems, achieving
integrated diagnosis and treatment and comprehensive treatment.
MOFs@PDA have made breakthrough progress in solving problems
such as treatment resistance caused by hypoxia at the tumor site, low
efficiency of low-temperature PTT caused by the upregulation of heat
shock proteins, chemotherapy resistance, and low efficiency of CDT
caused by high GSH expression inside the tumor. MOFs@PDA could
internally encapsulate drugs and efficiently load drugs on the surface
using various mechanisms and could achieve pH- and light-
stimulation-responsive drug release, which facilitated the precise
release of drugs at the tumor site, improved the efficiency of
chemotherapy, and reduced the side effects of chemotherapy. Due to
the excellent photothermal properties of PDA and the good imaging
of MOFs, MOFs@PDA
multifunctional photothermal agents that combine diagnostic and
photothermal properties but can also be loaded with drugs or

properties are not only excellent

enzymes, which makes it easy to achieve comprehensive treatment.
MOFs@PDA not only scavenge GSH to break redox homeostasis but
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also catalyze the generation of ROS from H,0,, which sensitize the
effects of various tumor-treatment modalities. Therefore, MOFs@PDA
are of great value for biomedical applications.

MOFs@PDA also face great challenges in clinical translation. First,
the safety of MOFs@PDA is the basis for its clinical translational
application. However, the current safety assessment of MOFs@PDA
is mostly limited to short-term toxicity, such as the effect on body
weight and pathological changes in major organs in animals. The lack of
assessment of long-term toxicity of MOFs@PDA limits the clinical
translational application of MOFs@PDA. When selecting metal ions
and organic ligands to compose MOFs, we can pick the metal ions
essential for the human body and FDA-approved organic ligands, thus
guaranteeing the safety of MOFs@PDA from the beginning of the
experiment. Second, the preparation process of MOFs@PDA is
relatively complex, which is not conducive to the reproducibility of
samples and could not provide the availability of a large number of
samples for biomedical applications. The optimization of experimental
parameters and the standardization of experimental steps for the
preparation of simple and multifunctional MOFs@PDA are of great
value for the diagnosis and treatment of tumors. Third, some MOFs@
PDA with PDA as nuclei and MOFs as shells may be unstable in the
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physiological environment, which can be easily aggregated and
phagocytosed after the conditioning effect of the immune system
and are unable to be effectively enriched at the tumor site.
Researchers can utilize active targeting molecules, cell membranes,
and albumin for the surface modification of MOFs@PDA to
improve the water solubility and targeting of MOFs@PDA. Fourth,
the lack of in-depth and systematic studies on the degradation
mechanism and pharmacokinetic characteristics of MOFs@PDA in
vivo is not conducive to selecting the optimal therapeutic dosage of
MOFs@PDA and understanding the in vivo clearance of MOFs@PDA,
which makes it impossible to rationally utilize MOFs@PDA to treat
tumors. Researchers need to monitor the metabolism of MOFs@PDA
in large primates for a long time and carefully study the specific
degradation mechanism of MOFs@PDA. Fifth, the specific
molecular mechanisms and signaling pathways of MOFs@PDA’s
anti-tumor effects are not clear, which is not conducive to guiding
clinical medication. Researchers can explore the specific molecular
mechanism of MOFs@PDA’s anti-tumor effects by sequencing the
genome of MOFs@PDA-treated cells and employing a large number of
biological experiments. For the clinical translation of MOFs@PDA,
researchers need to take a rational approach to address the safety,
stability, and targeting and scale-up preparation of MOFs@PDA and
deeply investigate the metabolic mechanism and specific anti-tumor
mechanism of MOFs@PDA.

In summary, this paper summarized the progress made by MOFs@
PDA in the field of tumor diagnosis and treatment in a timely manner,
with the expectation of promoting the biomedical application of
MOFs@PDA, increasing the development of novel strategies for
tumor diagnosis and treatment, and inspiring researchers to explore
the clinical translational applications of MOFs@PDA. Despite the
MOFs@PDA  will to  make
groundbreaking research advances in tumor diagnosis and treatment

significant ~ challenges, continue

and promote the clinical translational application of nanomedicine.
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Inhibition of energy metabolismin
macrophages to block MPS for
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Various biological barriers hinder the effective use of administered nanoparticles,
with the mononuclear phagocyte system (MPS) being a major obstacle to their in
vivo efficacy. Glucose metabolism is an important factor for macrophages to
perform MPS clearance in vivo. In this study, energy metabolism-blocking
nanoparticles PEG-S-S-PLA@GRGD @Dox@BAY876 (RPDB NPs) were
developed to change drug distribution in the body, improving the efficacy of
chemotherapy. First, BAY876 showed an excellent inhibition effects on
macrophage energy metabolism in vitro. This inhibitory behavior of energy
metabolism reduced the aggregation of nanoparticles in macrophages.
Similarly, the migration capacity of macrophages was also limited by reduced
energy metabolism. Second, the fluorescence distribution in the mice also
showed that the fluorescence intensity of RPDB NPs in the liver was about
40% of that of RPD NPs, suggesting that reducing energy metabolism helps to
downregulate the uptake of mononuclear phagocytic cell (MPS), and change the
distribution of the drug in vivo. Furthermore, anti-tumor effects of RPDB NPs
were evaluated both in vivo and in vitro. In vivo, RPDB nanomicelles inhibited
breast cancer by up to 68.3%, higher than other administration groups. Moreover,
the pathological section of tumor exhibited a significantly greater increase in cell
apoptosis in RPDB NPs group. Hence, inhibition of macrophage energy
metabolism is a promising approach to eliminate MPS effects, while also
opening up a new window for the effective inhibition of tumors development
and metastasis.

KEYWORDS

glucose transporter 1, energy metabolism, MPS, metastasis, chemotherapy

1 Introduction

Nanomedicine has emerged as a promising field in biomedicine over the past few
decades, owing to the exceptional pharmacokinetics and high-contrast imaging capabilities
of nanotherapeutics and diagnostic agents (Wang et al., 2011; Li and Lane, 2019). However,
only 0.7% injected doses of nanoparticles (NPs) can reach solid tumors, which limits the
therapeutic effect (Poon et al., 2020). The delivery inefficiency arises from the mononuclear
phagocyte system (also called the reticuloendothelial system, RES), which was capable of
rapidly recognizing and engulfing exogenous nanoparticles (Liu et al., 2017; Yang et al,,
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2016; Wan et al., 2020). Under the influence of MPS, nanoparticles
tend to accumulate in normal tissues, particularly in the liver, which
may lead to potential adverse effects (Mirkasymov et al.,, 2021).
Therefore, efficient strategies for regulating the mononuclear
phagocyte system (MPS) are highly promising for improving
tumor accumulation (Mirkasymov et al., 2022).

Numerous strategies have been devised and implemented to
alleviate the influence of MPS (Mirkasymov et al, 2022).
Obstructing the recognition of macrophages and nanoparticles
can be achieved through various methods, such as reducing the
immunogenicity of nanoparticles by modifying their surface with
polymers or camouflaging them with biomimetic materials and “do
not eat me” signal molecules to evade detection by macrophages
(Yang et al., 2022; Wang et al., 2019; Belhadj et al., 2020). Blocking
macrophages through saturation is a promising tactic that endows
nanoparticles with several benefits, including an extended duration
of blood circulation (Ngo et al., 2022; Li et al., 2023; Cheng et al.,
2021; Ouyang et al., 2020). For instance, a considerable quantity of
nanoparticles was phagocytosed by macrophages in vivo, surpassing
the RES threshold and penetrating the immune barrier, thereby
prolonging the circulation time of blood and facilitating
accumulation in tumors (Ouyang et al., 2020). Furthermore, the
blocking efficiency of RES showed a positive correlation with the
administered dosage, and macrophage saturation occurred within
1.5 h following the injection of one trillion nanoparticles (Ouyang
et al,, 2020). However, the burden of eliminating nanoparticles in
normal tissues was significantly increased at high dosages of
administration, potentially leading to inflammation in the
aggregation area.

The strategy of eliminating macrophages to obstruct the
mononuclear phagocyte system (MPS) has attracted significant
attention. These agents were taken up by MPS, resulting in
macrophage blockade followed by an extension of the circulation
time of nanoparticles in vivo. This is primarily attributed to the
impairment of MPS-mediated immune clearance of exogenous
substances, particularly the Kupffer cells in the liver which constitute
a pivotal component of MPS (Tavares et al., 2017). The drug-induced
blockage phenomenon in vivo is transient, and hepatic macrophages
typically recover promptly (Hao et al, 2018). For instance, the
administration of dextran sulfate 500, a polysaccharide compound,
at a dosage of 50 mg/kg significantly reduced the level of liposomes in
the liver and disappeared within 48 h (Patel et al., 1983). The clodronate
was encapsulated in nanoparticles to achieve macrophage depletion,
resulting in a remarkable 80% increase in the rate of tumor inhibition
(Hao et al, 2018). In addition, liposomal encapsulation of
methylpalmitate and gadolinium chloride demonstrated significant
macrophage clearance effects by regulating the ATP levels,
respectively, similar to clodronate (Yamada et al, 2003). Thus, the
main metabolic process of numerous MPS blockers like clodronate used
frequently for macrophage scavenging is their conversion through
hydrolysis into an analog that hinders ATP synthesis. However, the
complete elimination of macrophages will affect the body’s immune
function and even cause damage to the body.

Similarly, regulating glucose uptake to inhibit the energy
metabolism of macrophages and reduce ATP production has
become a feasible strategy for the drug development (Curi et al.,
2017; Sakamoto et al., 2011; Jacobs et al., 2008). Glucose plays a
crucial role in maintaining cellular activity and promoting
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nanoparticles phagocytosis by cells (Zhao et al, 2011; Bonamy
et al., 2023; Venturelli et al., 2016). Glucose transporters, which
are responsible for glucose uptake into cells, exhibit high levels of
expression in macrophages, particularly in M2-like tumor-
associated macrophages (Shi et al, 2022). Considering the
propensity of nanoparticles to accumulate in the liver, with
macrophages influencing up to 70% of them, it was hypothesized
that the energy metabolism in macrophages may play a pivotal role
in particle up-taken (Venturelli et al., 2016; Shi et al., 2022). As a
proof of concept, the inhibition of glucose transporters 1 (GLUT1)
protein in macrophages by a GLUT1 inhibitor was employed to
curtail tricarboxylic acid cycle (TCA cycle) energy metabolism.
Subsequently, MPS blockade was implemented to enhance
nanoparticles aggregation within tumors. According to previous
reports, BAY876, a GLUTSs family inhibitor with a particular affinity
for GLUT1, has demonstrated remarkable antitumor efficacy by
reducing glucose levels and limiting glycolysis (Zhao et al., 2011;
Chen et al., 2023).

Herein, tailor-made self-assembled nano-micelles of PEG-SS-
PLA polymers containing disulfide bonds were used to improve the
distribution of nanoparticles in vivo by interfering with the energy
metabolism of macrophages in the liver. In addition, RGD peptides
were introduced to prevent off-target phenomena and facilitate the
investigation of drug distribution in vivo. Under the influence of
MPS, the nanomicelles were internalized by liver macrophages and
subsequently released BAY876 in lysosomes to inhibit GLUTs and
ATP production. This macrophage blockade strategies reduced the
persistent accumulation of nanomicelles in the liver. Therefore, this
system effectively prolonged blood circulation time and enhanced
the tumor accumulation of nanoparticles. Meanwhile, the utilization
of nano-micelles integrated with macrophage elimination and
chemotherapy strategy further enhanced the anti-tumor efficacy.

2 Materials and methods

2.1 Materials

All reagents without further purification were acquired from
commercial corporations in this study. The paraformaldehyde (4%),
phosphate buffer (PBS, pH7.4), doxorubicin (Dox), thiazolyl blue
(MTT), and dimethyl sulfoxide (DMSO) were bought from
Servicebio (Wuhan, China). The BAY-876 was obtained from
MCE China (Shanghai). The Cy5.5-COOH was purchased from
Aladdin (Shanghai, China). The RPMI-1640 complete medium and
fetal serum (FBS) was purchased from KeyGen Biotech Co., Ltd.
(Nanjing, China). Hoechst 33342, the nucleus-specific dye utilized in
this study, was procured from Beyotime Biotechnology Ltd.
(Shanghai, China). In addition, the GSH assay kit and Glucose
assay kit and ATP assay kit were also acquired from Beyotime
(Shanghai, China). The
4T1 cancer cell was obtained from the Shanghai Institute of Cells
(Shanghai, China). The polymer PEG2k-S-S-PLA2k (Polyethylene
glycol-S-S-polylactic acid) was obtained from Chongqing Yusi
Biotech Co. Ltd. (Chongging, China). The SPF female mice
(Balb/c, 5 weeks old) were purchased from SPF Biotechnology

Biotechnology Ltd. mouse-derived

Co., Ltd. (Beijing, China) and maintained in a pathogen-free
environment. The experiments protocols were reviewed and
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approved by Institutional Animal Care and Use Committee of
Liuzhou People's Hospital (Liuzhou, China, IACUC No.
Approved:LRYIACUC2023001). All experiments were performed
with deionized water (Persee, 18.2 MQ cm ™).

2.2 Preparation of nano-micelle complexes

As previously described, a solution containing EDC and NHS
was used to activate the carboxyl group of the target peptide (RGD)
under pH5.8 for 30 min (molar ratio 1.2:1.2:1). Then, the NH2-
PEG2k-PLA2k were added and incubated for 12 h. After that, the
RGD-modified polymer (RP) were collected by centrifugation at
15000 RPM for 15 min. Similarly, Cy5.5-COOH reacted with EDC
and NHS for 30 min under dark before adding RP. After 12 h, Cy5.5-
labeled RP was centrifuged, purified, and stored at 4°C. Last, the
nano-micelle complexes were prepared using the oil-in-water
emulsion solvent diffusion method. To prepare the solution,
2.8 mg of Dox, 3.2 mg of BAY876, and 20.1 mg of the RGD-
modified polymer (RP) were dissolved in 10 mL of chloroform.
Removed the organic solvent by rotary evaporation in a 50°C water
bath and collected the nano-micelle complexes (RPDB NPs) in an
equal volume of PBS phosphate buffer solution. Encapsulation
percentage=(1-The amount of free drug/The total amount of
drug)*100%.

2.3 Characterization

To observe the morphology of RPDB NPs, a transmission
electron microscope (HC-1, Hitachi, Japan) was used. The
particle size and polydispersity were effectively determined by the
dynamic light scattering (DLS) technique, which utilized Malvern
Instruments. Then, the UV-2600 UV-vis spectrophotometer
(Shimadzu, Japan) was successfully used for detecting absorbance
and concentration. To study the release behavior of RPDB NPs in
tumors, these particles were suspended in 1 mL of PBS with GSH
(4 mM). In addition, the release behavior under pH 5.0 was further
examined. Finally, the stability of nanoparticles in fetal bovine serum
was monitored by DLS for 20 days under 37°C.

2.4 Evaluation of glucose uptake in
macrophages

Macrophage RAW264.7 inoculated with 10% (v/v) FBS and
DMEM incomplete medium under a humidified atmosphere (37°C)
with 5% CO,. When the density of macrophage cells reached 80%,
the culture medium was discarded, and the dishes were washed three
times with PBS phosphate buffer. The cells were digested by trypsin-
EDTA and subsequently collected in a sterile centrifuge tube. After
centrifugation, the macrophage cells were subcultured in a 6-well
plate with 8 x 10* cells per well. Then, the cells were grouped as
follows: RPD (50 pug mL™", according to the Dox concentration + LG
(low glucose medium) group, RPD (50 ug mL™, according to the
(high glucose medium) group,
RPDB(50 pug mL™', according to the Dox concentration + HG
(high glucose medium) group and PBS group. The PBS group

Dox concentration + HG
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was incubated with high glucose (HG) DMEM. 24 h later, the
dye was marked under fluorescence microscopy with different
excitation wavelength (Hoechst 33342:350 nm, Dox: 488 nm).

2.5 Cytotoxicity assay

To evaluate cytotoxicity in vitro, 4T1 cells (5 x 10 cells per well)
were inoculated into each well of a 96-well plate. After 12 h, the cells
were grouped as follows: P, Dox (50 ug mL™"), RPD (50 pg mL™",
according to the Dox concentration + LG (low glucose medium)
group, RPD (50 pg mL ™", according to the Dox concentration + HG
(high glucose medium) group, RPDB (50 ug mL™’, according to the
Dox concentration + HG (high glucose medium) group and PBS
group. The PBS group was incubated with high glucose (HG)
DMEM. Following a 24-h co-culture of nano-micelle complexes
with cells, the living cell count was determined using MTT reagent.
Then, the medium in each well was discarded, and 150 pL dimethyl
sulfoxide (DMSO) was used to dissolve the crystals. Finally, the
absorbance of each well at 490 nm was measured by the continuous
wavelength multifunctional microplate reader (Victor Nivo 3S,
United States). The cell viability (%) of nano-micelle complexes
was calculated using the following method: OD treatment/OD
control x 100%.

2.6 Glucose and ATP levels in vitro

To verify the effect of the GLUTI inhibitor (BAY876), the
cellular glucose uptake and ATP level was measured in vitro.
Briefly, macrophage RAW264.7 and 4T1 cells were pre-cultured
in 6-well plates (8 x 10* cells per well, 2 mL medium), respectively.
Overnight, these cells were grouped and treated with the following
samples: RPD (50 pg mL™", according to the Dox concentration + LG
(low glucose medium) group, RPD (50 pg mL™", according to the
Dox concentration + HG (high glucose medium) group,
RPDB(50 pug mL™', according to the Dox concentration + HG
(high glucose medium) group and PBS group. The PBS group
was incubated with high glucose (HG) DMEM. After 24 h, all
cells were treated with lysis buffer (containing Triton-X-100) and
broken using ultrasonic (150 W, 30 s). After cracking, centrifuged at
4°C (12,000 g) for 5 min and collected supernatant. (1) ATP level:
Added 100 pL of ATP test fluid to the plate. After 3 min at room
temperature, added 20 pL of sample to each well, and tested with a
multifunctional microplate reader. (2) The glucose level:Taken 5 uL
sample to PCR tube and added 185 pL glucose assay reagent to make
the final volume 190 pL. Placed on a PCR apparatus and heated at
95°C for 8 min, then cooled down to 4°C. Then 180 pL of liquid was
sucked into the 96-well plate and absorbance was measured at
630 nm. The glucose concentration and ATP levels in the sample
was calculated from the standard curve, respectively.

2.7 Detection of GSH level in vitro
4T1 cells were incubated with RPMI-1640 medium (including

10% (v/v) serum (FBS), 100 U/mL penicillin, and 100 pg/mL
streptomycin). After overnight incubate, the samples were treated
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with cells in the following order: RPD (50 ug mL™, according to the
Dox concentration + LG (low glucose medium) group, RPD (50 ug
mL™, according to the Dox concentration + HG (high glucose
medium) group, RPDB(50 pg mL™', according to the Dox
concentration + HG (high glucose medium) group and PBS
group. The PBS group was incubated with high glucose (HG)
DMEM. Then, the procedure was performed as described above.
The GSH level was measured using an assay kit and the absorbance
of GSH was recorded with a microplate reader.

2.8 Scratch assay in vitro

To assess the impact of a GLUT1 inhibitor on macrophage cell
migration, an in vitro scratch assay was employed as a direct and
method. As described,
RAW?264.7 macrophage cells were seeded in a 6-well plate with
DMEM (high glucose) containing 10% FBS for 12 h. Then,
monolayer cells in a 6-well plate were scratched with a sterile

cost-effective previously

pipette and washed with phosphate buffer to remove cell debris.
After being cleaned, the samples were treated with macrophage cells
for 24 h. These wounds were imaged using an inverted microscope,
and the healing of wounds was evaluated by software Image]. The
migration rate = (scratch width at 0 h - scratch width at 48 h)/scratch
width at 0 h *100%

2.9 Tumor-bearing mice models

All healthy mice were purchased and housed for a week. Then,
the 4T1 cells (5 x 10° cells/mouse, 100 pL) were injected into the
right forelimb of each mouse to establish a solid tumor model.
Thereafter, the mouse tumor volume was observed and measured
every day using the formula length x width® x 0.5 to assess
tumor volume.

2.10 In vivo distribution of nano-
micelle complexes

To investigate the in wvivo distribution of nano-micelle
complexes, Cy5.5-labeled RPDB NPs and RPD NPs (100 uL,
2 mg/mL in PBS phosphate buffer) were tracked in tumor-
bearing mice using IVIS Spectrum (Perkin Elmer, America). The
excitation and emission wavelengths of Cy5.5 are 673 nm and
707 nm, respectively. These mice were then euthanized, the
fluorescence intensity of their tumors was measured at various
time points for 24 h, and the images were analyzed with Image].

2.11 In vivo antitumor efficacy

After 5 days, when the tumor volume of mice (n > 5) reached
approximately 100 mm?, intravenous injections of PBS, Dox, RPD
NPs, PDB NPs, and RPDB NPs were administered at a dose of
100 pL per mouse with a concentration of 5 mg/kg based on Dox
concentration to the mice bearing the 4T1 tumors. Take an injection
every 2 days. The body weight and tumor volume were measured
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and calculated to evaluate antitumor efficacy. After 13 days, the mice
were humanely sacrificed, and their primary tumors, major organs,
and blood samples were collected for further analysis.

2.12 Tumor metastasis model

In this anti-tumor metastasis, the mice were divided into the
following groups: Plgroup (Each mouse was injected with 5 x 10°
live cells), P2 group (Each mouse was injected with 5 x 10° dead
cells), P3 (Each mouse was injected with 5 x 10° dead cells and 5 x
10° live cells), RPD NPs group (Each mouse was injected with 5 x 10°
dead cells and 5 x 10° live cells) and RPDB NPs group (Each mouse
was injected with 5 x 10° dead cells and 5 x 10° live cells). Then,
4T1 breast cancer cells were cultured and injected into mice tail vein
for construct tumor metastasis model. RPD NPs was subsequently
injected into RPD NPs group, RPDB NPs was subsequently injected
into RPDB NPs group. After 14 days, the lung of mice were dissected
to observe tumor metastasis.

2.13 Histopathology and routine
blood analysis

In order to further investigate the effect and biosafety of nano-
micelle complexes, major organs, and tumors were fixed in 4%
paraformaldehyde at 4°C for 12 h. These slices were then prepared,
including dehydration, embedding, and slicing, followed by
dewaxing. Immediately, H&E staining and immunohistochemical
analysis were performed, and all sections were observed under an
inverted microscope. The blood samples of mice were collected for
routine hematological analysis.

2.14 Statistical analysis

All data analyses were conducted using a T-test, and the results
are presented as means + standard deviation (n > 3, *p < 0.05, **p <
0.01 indicating significant differences).

3 Results and discussion
3.1 Characterization of nano-micelles

The clinical application of nanomedicine is hindered by various
biological obstacles, particularly the mononuclear phagocyte system
(MPS), which leads to particle accumulation in macrophages such as
Kupffer cells and reduces anti-tumor efficacy. Therefore, various
anti-tumor strategies targeting the MPS system, especially liver
macrophages, have been proposed, such as utilizing low
immunogenic vectors to avoid the accelerated blood clearance
(ABC) effect, saturating macrophage, and even eliminating
macrophage (Figure 1).

To further investigate the fundamental understanding of how
glucose metabolism regulation affects the mononuclear phagocyte
system (MPS) for enhancing tumor outcomes, nano-micelles were

prepared in accordance with established protocols. In this study,
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FIGURE 1

Chemotherapy

Schematics demonstrate the RPDB NPs blocking MPS for enhancing the antitumor efficacy. The intravenously injected nanoparticles were
swallowed by macrophages, which release the GLUT1 inhibitor BAY876, reducing glucose entry into the cells. The phagocytic capacity of low-energy
macrophages was downregulated, reducing the non-targeted effects and promoting drug aggregation in tumors.

drugs (Dox and BAY876 in chloroform) were encapsulated in
PEG-PLA-based nano-micelles using the oil-in-water method.
Subsequently, the nano-micelles were subjected to rigorous
testing of their physical and chemical properties in order to
ensure optimal drug loading efficacy. In Figure 2A, these nano-
micelles were observed to have a spherical shape using
electron microscopy (TEM). The
distribution of the nano-micelles exhibited normality, with a

transmission diameter
mean value of approximately 61.6 + 14.7 nm (Figure 2B). To
further investigate size of nano-micelles, dynamic light scattering
was utilized to characterize their mean hydrodynamic diameter
(105.7 + 15.7 nm, as illustrated in Figure 2C), which was
consistent with the above data. For the formulation of nano-
micelle complexes, the UV-vis spectrum analysis revealed that
Dox and BAY876 exhibited strong absorption peaks at 480 nm
and 320 nm, respectively (Figure 2D). After the synthesis of nano-
micelles, the absorbance of these produces at 480 nm and 320 nm
was detected, as shown in Figure2E. The encapsulation rate of Dox
was 82.53% in RPD NPs and 55.12% in RPDB NPs. Similarly, the
encapsulation rate of BAY876 was also evaluated to be 51.87% in
RPDB NPs. Additionally, the biological efficacy of nano-micelles
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as an antitumor agent is hindered by their instability in blood.
Therefore, we simulated the blood environment by incubating the
sample in fetal bovine serum (FBS) at 37°C for a duration of
20 days. The hydrodynamic diameter mean did not exhibit
significant alterations in Figure 2F when compared to
Figure 2C. As previously reported, glutathione (GSH) can
reduce disulfide bonds in tumor cells to form sulfhydryl
groups, which not only depletes GSH but also facilitates drug
release from PEG-S-S-PLA nano-micelles. Therefore, nano-
micelles containing disulfide bonds were immersed in a 4 mM
glutathione solution for varying durations to evaluate drug
release. Compared to the absence of glutathione, it was
observed that the release rate was significantly accelerated, with
Dox and BAY876 releasing up to 45.3% and 47.1%, respectively,
within 15 h (as depicted in Figures 2G, H). Considering the
the
BAY876 was further explored under acidic conditions. As
depicted in Figure 2I, the release of BAY876 from nano-

phagocytosis  of macrophages, release behavior of

micelles reached up to 35.7% within a time frame of 15 h,
providing evidence for the potential inhibition of glucose
transports in macrophages.

frontiersin.org


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2025.1549101

Bin et al.

10.3389/fbioe.2025.1549101

B ] 616:147nm| © s0]
= 40+
c
N 8 4
[ [0} 3
£ <
3 g 20
£
2 104
0 ‘ ' ; .
40 50 70 80 90 1 10 100 1000 10000
Size (nm) Size (nm)
D E F
1.04 —RP 50 — Day1
— Dox — Day20
0.8 -
. —BAY876 | z 40
8 o g S
2 0.6 5 30
5 g ¢
8 0.4+ 2 5 20
o < £
< 02 =
2 101
0.0 0
300 400 500 600 700 800 900 300 400 500 600 700 800 900 1 10100 1000 10000
o Wavelenath (nm) Wavelength (nm) Size (nm)
50
G T “Gsh@mm) H 0] GsH @amm) ! H5
50— Without GSH & 5]~ Without GSH S 40. }
< o4 X
< | o = |
xX 40 @ 9
< [ 40 I}
3 301 3 g %
& 9 301 2
g [ [
® 20 © 20] e 20
& 104 S e
8 % 104 E 10
0 o 0-
: : : . : ‘ : : . . . 04 , ; : ; ‘
5 10 15 20 25 0 5 _ 15 20 25 0 5 10 15 20 25
Time (Hours) Time (Hours) Time (Hours)
FIGURE 2

Characterization of RP-based nanoparticles. (A) TEM images of the RPDB NPs. (B) The size distribution of the RPDB NPs; (C) The mean
hydrodynamic diameter distribution of RPDB NPs (105.7 + 15.7 nm); (D) UV-vis spectra of BAY876, Dox and RP NPs; (E) UV-vis spectra of RPD NPs and
RPDB NPs; (F) The stability of RPDB NPs was assessed by the mean hydrodynamic diameter distribution with FBS for 20 days. (G) The Dox release with and
without GSH. (H) The BAY876 release with and without GSH. (I) The BAY876 release under different pH condition.

3.2 Inhibition of energy metabolism in
macrophages

According to prior research, only 0.7% of ID nanoparticles
were found to accumulate in tumors, primarily due to
macrophage Therefore, the
macrophages has emerged as a promising strategy for cancer
therapy and is receiving increasing attention. As a proof of
concept, properties of constructing nano-micelles based on

phagocytosis. regulation of

the energy metabolism of macrophages were verified here
in  vitro. As depicted in Figure 3A, macrophage
RAW264.7 cells cultured in high glucose medium exhibited
stronger fluorescence intensity compared to those cultured in
low glucose medium, indicating the regulatory effect of glucose
on macrophage endocytosis. However, incubation with the
GLUT1 inhibitor BAY876 resulted in weaker fluorescence
intensity of macrophages under high glucose conditions,
indicating that the inhibitor reduced glucose uptake and
subsequently minimized nanoparticle endocytosis. To further
demonstrate this point, the glucose levels in macrophages from
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each group were assessed. The results indicated that the glucose
level in group RPDB under high glucose conditions was
significantly lower than that of group RPD, approaching
levels observed in cells cultured with low glucose medium (as
depicted in Figure 3B). Similarly, under high glucose conditions,
group RPDB displayed lower ATP levels compared to group
RPD, which is consistent with the glucose level trend (as shown
in Figures 3B, C). At low glucose concentration, the cell survival
rate was lower than that of group Dox. Similarly, under the same
glucose concentration, the group RPDB with GULT1 inhibitor
(BAY876) had lower vitality than that without GULT1 inhibitor,
indicating that energy metabolism had an inhibitory effect on
the viability of macrophages (as shown in Figure 3D). The
decrease of glucose consumption leads to the slowing of
aerobic respiration process and the increase of intracellular
oxygen partial pressure, which may affect macrophage
and ROS production. with the
aforementioned results, it was indicated that the effect of
MPS was regulated by glucose metabolism for enhancing
tumor outcomes.

polarization Together
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FIGURE 3

Evaluate the impact on energy metabolism inhibition in macrophages RAW264.7 cells. (A) Phagocytosis of nanoparticles by macrophages with
different glucose concentrations. (B) The ratio of the glucose levels in nano-micelle-treated macrophages to those in the PBS group (n = 3, *p < 0.05,
**p < 0.01). (C) The ratio of ATP levels between macrophages treated with nano-micelles and the PBS group (n = 3, *p < 0.05, **p < 0.01). The PBS group
was incubated with high glucose (HG) DMEM. (D) The MTT assay was conducted for RAW264.7 cells viability, indicative of cytotoxicity. The PBS
group was incubated with high glucose (HG) DMEM. The group LG + RPD represents the phagocytosis of RPD nanoparticles by macrophages under low
glucose (LG) DMEM medium. Group HG + RPD represents the phagocytosis of RPD nanoparticles by macrophages under high glucose (HG) DMEM
medium. Group HG + RPDB represents the phagocytosis of RPDB nanoparticles by macrophages under high glucose (HG) DMEM medium. Group P
represents the addition of polymers alone; Group B represents the addition of BAY867 alone. (n = 3, *p < 0.05, **p < 0.01).

3.3 In vitro antitumor evaluation

Minimizing macrophage phagocytosis of inhibitor-loaded nano-
micelles could reduce the MPS effect and prolong circulation time of
blood for tumor therapy. Subsequently, the cytotoxicity of particles
on tumor cells was evaluated in vitro, as displayed in Supplementary
Figure S1A. The polymers demonstrated biocompatibility with
4T1 cells (as shown in Supplementary Figure S1A). Surprisingly,
Dox-loaded polymers exhibited potent cytotoxicity surpassing that
of injected Dox alone and BAY876. After 24 h of treatment, PDB
NPs and RPDB NPs exhibited higher inhibition rates than other
groups, indicating the GLUT1 inhibitor BAY876 blocked the glucose
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transport pathway. Among them, the RPDB NPs showed the higher
inhibitory efficiency, which could be attributed to the expression of
integrin on the cell membrane of 4T1. In Supplementary Figure S1B,
cells were co-incubated with PDB NPs and RPDB NPs respectively,
followed by staining with Hoechst33342. The fluorescent signal of
RGD-modified nanoparticles was found to be stronger than that of
PDB NPs, indicating the occurrence of RGD-mediated endocytosis
process. This process facilitated the accumulation of nano-micelles
in tumors, leading to glutathione (GSH) elimination and inhibition
of energy metabolism. The downregulation of GSH levels in the
polymer-treated groups, as demonstrated in Supplementary Figure
S1C, was likely attributed to the presence of disulfide bonds within
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The migratory behavior was assessed by the scratch assay. (A) The impact of nano-micelle treatment on the migratory behavior of RAW264.7 cells
was assessed within 0 and 48 h. (B) The migration rate was determined by administrating various nano-micelles.

the polymer. Previous reports have shown that the levels of GSH in
tumors are overexpressed than that in normal cells, and a decrease in
GSH levels can enhance ferroptosis within tumors by blocking the
synthesis of the lipid repair enzyme glutathione peroxidase 4
(GPX4) (Xiao et al.,, 2011; Yang et al., 2014). Similarly, BAY876,
a GLUT1 inhibitor, possesses excellent properties for regulating
glucose uptake. Since glucose is the fundamental source for cell
metabolism, tumor cells rely on the Warburg effect and thus
consume large amounts of it. When PDB NPs and RPDB NPs
were introduced, inhibitor BAY876 was released to block the
GLUT1, thereby reducing glucose levels in cell. Therefore, the
PDB NPs and RPDB NPs groups exhibited a significant decrease
in glucose levels compared to the PBS and RPD NPs groups, as
illustrated in Supplementary Figure S1D. Meanwhile, both PDB NPs
and RPDB NPs demonstrated lower ATP levels than the other
groups in Supplementary Figure S1E, which is consistent with the
observations  presented in Figure  S1D.
Supplementary Figure SIF shows that RPDB has an inhibition

Supplementary
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effect on RAW264.7 cells, but there is no significant difference
from group Dox; Group BAY876 showed the same toxicity as group
P, basically had no effect on cells. In addition, the scratch assay was
conducted to further assess the correlation between glucose and
macrophage migration. As shown in Figures 4A, B, the migration
rate of the RPDB group in low glucose medium was slower, similar
to that of the RPD group in low glucose medium, compared to the
RPD group in high glucose medium.

3.4 Distribution of nanoparticles in vivo

As previously reported, the majority of delivery systems
encounter biological barriers that result in drug accumulation
within the liver, particularly in macrophages, leading to a
reduction in drug concentration at tumor sites. To monitor the
in vivo distribution of nano-micelles, RPDB NPs were modified with
Cy5.5 fluorescent dye. Fluorescence signals were detected in the
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was semi-quantified using ImageJ software; (E) The fluorescence intensity of the liver in mouse was semi-quantified using ImageJ software.
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The in vivo antitumor efficacy of nano-micelles upon intravenous administration was evaluated. (A) The neoplasms were excised from the axillary
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region of the mouse forelimb on day 13 through surgical intervention; (B) The volume of tumor in mice injected with nano-micelles were meticulously
measured for 13 days; (C) The weight trajectory of mice bearing tumors were meticulously recorded during the treatment period; (D) Inhibition rates of
tumor growth across different groups of administration; (E) Tumor weights were meticulously recorded on day 13; (F) The number of metastases in
mice of injected RPDB NPs and injected RPD NPs, and all data were presented as the mean + standard deviation (n = 5, *p < 0.05, **p < 0.01). Number of
metastases (Group RPD: 79.7 + 15.9; Group RPDB: 8.8 + 5.7).
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TUNEL Liver Tumor

Ki67

FIGURE 7

Thorough analysis was conducted on the liver and tumor pathological sections of mice injected with nano-micelles (n = 3). In the histopathological
section of liver tissue, the red arrows represent Kupffer cells. In TUNEL analysis of tumors, a red arrow indicates DNA fragmentation, which is indicative of
cell apoptosis in tumors. Ki67 serves as an indicator of tumor proliferation, with the blue arrow indicating positive areas.

tumors of mice injected with both Cy5.5-modified nanoparticles
(RPD NPs and RPDB NPs), as shown in Figure 5A and
Supplementary Figure S2. However, RPD NPs exhibited a
stronger fluorescence signal in the liver than RPDB NPs did,
indicating that reducing energy metabolism of mononuclear
phagocyte
accumulation in the liver. Within 24 h of injection, the

system-associated organs helped minimize drug

fluorescence signal of RPDB NPs in the liver was weaker than
RPD NPs, as shown in Figures 5B, C. Calculation showed that the
tumor fluorescence intensity of the RPDB NPs group was 70%
higher compared to that of the RPD NPs group, as depicted in
Figure 5D. What’s more, the liver fluorescence intensity in the RPDB
group was lower, about 40% of that in the RPD group (in Figure 5E).
Therefore, the downregulation of macrophage energy metabolism
through tailor-made nano-micelle complexes reduces the MPS effect
and facilitates drug accumulation in tumors.

3.5 In vivo antitumor efficacy

Encouraged by distribution evaluation in vivo, these nano-
micelles were further administrated intravenously into 4T1-
tumor-bearing mice to assess antitumor outcomes. Similar to the
assessment of cells toxicity, the experimental grouping and results
were shown in Figure 6. After 13 days post-treatment, tumors in
mice treated with PBS grew rapidly, while those in the other
inhibited. These
representative images of tumor have been captured and are

administration groups were significantly
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shown in Figure 6A. The tumor volume was measured and
calculated every 2 days over a period of 13 days, as illustrated in
Figure 6B. In order to improve therapeutic efficiency, RGD was used
to construct delivery systems targeting tumors. Evidently, the
control group exhibited a significantly higher average tumor
volume compared to the other groups, which is consistent with
Figure 6A. Both PDB NPs group and RPDB NPs group exhibited
excellent antitumor effects, as evidenced by the mean volume was
significantly lower than that of the Dox and RPD groups. The
difference in tumor inhibition effect between RPDB NPs and RPD
NPs was significant, possibly due to the MPS effect being minimized
by the GLUT1 inhibitor. Furthermore, body weight served as the
most straightforward indicator for assessing drug toxicity. The
absence of significant weight loss in mice during the treatment
period, as shown in Figure 6C, indicates that these samples have low
toxicity. Additionally, both the PDB NPs and RPDB NPs exhibited
significantly higher tumor suppression ratios compared to the Dox
and RPD NPs, with rates of 59.1% and 68.3%, respectively, versus
36.2% and 50.1%, as shown in Figure 6D. The inhibitory effects were
further validated by the tumor weight presented in Figure 6E, which
was consistent with both the tumor volume (Figure 6B) and
inhibition rate (Figure 6D). As shown in Supplementary Figure
S3, the living cell group (P1) had the most metastases in the lung,
followed by the dead cell group and the living cell group (P3), and
the dead cell group (P2) had no metastases. These results suggest
that factors inhibit metastasis in the P3 group. Subsequently, RPD
NPs and RPDB NPs were injected into group P3 respectively, and
the results were shown in Figure 6F. RPDB NPs group had a
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The safety of nano-micelles in vivo was preliminarily evaluated by analyzing blood routine.

significant lower metastases than RPD group, suggesting that RPDB
NPs had an effect on inhibiting tumor metastasis.

3.6 Pathological analysis

Considering the excellent antitumor outcomes of nano-micelles
based on macrophage energy metabolism, mice were euthanized to
collect liver and tumor samples for pathological analysis. As shown
in Figure 7, neither PDB NPs nor RPDB NPs showed a significant
increase in Kupffer cells in H&E sections of mouse livers, while RPD
NPs exhibited more Kupffer cells in hepatic sinusoids than other
groups did, indicating that BAY876 contributed to the ability of
nano-micelles to escape the RES effect. Meanwhile, the tumor
sections of the PBS group also co-stained with hematoxylin and
eosin, but did not present significant necrotic areas. However, in the
treatment groups, damage areas were more pronounced, particularly
in the PDB NPs and RPDB NPs groups. Based on TUNEL results,
the RPDB NP-treated group exhibited a higher number of
fluorescent spots indicating DNA breakage within tumors. Such
DNA breakage often leads to cell death. Furthermore, the RPDB NPs
group exhibited significantly stronger inhibition of cell proliferation
compared to the other groups. The Ki-67 staining results revealed
that the PBS group displayed a significantly higher proliferation
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factor compared to the other groups. During the treatment period,
both the PDB NPs and RPDB NPs groups showed negligible
proliferation of tumor cells. Therefore, pathological analysis
suggests that anti-tumor strategies based on energy metabolism
macrophage  phagocytosis  for  tumor

could minimize

inhibition in vivo.

3.7 In vivo biosafety evaluation

Macrophages in the liver play a crucial role in the immune
system. The biosafety of anti-tumor strategies aimed at down-
regulating macrophage energy metabolism is further discussed
concerning routine inspection and H&E staining. As shown in
Figure 8, blood routine results indicate a significant decline in
leukocytes for group Dox, consistent with previous reports of
acute toxicity. However, nano-micelle complexes RPDB did not
induce a drop in leukocytes. Comparing other indicators (HCT,
MCH, MCHC, MCV, PDW, and MPV), no significant differences
were seen between these groups. RPDB has a weak effect on RBC and
HGB, which may be caused by inhibiting GLUT1 of erythrocytes.
H&E staining was employed for further in vivo safety evaluation of
nano-micelles, as shown in Supplementary Figure S4. Negligible
inflammation was observed in the heart, lungs, spleen, and kidneys
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of both the PDB and RPDB groups compared to the PBS group. The
results indicate that both the PDB and RPDB groups demonstrate
exceptional biocompatibility, thus holding significant potential for
future antitumor applications.

4 Conclusion

Nanoparticles were plagued by various biological obstacles in
clinical practice, especially the RES effect of macrophages, which led
to a large amount of nanoparticle aggregation in the liver. In this
study, nano-micelles complexes were successfully constructed by
encapsulating BAY876 and Dox with polymer PEG-SS-PLA. These
complexes exhibited excellent inhibitory effects on macrophage
energy metabolism to minimize MPS effect. In vivo, the
fluorescence signal of RPDB NPs was significantly weaker than
that of RPD NPs in the liver, indicating that regulating macrophage
energy metabolism helped to regulate drug distribution. Similarly,
results from pathological sections also showed that there were more
macrophages (Kupffer cells) in the groups without inhibitor BAY
867 compared to those with inhibitor. Meanwhile, these nano-
platforms have shown significant antitumor outcomes in vitro
and vivo. Compared with other MPS inhibition strategies,
inhibition of energy metabolism did not eliminate macrophages
and was beneficial to the recovery of immune function. As expected,
nano-micelles based on the energy metabolism of macrophages
could reduce the MPS effect for nanoparticles and improve
antitumor outcomes, lighting up an alternative strategy in clinical
application.
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