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Abstract 

As science and technology progressively evolve, traditional cancer treatments 
(such as chemotherapy, conventional surgery and radiation) are no longer 
sufficient to meet the growing demand for precision cancer therapy. Precision 
cancer therapy, a more personalized and efficient cancer diagnostic and 
treatment technology, is gaining increasing attention. Correspondingly, there is 
a growing variety of multifunctional nanomaterials being extensively used in the 
field of nanomedicine to meet the needs of precision cancer therapy. The 
doctoral thesis focus on the development of novel porous nanomaterial-based 
drug delivery systems, particularly mesoporous silica nanoparticles (MSNs) and 
metal-organic framework nanoparticles (MOFs) for precise cancer treatment. 

The thesis starts with a extensive review of the application of nanotechnology 
in precision cancer therapy and the most advanced research progress on tumor 
treatment using porous nanomaterials. This is followed by the results part which 
is divided into two main sections based on five related articles, detailing our 
research works of precision cancer treatment using MSNs and MOFs as drug 
delivery systems. The first section of the results mainly focuses on the use of 
mesoporous silica encapsulated gold nanorods (Au@MSNs) with photothermal 
response capabilities for cancer therapy. By surface modification and various 
drug loading, the Au@MSNs were found to exhibit controlled drug release 
properties and enabling multiple treatment combinations. Additionally, the 
Au@MSNs were further encapsulated into injectable GelMA hydrogel 
microspheres using microfluidic technology, which enabled sustainable drug 
release and multi-drug generated synergistic treatments. The second section of 
the results focuses on research works involving MOFs for precision cancer 
therapy. In this section, different MOFs were prepared and  used in the 
intracellular delivery of chemotherapy drugs and nucleic acid drugs for 
glioblastoma (GBM) and ovarian cancer therapy. Particularly, surface 
modification and encapsulating of MOFs in GelMA facilitated blood brain barrier 
(BBB) penetration, as well as sustainable drug release and multi-drug generated 
synergistic treatments. 

The thesis work comprehensively covers the synthesis, detailed 
characterization, in vitro and in vivo evaluations of MSNs and MOFs for cancer 
therapy. Moreover, it demonstrates the main strategies used for the research in 
nano-system structure design for precision cancer therapy. It is envisioned that 
this thesis work will make a substantial contribution to the field of 
nanomedicines for precision cancer therapy with the potential  to significantly 
advance the fight against cancers. 

Keywords 

Mesoporous silica nanoparticles  (MSNs), metal-organic framework nanoparticles  
(MOFs), precision cancer therapy, photodynamic therapy (PDT), photothermal 
therapy (PTT), nanomedicine, surface modification, combination cancer therapy 
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Sammanfattning 

Med förbättringen av människans livskvalitet och teknologiska utvecklingar blir 
traditionella cancerbehandlingar, såsom kirurgi och radio-kemoterapi, gradvis 
otillräckliga för att möta kraven på precision i cancerterapi. Precision i 
cancerterapi, en mer personlig och effektiv diagnostik och behandlingsteknik för 
cancer, får alltmer uppmärksamhet.  Multifunktionella nanomaterial används 
därför i större utsträckning inom nanomedicinområdet för att möta behoven av 
precision i cancerterapi. Denna doktorsavhandling fokuserar sig på 
utvecklingen av nya porösa nanomaterialbaserade läkemedelstillförselsystem, 
särskilt mesoporösa kiseldioxidnanopartiklar (MSNs) och metall-organiska 
ramverksnanopartiklar (MOFs) för precisionsbehandling av cancer. 

Avhandlingen inleds med en omfattande översikt över användningen av 
nanoteknik i precisionscancerterapi och den senaste forskningsutvecklingen 
inom tumörbehandling med porösa nanomaterial. Därefter behandlas 
resultaten i två huvudsektioner baserade på två till tre relaterade artiklar  och 
där forskningen om precisionscancerbehandling med MSNs och MOFs som 
läkemedelstillförselsystem utförlig presenteras och diskuteras. Den första 
sektionen av resultaten fokuserar främst på användningen av mesoporösa 
kiseldioxidinneslutna guldnanostavar (Au@MSNs) med fototermisk 
responsförmåga för cancerterapi. Genom ytmodifiering och olika 
läkemedelsbelastningar visade det sig att Au@MSNs uppvisade kontrollerad 
läkemedelsfrisättning och möjliggjorde flera behandlingskombinationer. 
Dessutom inkapslades Au@MSNs i injicerbara GelMA-hydrogelmikrosfärer med 
mikrofluidikteknik, vilket möjliggjör hållbar läkemedelsfrisättning och 
synergistiska behandlingar genererade av flera läkemedel. Den andra sektionen 
av resultaten fokuserar på forskningsarbeten som involverar MOFs för 
precisionscancerterapi. I denna sektion förbereddes och användes olika MOFs  
för intracellulär leverans av kemoterapiläkemedel och nukleinsyraläkemedel 
för behandling av glioblastom (GBM) och äggstockscancer. Särskilt användes 
ytmodifiering och GelMA-inkapsling för att realisera blod-
hjärnbarriärpenetration, hållbar läkemedelsfrisättning och synergistiska 
behandlingar genererade av flera läkemedel. 

Avhandlingen täcker hela kedjan från syntes till detaljerad karakterisering, 
samt in vitro- och in vivo-utvärderingsresultat av MSNs och MOFs för 
cancerterapi. Dessutom demonstreras ytterligare de huvudsakliga 
forskningsstrategierna som använts i avhandlingen för nanosystemstrukturens 
design för precisionscancerterapi. Dennaa avhandling förutses göra ett 
väsentligt bidrag till fältet gällande nanomedicin för precisionsbehandling av 
cancer med potential att avsevärt främja  kampen mot cancer. 

Nyckelord 

Mesoporösa kiseldioxidnanopartiklar (MSNs), metall-organiska 
ramverksnanopartiklar (MOFs), precisionscancerterapi, fotodynamisk terapi 
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(PDT), fototermisk terapi (PTT), nanomedicin, ytförändring, 
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1. Introduction 

With the development of oncology, nanomedicine has emerged as a frontier in the 
quest for more effective cancer treatments. My research in this thesis is mainly 
focused on the use of the most advanced porous nanomaterials, including 
mesoporous nanomaterials (MSN) and metal-organic frameworks (MOF) for the 
development of multifunctional drug delivery nanosystems for targeted cancer 
therapy. The research work goes beyond conventional therapy methods, 
introducing multifunctional nanocarriers that are advanced in the enhancing of 
drug loading capacity, target specificity, and reduced systemic toxicity. These 
advanced characters are key to precision oncology, offering new hope and 
strategies in the fight against cancer. 

The challenge of delivering cancer therapeutics efficiently and safely remains 
a significant obstacle in the field. The new treatment modalities often grapple with 
the dual challenge of co-delivering a range of therapeutics while ensuring a 
responsive release in the tumor microenvironment. My research work seeks to 
provide more creative designs of smart nanocarriers by cleverly using MSNs and 
MOFs for cancer therapy. In this thesis, I specially focused on developing 
nanosystemss that can synergistically combine photothermal therapy (PTT), 
photodynamic therapy (PDT) with traditional chemotherapy and emerging gene 
therapy. Meanwhile, nanoparticle modification methods such as cell membrane 
biomimetic coatings and conjugating targeting ligands are also used to increase 
the delivery efficiency and decrease the side effects. By combining these methods, 
the aim is to offer more efficient and safer nanoplatforms for use in precision 
cancer therapy. 

The research work is based on the common challenges arising in clinical cancer 
treatments, and I propose solutions from both tumor biology and nanomedicine. 
The main challenge involves the flexible application of MSN and MOF 
nanomaterials to design and fabricate multifunctional drug delivery nanocarriers 
suited for precision cancer therapy. These nanocarriers are designed to fulfill a 
dual objective: synergistically employing various approaches to effectively 
eliminate tumor cells and enhancing the targeted delivery to tumor cells while 
minimizing toxic side effects. A particular consideration in the design process of 
these nanocarriers is the co-loading of multiple cancer treatment drugs and the 
targeted approach towards tumor cells. 

This research is set against the backdrop of breast, ovarian cancer and glioma, 
and delves into the potential of synthesized multifunctional nanocarriers for 
effective co-loading, controlled release of chemotherapeutic agents, and nucleic 
acids, as well as their responsiveness to specific tumor cell microenvironment 
conditions. The study involves rigorous evaluations of the therapeutic 
effectiveness and toxicity at both cell and animal levels. The results of this 
research are expected to contribute substantially to the field of nanomedicine, 
particularly in advancing the methodologies and strategies for cancer treatment, 
thereby marking a significant step forward in the ongoing battle against this 
pervasive disease.  
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2. Literature review 

2.1. Current state of cancer therapy 

Over the past few decades, there has been a transformative progress in cancer 
treatment methods. The evolution of these treatments encompasses a broad range 
of approaches, from surgical interventions to complex gene therapies. This 
evolution reflects a general shift towards precision oncology in cancer treatment, 
aiming for personalized treatment plans based on the unique characteristics of 
each patient and the molecular profile of the tumor. Here, I will briefly summarize 
the most representative and commonly used methods (including surgery, 
chemotherapy, molecular targeted therapy, and gene therapy) for cancer therapy 
(Figure 1) and outline their main advantages and disadvantages. 

 

2.1.1. Surgical therapy 
Surgical therapy remains an indispensable and key method in the treatment of 
cancer, and it mainly relies on the efficacy of removing physical tumor tissue. 
Especially in the treatment of solid tumors, surgery often serves as the primary 
choice. In recent years, advancements in the understanding of tumor biology and 
technological progresses have significantly enhanced the precision and 
effectiveness of surgical techniques (GlobalSurg and Surgery 2022). Traditional 
open surgeries, characterized by larger incisions, have been the standard for many 
years. However, the emergence of minimally invasive surgery, including 
laparoscopic and robotic-assisted techniques, has revolutionized cancer surgical 
practices (Jayne et al., 2019). Compared to traditional open surgeries, minimally 
invasive surgery offer smaller incisions, reduced pain, quicker recovery, and 
lower risk of complications (Derdeyn et al., 2014). The emergence of robotic-
assisted surgeries, particularly the da Vinci surgical system, is renowned for its 

Figure 1. Principal options for cancer therapy. 
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enhanced precision and control, greatly aiding in the accuracy of complex 
procedures (Hussein et al., 2023). 

Current surgical approaches are increasingly tailored to specific tumor types 
and stages. For example, in early-stage breast cancer, breast-conserving surgery 
is often preferred over mastectomy due to its effectiveness and preservation of 
residual tissue (Moo et al., 2018). In colorectal cancer, advances in total 
mesorectal excision have significantly reduced recurrence rates and improved 
patient quality of life (Keller et al., 2020). Additionally, surgical intervention plays 
a crucial role in cancer diagnosis and staging, essential for planning subsequent 
treatment strategies (Goldstein and Mascitelli 2011; Singhal 2016). 

Despite significant advancements in cancer surgical techniques, there are still 
some challenges remaining, such as effectively addressing tumors intertwined 
with vital structures or in areas difficult to reach surgically (Wyld et al., 2015). 
Interestingly, the integration of surgery with the principles of precision medicine 
is an evolving field, for example, the techniques of intraoperative imaging and 
fluorescence-guided surgery to improve tumor visualization while protecting 
healthy tissue have been established (Singhal 2016). The concept of personalized 
surgery by utilizing the genetic and molecular profiling of tumors is also emerging 
for tailoring surgical interventions to the individual needs of patients (Chiappetta 
et al., 2023). 

Overall, due to the effectiveness and limitations of surgical indications for 
cancer, future integration with other treatment modalities like chemotherapy and 
radiotherapy is likely, thus continually evolving towards more personalized 
treatment strategies to achieve the best outcomes with minimal impact on the  
physical and mental well-being of the patient (Kaur et al., 2023). 

2.1.2. Chemotherapy 
Chemotherapy, which relies on chemical drugs to inhibit the growth and survival 
of tumor cells is one of the most common and crucial methods in cancer treatment. 
It has changed significantly from the earliest single-agent chemotherapies to the 
current synergistic combination therapies involving multiple drugs. This 
development in cancer chemotherapy has progressively adapted to the principles 
of precision oncology, personalized treatments to effectively target specific 
characteristics of tumors. 

The mechanisms and classes of chemotherapy drugs for cancer treatment are 
diverse (Figure 2) (Anand et al., 2023). For example, alkylating agents like 
cyclophosphamide work by adding alkyl groups to DNA, causing cross-linking that 
prevents DNA replication and transcription. Antimetabolites such as 5-
fluorouracil disrupt the synthesis of DNA and RNA by mimicking their natural 
building blocks, ultimately inhibiting the proliferative ability of cancer cells 
(Alvarez et al., 2012). While platinum-based drugs like cisplatin induce 
intrastrand DNA crosslinks, leading to cell apoptosis (Dasari and Tchounwou 
2014). Each of these drug categories exploits the rapid division and certain 
metabolic characteristicss of cancer cells. Precision oncology demands the use of 
specific chemotherapy drugs based on the genetic profile of the tumor during 
treatment. For example, in breast cancer, tumors overexpressing the HER2/neu 
gene respond well to trastuzumab (Herceptin) (Slamon et al., 2001). In colorectal 
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cancer, the efficacy of drugs like cetuximab and panitumumab depends on the 
KRAS mutation status of the tumor (Karapetis et al., 2008). These findings 
highlight the shift from traditional, indiscriminate chemotherapy to more 
individualized chemotherapy regimens based on genetic markers. 

However, drug resistance of tumor cells remains a formidable challenge in 
cancer therapy. Mechanisms of drug resistance in tumor cells include increased 
drug efflux, mutation of drug targets, and enhanced DNA repair. For example, the 
overexpression of efflux pumps like P-glycoprotein leads to reduced intracellular 
concentrations of drugs, thereby diminishing their efficacy (Wu et al., 2014). 
Currently, there are many strategies used to overcome drug resistance, such as 
the use of drug combinations of multiple drugs or targeted therapies against 
certain drug resistance mechanisms. For example, the success of PARP inhibitors 
in overcoming platinum-resistance in ovarian cancers represents a significant 
advancement in this area (Fong et al., 2009). Additionally, the side effects of 

Figure 2. Approaches and various drug classes in cancer chemotherapy. (Copyright 
2023, Elsevier) 
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chemotherapy drugs are another major concern, often limiting their use. These 
effects range from short-term effects like nausea and hair loss to long-term risks 
such as cardiotoxicity and secondary cancers. Therefore, the development of 
targeted therapies that specifically attack cancer cells while sparing normal cells 
is crucial to reduce these side effects. Additionally, advancements in supportive 
care, such as the use of granulocyte colony-stimulating factor (G-CSF) to manage 
neutropenia, have also shown to improve the patient outcomes after 
chemotherapy (Trueman 2009). 

Combination chemotherapy, which use more than one chemical drug to treat 
cancer at the same time to realize better therapeutic effect holds great promise 
for future cancer therapy. The main advantage of this treatment method is that it 
is based on the different anti-tumor mechanisms of multiple chemical drugs. Thus, 
the simultaneous use of multiple drugs can achieve enhanced tumor cell killing 
effects through multiple pathways or mechanisms (Pomeroy et al., 2022). For 
example, the combined use of taxol, doxorubicin, and cyclophosphamide (also 
called TAC method) is the most common choice for breast cancer therapy (Fisusi 
and Akala 2019) while the combination of taxol and cisplatin is the best choice for 
lung cancer treatment (Wu et al., 2017). However, the efficiency of combination 
chemotherapy is critically determined by factors such as drug-drug interactions, 
the cell cycle specificity of the drug, and the variability in cellular responses to 
drugs (Mayer and Janoff 2007). For example, in the combined use of taxol and 
cisplatin for cancer treatment, cisplatin can delay the excretion of taxol, 
exacerbating adverse reactions (Parker et al., 1993). Therefore, it is necessary to 
administer taxol before cisplatin during combination treatment. 

In general, the role of chemotherapy in cancer treatment is increasingly 
becoming a part of multimodal therapy strategies. In particular, the combination 
of chemotherapy with newer treatments such as targeted therapy and 
immunotherapy is becoming more and more common.  This method not only has 
significant advantages in enhancing the therapy efficacy but also in reducing the 
side effects associated with traditional chemotherapy (Pomeroy et al., 2022). 
Additionally, innovations in drug delivery are showing promise in enhancing the 
tumor tissue specificity and tolerability of chemotherapy drugss (Cheng et al., 
2021). Ongoing research and clinical trials are continua continuously refining and 
enhancing the role of new chemotherapy methods for comprehensive cancer 
treatments.. In conclusion, although chemotherapy remains a vital component of 
cancer treatment, its role is still evolving in the era of precision medicine. This 
evolution, based on genetic profiling, offers personalized approaches and hope for 
more effective and less toxic treatment methods.  

2.1.3. Molecular targeted therapy 
Molecular targeted therapy represents a significant advancement in precision 
cancer therapy. It indicates the changing of conventional extensive cytotoxic 
chemotherapy to more precise, targeted cancer treatments. This method is based 
on the development of targeted drugs, such as small molecules or antibodies, 
designed to block or activate specific molecular pathways that are essential for 
cancer cell growth and survival (Figure 3) (Fernandez-Rozadilla et al., 2021; 
Hainaut and Plymoth 2013; Hanahan and Weinberg 2011). 
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One of the key aspects of molecular target therapy is the identification of target 
molecules that are predominantly expressed or mutated in cancer cells. For 
example, the discovery of the BCR-ABL tyrosine kinase in chronic myeloid 
leukemia (CML) led to the development of imatinib (Gleevec), a drug that 
specifically inhibits this kinase. This inhibition compound  has significantlly 
improved the prognosis of CML patients (Topaly et al., 2001). Another example is 
the targeting of the epidermal growth factor receptor (EGFR) in various cancers. 
In non-small cell lung cancer (NSCLC), mutations in the EGFR gene can be used to 
predict the response of tumor cells to tyrosine kinase inhibitors like gefitinib and 
erlotinib, making NSCLC treatment more personalized (Fukui et al., 2010).  
Another key aspect for successful targeted cancer therapy is the use of monoclonal 
antibodies in molecular targeting. For example, trastuzumab (Herceptin), 
targeting the HER2/neu receptor, has become a standard treatment for breast 
cancer patients with overexpression of this receptor (Swain et al., 2023). 
Similarly, bevacizumab (Avastin), which inhibits vascular endothelial growth 
factor (VEGF), has been used in the treatment of various cancers including 
colorectal and non-small cell lung cancer (Hurwitz et al., 2004). 

However, the drug resistance to molecular targeted therapies is a growing 
concern. The mechanisms of resistance are diverse, including secondary 
mutations in the target protein, activation of alternative signalling pathways, and 
phenotypic changes in cancer cells, such as epithelial-to-mesenchymal transition 

Figure 3. Key characteristics of tumors and their corresponding targeted treatment 
strategies. (Copyright 2011, Elsevier) 



7 
 

(EMT). Addressing the problem of drug resistance relies on a deeper 
understanding of these mechanisms and the development of second- and third-
generation inhibitors or combination therapies (He et al., 2021). Furthermore, 
while the side effects of molecular targeted therapies are generally less severe 
than traditional chemotherapy, they can still be significant. These include skin 
reactions, hypertension, and gastrointestinal symptoms, which need to be 
managed carefully to ensure patient compliance and quality of life (Paleari 2022). 

In summary, molecular targeted therapy offers a more personalized and 
effective option for cancer treatment, marking the advent of the era of 
personalized oncology. However, resistance in cancer cells and side effects of 
drugs are significant limitations of molecular targeted therapy. The future 
direction of molecular targeted therapy lies in continually searching and finding 
new targets and developing drugs with higher specificity and efficacy, a process 
being accelerated by advances in genomics and proteomics. Additionally, 
combining molecular targeted therapy with other treatments such as 
immunotherapy is a promising area, showing significant advantages in enhancing 
treatment efficacy and for overcoming drug resistance (Jin et al., 2023). 

2.1.4. Gene therapy 
Gene therapy for cancer represents the most advanced direction in personalized 
oncology. This method mainly utilizes therapeutic nucleic acid molecules to edit, 
restore, or silence the expression of tumor-associated genes, aiming to treat 
cancer (Figure 4). Since the first gene therapy trials in the 1990s, the field has 
witnessed significant developmentss and is emerging as promising treatments for 

Figure 4. Concepts of cancer gene therapy and their main categories. (Copyright 2023, 
John Wiley and Sons) 
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various cancers (Cesur-Ergun and Demir-Dora 2023; Dunbar et al., 2018). There 
are several gene therapy medicines have already been approved all over the world 
(Figure 5). The core principle of cancer gene therapy is to correct genetic 
abnormalities driving the progression of cancer. The main strategies include gene 
replacement, gene silencing, gene supplementation, and genetic materials 
generated immunotherapy, each targeting different aspects during tumor 
progression (Das et al., 2015). The development of efficient and safe gene delivery 
systems, such as viral and non-viral vectors, is crucial for advancing gene therapy 
from pre-clinical research to clinical applications (Bender 2018; Collins and 
Gottlieb 2019). 
 

 

2.1.4.1. Gene supplementary therapy 
Gene supplementary therapy involves adding specific gene fragments to cancer 
cells or cell in the surrounding environment to induce cell death or inhibit tumor 
growth. This approach is particularly effective for tumor cells lacking certain 
critical genes or pathways necessary for normal cellular function. 
One of the most prominent applications of gene supplementary therapy is the co-
delivery of a prodrug-activating gene with a prodrug to cancer cells. For example, 
the herpes simplex virus thymidine kinase (HSV-TK) gene can be delivered 
alongside the prodrug ganciclovir to tumor cells. Once inside of the tumor cells, 
the HSV-TK enzyme converts ganciclovir into a toxic metabolite, selectively killing 
dividing cancer cells (Sawdon et al., 2021). Clinical trials have demonstrated the 
potential of this method for glioblastoma and prostate cancer treatments (Wang 
et al., 2023). Another example of using gene supplementation therapy is the use 
of tumor suppressor genes. The introduction of genes like p53, which are often 
mutated or deleted in various cancers, can help in inducing apoptosis in cancer 
cells. Adenoviral-mediated p53 gene therapy has been tested in various cancers, 

Figure 5. Worldwide approved cancer gene medicines up to 2023. (Copyright 2023, John 
Wiley and Sons) 
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particularly demonstrating significant therapeutic effects in lung and head and 
neck cancers (Hong et al., 2014; Hughes et al., 2015). Additionally, gene 
supplementation therapy is also used in the inhibition of tumor angiogenesis, 
where genes that inhibit the formation of new blood vessels necessary for tumor 
growth are introduced. Angiostatin and endostatin have for example been used to 
inhibit angiogenesis in solid tumors (Li et al., 2018; Scappaticci et al., 2001). 

However, despite the extraordinary potential of gene therapy in treating 
various tumors, the limitations due to the exogenous nature and instability of 
therapeutic nucleic acid molecules restrict its widespread application. Overall, the 
effectiveness of gene supplementation therapy depends on efficient delivery of 
genes to target cells and the sustained expression of the therapeutic genes. 
Advances in gene carrier technology, such as the development of targeted viral 
vectors and non-viral systems like liposomes and NPs, are decisive factors in 
enhancing the effectiveness of the gene (Paunovska et al., 2022; Zu and Gao 2021). 

2.1.4.2. Gene replacement therapy 
Gene replacement therapy aims to replace or repair mutant genes that are crucial 
in the progression of cancer. The treatment is particularly suitable for cancers 
where single-gene mutations play a central role. Common oncogenic targets for 
gene replacement include mutated genes like p53 and PTEN. The gene p53, known 
for its tumor-suppressing properties, often undergoes mutations in diverse types 
of cancer. Restoring its normal function can induce cell cycle arrest and apoptosis 
in cancer cells. The delivering of wild-type p53 with adenoviral vectors have 
shown promising anti-tumor results in clinical trials for the treatment of lung, 
head, and neck cancers (Guan et al., 2009; Hong et al., 2014; Nemunaitis et al., 
2000). Additionally, the replacement of BRCA1/2  has been regarded as a good 
strategy for the treatment of breast cancer. Mutations in BRCA1 and BRCA2 genes 
are associated with an increased risk of breast and ovarian cancers (Sun et al., 
2017). Restoring the expression of normal BRCA1 and BRCA2 through 
replacement therapy can reinstate normal DNA repair mechanisms and inhibit 
tumor growth (Koller and Bauer 2021). 

Currently, gene replacement therapy faces challenges in delivery and 
expression efficiency of the therapeutic gene, potential off-target effects and 
immune responses. However, it is encouraging that advancements in vector 
technology and gene editing tools like CRISPR/Cas9 are continually enhancing the 
precision and efficiency of gene replacement therapy (Chen et al., 2019; Sharma 
et al., 2021). 

2.1.4.3. Gene silencing therapy 
Gene silencing therapy is one of the most common methods in tumor gene 
therapy, aiming to treat tumors by targeting and inhibiting the expression of 
overexpressed or aberrant genes in cancer cells. By utilizing small molecules like 
siRNA and antisense oligonucleotides (ASOs), this therapy is effective in treating 
genetic disorders, certain cancers, and viral infections. 

The core of this therapy is the RNA interference (RNAi) technology. RNAi 
employs short hairpin RNA (shRNA) or small interfering RNA (siRNA) to target 
and degrade the mRNA of oncogenes, thereby suppressing their expression. For 
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example, targeting oncogenes, such as MYC and KRAS has been shown to have 
significant anti-tumor activity in liver and lung cancers  (McKeown and Bradner 
2014; Pecot et al., 2014; Tian et al., 2021). Another key component of gene 
silencing therapy is the use of antisense oligonucleotides. These short DNA or RNA 
strands bind to specific mRNA molecules, effectively preventing their translation 
into proteins. Clinical trials have demonstrated the effectiveness of antisense 
oligonucleotides targeting the Bcl-2 oncogene in the treatments for lymphoma 
and leukemia, showing their potential to induce apoptosis in cancer cell 
(Tekedereli et al., 2013). Moreover, gene silencing therapy also involves 
epigenetic modulation. This includes the use of drugs or genetic tools to alter the 
epigenetic landscape of cancer cells, thereby silencing oncogenes. For example, 
DNA methyltransferase inhibitors and histone deacetylase inhibitors have been 
approved for the treatment of certain blood cancers (Jones and Baylin 2007). 

Overall, gene silencing therapies focus more on the regulation of oncogenes 
while preserving the function of other normal genes. Despite challenges in precise 
drug delivery, off-target effects, and maintaining gene silencing and long-term 
drug safety, this therapy offers a more precise and less invasive alternative to 
traditional tumor treatments. 

2.1.4.4. Genetic materials-based immunotherapy 
Immunotherapy is a revolutionary method for cancer treatment. Ir utilizes the 
immune system of the body to recognize and eliminate cancer cells. Gene therapy 
plays a crucial role in enhancing the effectiveness of immunotherapeutic 
strategies. Here, we primarily explore tumor immunotherapy related to gene 
therapy. 

Chimeric antigen receptor (CAR) T-cell therapy is the best example of gene 
therapy-based immunotherapy. It involves genetical modification of T cells from 
the patient to express CARs specifically targeting cancer cells. CAR-T cell 
therapies, such as tisagenlecleucel for treating acute lymphoblastic leukemia and 
axicabtagene ciloleucel for diffuse large B-cell lymphoma, have shown significant 
results in treating certain blood cancers (Jones and Baylin 2007; Neelapu et al., 
2018; Sterner and Sterner 2021). Tumor-infiltrating lymphocytes (TILs) is 
another important example of gene therapy in immunotherapy. TILs, extracted 
from the tumor tissue of a patient, are genetically modified to enhance their 
activity and then reinfused back to the body of the patient. This method enhances 
the natural ability of T cells to fight cancer cells. Clinical trials using TIL therapy 
have shown encouraging outcomes in melanoma and cervical cancer (Feldman et 
al., 2015; Geukes Foppen et al., 2015; Rosenberg et al., 2011). Moreover, gene 
therapy is also being used to augment the efficacy of checkpoint inhibitors, which 
are drugs that unleash an immune response against cancer. For example, gene 
therapy approaches that increase the expression of PD-L1 in tumor cells can 
enhance the response to PD-1/PD-L1 inhibitors (Jiang et al., 2019). Furthermore, 
gene therapy also plays a significant role in the field of cancer vaccines. Cancer 
vaccines are designed to elicit an immune response against specific tumor 
antigens. Gene therapy techniques can be used to create vaccines that more 
effectively present these antigens to the immune system. For example, 
researchers have used gene therapy technology to successfully develop the 
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prostate cancer vaccine Sipuleucel-T, which targets the prostatic acid 
phosphatase (PAP) antigen (McNeel et al., 2009; McNeel et al., 2019).  

Immunotherapy, particularly when combined with gene therapy, offers a 
highly personalized approach to cancer treatment. However, challenges such as 
identifying certain targets, managing immune-related adverse effects, and 
ensuring long-term efficacy still remain. 

2.2. Nanomaterials in precision cancer therapy 

Medical nanomaterials, referring to medical application materials with sizes 
ranging from 1 to 100 nm, have demonstrated broad application prospects in the 
field of tumor treatment due to their unique physical, chemical, and biological 
properties. Specifically, the main role of nanomaterials in tumor therapy lies in 
their ability to precisely deliver therapeutic drug molecules to critical sites of the 
tumor, such as within tumor cells or the tumor microenvironment, thereby 
significantly enhancing treatment efficacy while reducing toxic side effects on 
normal tissues (Figure 6). This precise drug delivery approach offers new hope 
and possibilities for tumor treatment. 
 

Figure 6. Overview of nanomaterials in the application of cancer therapy. (Copyright 
2021, Springer Nature) 
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2.2.1. Nanomaterials for drug delivery 
The use of nanomaterials in drug delivery has significantly advanced the 
treatment of cancer, addressing several critical challenges in traditional 
chemotherapy (Figure 7) (Cheng et al., 2021; Gavas et al., 2021). 

Firstly, nanomaterials can enhance drug solubility and biocompatibility.  NPs 
have been pivotal in enhancing the solubility and bioavailability of hydrophobic 
drugs. For example, the development of solid lipid NPs (SLNs) and nanostructured 
lipid carriers (NLCs) has enabled the encapsulation of lipophilic drugs like all-
trans-retinoic acid (ATRA), improving their bioavailability and therapeutic 
efficacy (Muller et al., 2000). Similarly, dendrimer-based nanocarriers have been 
used to enhance the solubility of poorly soluble drugs like camptothecin, showing 
a significant increase in bioavailability (Hsu et al., 2017; Sk and Kojima 2015). 

Secondly, nanomaterials enable the co-delivery of multiple drugs. 
Nanocarriers capable of co-delivering two or more drugs have been developed to 
provide a synergistic therapeutic effect. This strategy is particularly useful in 
overcoming drug resistance. For example, NPs co-delivering doxorubicin and 
paclitaxel have shown to enhance efficacy in killing cancer cells resistant to either 
drug alone (Aghebati-Maleki et al., 2020; Cheng et al., 2013; Luo et al., 2020). 

Figure 7. Concept of nanomedicine in cancer therapy. (Copy right, 2021, Ivyspring 
International Publisher) 
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 Furthermore, nanomaterials exhibit unique advantages in traversing biological 
barriers such as cell membranes. NPs can overcome biological barriers, enhancing 
drug delivery to tumor sites (Mitchell et al., 2021). The use of NPs that cross the 
blood-brain barrier (BBB) is particularly significant in the treatment of brain 
tumors, where the BBB poses a major challenge. For example, polysorbate 80-
coated NPs loaded with drugs like doxorubicin have shown promise in crossing 
the BBB and delivering drugs to brain tumors (Lockman et al., 2002; Zhou et al., 
2018). 

2.2.2. Nanomaterials enhancing the treatment specificity 
The application of nanomaterials in cancer therapy has also significantly 
enhanced the treatment specificity and reduced the off-target toxicity. The 
enhanced treatment specificity is mainly relying on the modification of the 
materials for targeted drug delivery and stimuli-responsive drug release. 

The use of NPs in drug delivery has been instrumental in reducing the off-target 
toxicity of chemotherapeutic agents. Nanoparticle formulations allow for higher 
drug concentrations at the tumor site with reduced systemic exposure. For 
example, liposomal formulations of doxorubicin, such as Doxil® , have been shown 
to reduce cardiotoxicity, a significant side effect of free doxorubicin, due to their 
preferential accumulation in the tumor tissue (O'Brien et al., 2004). 

Targeted nanoparticle delivery systems have been developed to specifically 
target cancer cells, thereby reducing toxicity to healthy cells. This, because NPs 
offer the unique advantage of being able to specifically target cancer cells, sparing 
healthy tissues. This is achieved through surface modifications with ligands or 
antibodies that bind to overexpressed receptors on cancer cells. For example, gold 
NRs functionalized with anti-EGFR antibodies have shown increased specificity in 
targeting EGFR-overexpressing cancer cells, thereby enhancing the therapeutic 
efficacy and reducing side effects (El-Sayed et al., 2006). Additionally, aptamer-
functionalized NPs have emerged as a novel targeting strategy, offering high 
specificity and affinity for target cancer cells (Farokhzad et al., 2004; Sousa de 
Almeida et al., 2021). A notable advancement in this area is the development of 
liposomes conjugated with transferrin or folate, which target receptors 
overexpressed in certain types of cancers, thereby enhancing drug delivery to 
tumor cells while minimizing systemic toxicity (Luque-Michel et al., 2017; Peer et 
al., 2007; Raj et al., 2021). 

Moreover, advanced nanocarriers can respond to specific stimuli in the tumor 
microenvironment (such as lower pH, high concentration of ROS), ensuring drug 
release at the target site (Kaushik et al., 2022). This approach minimizes systemic 
exposure and reduces side effects. pH-sensitive liposomes that release their 
payload in the acidic environment of tumors are an excellent example of this 
technology (Ding et al., 2022). The pH-responsive liposomes remain stable in the 
circulation but release the drug in response to the acidic pH in the tumor 
microenvironment (Nowag and Haag 2014). 

2.2.3. Future directions and unexplored potentials 
The advancement of nanotechnology holds great potential for propelling the rapid 
development of precision cancer therapy. The following directions are considered 
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promising to further enhance the efficacy, specificity, and safety of cancer 
therapies. 

Firstly, developing multi-functional NPs capable of delivering a combination of 
therapeutic agents simultaneously is a promising area. These NPs can carry 
chemotherapeutics, gene therapy agents, and immunotherapeutics in a single 
platform, allowing for a multi-pronged attack on cancer cells. For instance, NPs 
designed for co-delivery of chemotherapeutic drugs and siRNA have shown 
potential in simultaneously attacking cancer cells and silencing drug resistance 
genes (Du et al., 2015; Kanasty et al., 2013; Li et al., 2019). 

Next, personalized medicine is being taken to a new level with nanotechnology. 
Tailoring nanoparticle therapy based on the specific tumor profile of a patient, 
including genetic and epigenetic characteristics, could significantly enhance 
treatment outcomes. This approach involves developing NPs that are responsive 
to the unique molecular signatures of the cancer of an individual, thereby 
maximizing efficacy and minimizing toxicity (Lammers et al., 2012; Nair 2020; 
Nicolini et al., 2012). 

Moreover, the integration of nanotechnology with immuno-oncology is an 
exciting frontier. NPs can be used to deliver immunomodulators directly to the 
tumor microenvironment, enhancing the immune response against cancer cells. 
For example, NPs loaded with immune checkpoint inhibitors, such as PD-1/PD-L1 
antibodies, have shown potential in enhancing the efficacy of immunotherapy 
(Jiang et al., 2019). 

Additionally, nanotechnology also offers significant potential in cancer 
diagnosis and monitoring. The development of NPs for use in imaging and as 
biosensors could enable earlier detection of cancers and more precise monitoring 
of treatment responses. Gold NPs and quantum dots are being explored for their 
ability to enhance imaging contrast and detect cancer biomarkers with high 
sensitivity (Hutter and Maysinger 2011; Ou et al., 2020). 

Finally, the use of NPs to overcome drug resistance in cancer therapy is a 
critical area of research. NPs can be engineered to bypass efflux pumps, deliver 
drugs to intracellular targets, or co-deliver drugs and genetic material to reverse 
resistance mechanisms. This strategy could significantly improve the 
effectiveness of treatments against drug-resistant cancers (Wei et al., 2021; Wu et 
al., 2017). 

2.3. Overview of porous nanomaterials in precision cancer 
therapy 

2.3.1. Introduction to porous nanomaterials 
Porous nanomaterials, a class of solids with rich microstructures (Figure 8), have 
found widespread applications across various fields including adsorption 
separation, analytics, catalysis, energy storage, and biology. Their use in medicine 
marks a significant breakthrough in material science, especially in areas such as 
drug delivery and cancer therapy (Li et al., 2022). Porous nanomaterials are 
characterized by their nanoscale pores and extensive surface area, and they are 
primarily distinguished by their ability to interact at the molecular level. The 
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structure and morphology of these materials, including size and shape, are pivotal 
to their drug loading capacity and influencing the controlled release of therapeutic 
agent (Baeza et al., 2017; Tieu et al., 2019). The multifunctionality of porous 
nanomaterials, particularly in surface modifications, enables a broad spectrum of 
biomedical applications.  They can, through surface engineering, achieve targeted 
drug delivery to specific tissues or cells, thereby minimizing systemic toxicity. 
Pioneering works by Slowing, Vallet-Regí, and others provide comprehensive 
insights into their roles in controlled drug release, gene transfection, and various 
medical challenges, ranging from targeted drug delivery to imaging (Slowing et al., 
2008; Vallet-Regi et al., 2017). The adaptability and customization potential of 
these materials underscore their value in advanced medical treatments and 
diagnostics. 

The interactions between nanomaterials and biological systems are often 
complex, and porous nanomaterials can be engineered to perform specific tasks. 
For example, to interact with specific cell types or respond to special physiological 
conditions, which is crucial in cancer therapy. This specificity in targeting and 
minimal side effects exemplify the practical applications in clinical settings (Tang 
et al., 2012). Currently, as porous nanomaterials continue to evolve in oncology, 
efforts to integrate targeting, drug delivery, and diagnostic imaging into a single 
platform are promising new directions. This multifunctionality offers a more 
efficient and effective disease management approach, especially in oncology (Tarn 
et al., 2013). 

In summary, the introduction of porous nanomaterials has ushered in a new 
era in medical science. Their unique properties and multifunctional applications 
place them at the forefront of research and development in drug delivery and 
cancer therapy. The continuous explorations and innovations in this field hold the 
promise of unlocking new possibilities in medical treatments and diagnostics, 
leading to more effective and personalized medical solutions. 

Figure 8. Main categories of porous nanomaterials in biomedicine. (Copyright 2022, 
Springer Nature) 
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2.3.2. Representative types of porous nanomaterials 
The main types of mesoporous nanomaterials include mesoporous silica (MSN), 
mesoporous carbon, mesoporous metal oxides, mesoporous metal-organic 
frameworks (MOF), porous polymers and carbon-based nanomaterials.Here, the 
focus will be on MSN, MOF and porous polymers and carbon-based nanomaterials, 
which are the most used in nanomedicine.  
 

2.3.2.1. Mesoporous silica NPs (MSNs) 
MSNs are star materials in the emerging nanomedicines field for drug delivery and 
cancer treatment. Owing to their good biocompatibility, high drug loading 
efficiency, and the capability for personalized fabrication, MSNs have emerged as 

Figure 9. Sbutypes of MSNs-based nanocomposites and their applications in 
biomedicine. (Copyright 2023, Springer Nature) 
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ideal drug delivery carriers and are widely explored for precision cancer therapy 
(Figure 9) (Vallet-Regi et al., 2001) (Tang et al., 2012). MSNs, made from 
mesoporous silica material, possess highly ordered pore structures with 
diameters ranging from 2 to 50 nm. This pore structure significantly increases the 
effective surface area of MSNs, endowing them with robust drug loading capacity 
(Tang et al., 2012; Tarn et al., 2013). The encapsulation of drugs in MSNs mainly 
relies on physical adsorption of drug molecules on the surface of the mesoporous 
material, as well as covalent linkage via functional groups on the MSN surface. The 
release of encapsulated drugs can be precisely controlled through stimuli-
responsive cleavage of these covalent bonds. For example, MSNs modified with 
pH-sensitive groups can achieve stimulus-responsive drug release in the acidic 
microenvironment of cancer tissues, greatly benefiting targeted tumor therapy 
while minimizing the impact on healthy tissues. This stimuli-responsive drug 
release and surface modifiability significantly enhance the potential of MSNs in 
precision medicine (Xu et al., 2023). Furthermore, MSNs demonstrate strong 
adaptability as drug carriers, efficiently encapsulating a range of bioactive 
components with therapeutic effects, including small molecules, ligands, nucleic 
acids, and biomacromolecule (Barkat et al., 2021; Xu et al., 2023), further 
highlighting their significant role in tumor treatment. 
 

2.3.2.2. Metal-organic framework NPs (MOFs) 
MOFs represent another significant class of porous nanomaterials, known for 
their unique structural and functional characteristics. MOFs are composed of 
metal ions or clusters coordinated to organic ligands, forming a highly porous, 
crystalline framework (Figure 10) (Kampouraki et al., 2019; Singh et al., 2021). 
This structure endows MOFs with an exceptionally high surface area, crucial for 
drug loading applications. The diverse functions of MOFs are established on their 
tunable pore sizes and functionalizable surfaces, allowing for the encapsulation of 
a diverse range of drug molecules (Gao et al., 2021; Rezaee et al., 2022; Yang and 
Yang 2020). 

The mechanism of drug delivery in MOFs typically involves the physical or 
chemical adsorption of drug molecules within their porous structure. Due to their 
highly ordered and customizable framework, MOFs can be engineered to release 
drugs in response to specific stimuli, such as changes in pH, temperature, or the 
presence of specific enzymes (Pantwalawalkar et al., 2023; Wang et al., 2020). 
This stimuli-responsive release capability positions MOFs as an attractive option 
for targeted drug delivery, particularly in the context of cancer therapy where 
targeted and controlled drug release is needed. 

The research on MOFs in drug delivery has been expansive. A study by 
Horcajada et al. highlighted the potential of MOFs in encapsulating and releasing 
drugs, showcasing their high drug loading capacity and the possibility for 
controlled release (Horcajada et al., 2010). Research by Wu and Zhou, on the other 
hand, delved into the design and functionalization strategies of MOFs for targeted 
drug delivery, emphasizing their growing importance in precision medicine and 
offering new avenues for the development of more effective and patient-specific 
therapies (Wu and Yang 2017). 
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2.3.2.3 Porous polymer and carbon-based nanomaterials 
Porous polymer and carbon-based nanomaterials offer unique advantages in drug 
delivery due to their inherent stability, biocompatibility, and potential for surface 
modification (Li et al., 2022; Qin and Li 2020; Sajjadi et al., 2021). These materials 
can be engineered to exhibit stimuli-responsive drug release behaviors, crucial for 
targeted therapy with minimal side effects. The structural diversity of these 
materials also facilitates the conjugation of various targeting ligands, enhancing 
the specificity and efficacy of cancer treatments (Le and Doan 2023; Mahor et al., 
2021). 

Figure 10. A. The schemetic of MOFs formation; B. Representative MOFs structures. 
(Copyright 2021, Springer Nature; Copyright 2019, MDPI) 
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Recent advancements in the design and synthesis of these materials have 
opened new possibilities for their application in precision cancer therapy (Weng 
et al., 2020). For example, porous carbon nanomaterials have been explored for 
their ability to deliver drugs and imaging agents specifically to tumor sites, while 
porous polymer nanomaterials have shown promise in providing controlled 
release of therapeutic agents in response to specific stimuli, such as pH changes 
or enzymatic activity in the tumor microenvironment. Debnath et al. has also 
explored the use of porous carbon nanomaterials in drug delivery, demonstrating 
their potential in targeted cancer therapy (Debnath and Srivastava 2021). 
Additionally, Li et al. provided insights into the biomedical applications of porous 
polymer nanomaterials, discussing their advancing roles in drug delivery and 
therapeutic applications (Li et al., 2022). 

2.3.3. Applications of MSN and MOF in precision cancer therapy 
In recent years, porous nanomaterials represented by MSNs and MOFs have 
become star nanomaterials in precision cancer treatment due to their huge drug 
loading capacity, modifiable surface, and customizable preparation method 
(Figure 11). In particularly, they have provided a more intelligent drug delivery 
system design strategy by their powerful payload and stimulus responsiveness in 
the field for tumor therapeutics. In addition, due to the good physicochemical 
properties and biocompatibility, MSN and MOF are also widely used in tumor 
imaging and can significantly reduce side effects related to systemic drug 
distribution. 

2.3.3.1. Multifunctional drug delivery system 
One of the most promising aspects of MSN and MOF nanomaterials is that they 
have high specific surface area and pore structure, which enable them to realize 

Figure 11. Subtypes of carbon-based nanomaterials and their biomedical 
applications. (Copyright 2021, MDPI) 
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multiple functions via drug loading and surface modifications. Surface 
modifications of porous nanomaterials can be used to enhance their 
biocompatibility, targeting ability, and overall efficacy in drug delivery. The 
modification of surface properties can be achieved through various methods, 
including functionalization with specific ligands, coating with biocompatible 
polymers, or attaching targeting moieties. Li et al. demonstrated the effective 
targeting of breast cancer cells using MSNs functionalized with folate, which binds 
to the folate receptors overexpressed in many cancer types (Li et al., 2016). 

Another key characteristics is their capacity to be engineered to release drugs 
in response to specific internal or external triggers (Figure 12) (Pantwalawalkar 
et al., 2023). This includes environmental stimuli such as pH, temperature, or 
enzymatic activity, thereby enhancing the precision and effectiveness of the 
therapy. For example, MSNs have been utilized to deliver chemotherapeutic 
agents directly to tumor cells, releasing the drug in response to the acidic tumor 
microenvironment. This approach has shown promise in enhancing the efficacy of 
the drug while reducing its systemic toxicity. Key studies in this area include 
research by Fang et al., who explored the controlled drug release capabilities of 
MSNs, and Lawson et al., who demonstrated the use of MOFs in targeted drug 
delivery (Gupta et al., 2023; Lawson et al., 2021). One of the most researched areas 
in this domain is pH-sensitive porous nanomaterials. These materials are 
designed to remain stable under normal physiological conditions but release their 
drug payload in response to the acidic microenvironment of tumor tissues. 
Benová et al. demonstrated the use of mesoporous silica NPs with pH-sensitive 
gates, showing controlled release of the drug in acidic conditions prevalent in 
cancerous tissue (Benová et al., 2021).  

2.3.3.2. Targeted therapy and imaging 
In addition to their roles in drug delivery, porous nanomaterials are instrumental 
in targeted therapy and imaging in cancer treatment. By functionalizing these 
materials with specific targeting molecules, they can selectively accumulate in 
tumor tissues, thereby enhancing the specificity and efficacy of the treatment. The 
incorporation of imaging agents into these materials enables real-time monitoring 
of drug delivery and tumor response, providing invaluable insights into the 
effectiveness of the treatment method. 

This dual functionality not only improves the efficacy of cancer therapy but 
also aids in the early detection and diagnosis of tumors. MSNs, for example, have 
been used to deliver imaging agents to tumor sites, allowing for the visualization 
of the size, shape, and response of the tumor to treatment. MOFs have also been 
explored for their potential in multimodal imaging, combining the delivery of 
therapeutic agents with imaging capabilities to provide a comprehensive 
approach to cancer treatment. A study by Kesse et al. exemplifies this approach, 
showcasing the use of MSNs in targeted therapy and imaging (Kesse et al., 2019). 
Another significant contribution in this area is the research by Demir et al., which 
highlights the potential of MOFs in multimodal imaging and targeted drug delivery 
(Demir Duman and Forgan 2021).  
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In summary, the advancements in porous nanomaterials have opened new 
avenues in the field of precision cancer therapy. These advanced features enhance 
the efficacy of drug delivery systems and provide a pathway for more precise and 
targeted cancer therapy. As research in this area continues to grow, it is 
anticipated that these materials will play a significant role in the advancement of 
precision medicine. 

2.4. Challenges and opportunities in the use of porous 
nanomaterials for precision cancer therapy 

Porous nanomaterials have shown considerable promise in precision cancer 
therapy, offering a platform for targeted and controlled drug delivery. However, 
there are still some challenges that need to be addressed and solved to fully 
realize their potential in clinical applications (Figure 13). Meanwhile, these 
challenges also present opportunities for the improvement in cancer therapy. By 
addressing issues such as biocompatibility, targeting accuracy, and 
manufacturing scalability, porous nanomaterials can be optimized to enhance 
the efficacy and safety of cancer treatments. 

Figure 12. Biomedical applications of MSN and MOF nanomaterials. (Copyright 2023, 
Springer Nature; Copyright 2023, Royal Society of Chemistry) 
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2.4.1. Challenges in clinical application 

2.4.1.1. Biocompatibility and toxicity 
A main concern in the clinical application of porous nanomaterials is their 
biocompatibility and potential toxicity. Tarn et al. emphasize the need for 
comprehensive studies to evaluate the long-term effects and interactions of 
these materials with biological systems, particularly the impact of surface 
modifications and particle size on cellular responses (Tarn et al., 2013). Further 
research by He et al. addresses the biodegradability and clearance of 
mesoporous silica NPs, highlighting the importance of particle size and 
PEGylation in their biodistribution and excretion profiles (He et al., 2011). 
Additional concerns about cytotoxic effects were raised by Zhang et al., 
particularly regarding surface modifications (Zhang et al., 2022). 

2.4.1.2. Stability and degradability 
The stability and degradability of porous nanomaterials in physiological 
conditions are critical for their functionality and safety. They ensure the 
structural integrity of these materials for effective drug delivery, and also 
securing their safe clearance from the body to prevent potential accumulation 
and side effects, which is a complex balance. Lerida-Viso et al. discuss this 
challenge, emphasizing the need for materials that strike a balance between 
stability and biodegradability to prevent long-term accumulation in the body 
(Lerida-Viso et al., 2023). 

2.4.1.3. Scalability of synthesis 
Achieving scalable and reproducible synthesis methods for porous 
nanomaterials is a significant barrier to clinical adoption. The complexity of the 
synthesis of these materials often hinders the consistency in production, quality, 
and functionality across large batches. Janjua et al. delve into the challenges and 

Figure 13. Approved cancer therapy nanomedicines and the main challenges in their 
successful clinical application. (Copyright 2021, Springer Nature) 
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potential solutions for scalable synthesis, highlighting the economic and 
technical aspects of mass-producing mesoporous silica NPs (Janjua et al., 2023). 

2.4.2. Opportunities 

2.4.2.1. Targeted and controlled drug delivery 
The precision in drug delivery achievable with porous nanomaterials 
significantly improves the treatment efficacy. This approach minimizes the 
impact on healthy tissues and reducing side effects at the same time. Chen et al. 
demonstrated the potential of dual-targeted mesoporous silica NPs in delivering 
drugs specifically to cancer cells, significantly enhancing treatment efficacy 
(Chen and Liu 2016). 

2.4.2.2. Personalized treatment approaches 
Aligning with personalized medicine principles, porous nanomaterials allow for 
tailoring drug delivery systems to individual patient profiles. Xu et al. developed 
customizable metal-organic frameworks that can be adapted for individual 
patient needs in cancer therapy, showcasing the potential for personalized 
treatment approaches (Liu et al., 2021; Xu et al., 2022). 

2.4.2.3. Combination therapy 
Combining multiple drugs into a single carrier, porous nanomaterials offer an 
effective approach in cancer treatment. This strategy targets various aspects of 
cancer simultaneously, potentially leading to more comprehensive treatments. 
Liu et al. highlighted the use of mesoporous silica NPs for co-delivering 
chemotherapeutic drugs and immune-boosting agents, illustrating their 
potential in combination therapy (Huang et al., 2023; Liu et al., 2022). 
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3. Hypothesis and objective of the work 

The central hypothesis of this thesis is founded on the premise that advanced 
porous nanomaterials, particularly MSN and MOF, hold the key to 
revolutionizing drug delivery systems in precision cancer therapy. These 
advanced nanocarriers are anticipated to significantly enhance the precision, 
efficacy, and safety of cancer treatments. By offering targeted drug delivery 
directly to tumor cells and allowing for the controlled release of therapeutics in 
response to specific conditions within the tumor microenvironment, these 
systems are expected to bridge critical gaps in current cancer treatment 
methodologies, especially in delivering and releasing drugs in a controlled 
manner, thereby improving treatment outcomes. 

In pursuit of the hypothesis, the first objective focuses on the synthesis and 
characterization of these advanced porous nanomaterial-based carriers. 
Emphasis is placed on optimizing the structural and surface properties of 
mesoporous silica and MOFs to maximize their drug loading capacity, stability, 
and biocompatibility. The goal is to engineer these nanocarriers to be highly 
efficient in encapsulating and delivering a range of cancer therapeutics, 
including chemotherapeutic agents and genetic materials. This step is crucial in 
tailoring the nanocarriers for specific applications in precision cancer therapy. 
Following this, the second objective revolves around the functional evaluation 
of these nanocarriers. This includes assessing their targeted delivery 
capabilities, responsiveness to tumor-specific stimuli such as pH and 
temperature variations, and the potential to co-deliver multiple therapeutic 
agents. A key aspect of this evaluation is to explore the synergistic effects of 
combining photothermal therapy with traditional chemotherapy or gene 
therapy strategies using these multifunctional nanocarriers. 

The final objective extends to the validation of the effectiveness of these 
nanocarrier systems through in-depth in vitro and in vivo studies. These studies 
aim to demonstrate the ability of the nanocarriers to specifically target tumor 
cells, thereby reducing the side effects commonly associated with cancer 
treatments and enhancing therapeutic outcomes. Successful validation would 
underscore the clinical relevance of these developed drug delivery systems, 
aligning seamlessly with the overarching theme of the thesis: developing 
cutting-edge drug delivery systems for precision cancer therapy. This approach 
not only aims to address the current limitations in cancer therapy but also 
contributes significantly to the field of precision medicine, where treatment 
strategies are tailored to individual patient needs, optimizing therapeutic 
efficacy while minimizing adverse effects. 

  

  



25 
 

4. Materials and methods 

4.1. Cell line and culturing 

The cells used in this work were mainly purchased from ATCC (American Type 
Culture Collection, Manassas, VA, USA), and were cultured with their 
recommended cell culture medium. All the cells were tested  for and verified not 
to have any mycoplasma contamination. All the cell lines used in this work are 
summarized in Table 1. 

 

4.2. Nanomaterial synthesis and characterization 

4.1.1. Prodrug synthesis and characterization 
The prodrug PTX-SS-COOH used in this work was prepared according to our 
previous work (Zhang et al., 2022). Briefly, PTX and 3,3′-Dithiodipropionic acid 
(DTDP) are linked via condensation reaction of hydroxyl group and carboxyl 
group under N-(3-dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride 
(EDC·HCl) and 4-dimethylaminopyridine (DMAP) environments. The synthesized 
PTX-SS-COOH prodrug wass purified by silica gel column chromatography and 
characterized by 1H NMR spectroscopy. 

4.1.2. Preparation and characterization of Au NRs and Au@MSNs 
Gold nanorods (Au NRs) and Au@MSNs were synthesized using a seed-mediated 
growth method. The formation process involved a series of reactions, including 

Cell line Tissue Source 

HEK293 Kidney of human embryo 
https://www.atcc.org/products/c
rl-1573  

Hela Human cervix adenocarcinoma 
https://www.atcc.org/products/c
rm-ccl-2  

SKOV3 Human ovary adenocarcinoma 
https://www.atcc.org/products/h
tb-77  

OVCAR3 Human ovary adenocarcinoma 
https://www.atcc.org/products/h
tb-161  

MDA-MB-231 Human breast adenocarcinoma 
https://www.atcc.org/products/c
rm-htb-26 

MCF 10A Human breast tissue 
https://www.atcc.org/products/c
rl-10317  

4T1 Mouse breast cancer 
https://www.atcc.org/products/c
rl-2539  

PANC1 Human pancreas carcinoma 
https://www.atcc.org/products/c
rl-1469  

GL261 Mouse brain glioblastoma 
https://www.dsmz.de/collection/
catalogue/details/culture/ACC-
802  

U-87 MG Human brain glioblastoma 
https://www.atcc.org/products/h
tb-14  

Table 1. Cell lines used in this work: 

https://www.atcc.org/products/crl-1573
https://www.atcc.org/products/crl-1573
https://www.atcc.org/products/crm-ccl-2
https://www.atcc.org/products/crm-ccl-2
https://www.atcc.org/products/htb-77
https://www.atcc.org/products/htb-77
https://www.atcc.org/products/htb-161
https://www.atcc.org/products/htb-161
https://www.atcc.org/products/crm-htb-26
https://www.atcc.org/products/crm-htb-26
https://www.atcc.org/products/crl-10317
https://www.atcc.org/products/crl-10317
https://www.atcc.org/products/crl-2539
https://www.atcc.org/products/crl-2539
https://www.atcc.org/products/crl-1469
https://www.atcc.org/products/crl-1469
https://www.dsmz.de/collection/catalogue/details/culture/ACC-802
https://www.dsmz.de/collection/catalogue/details/culture/ACC-802
https://www.dsmz.de/collection/catalogue/details/culture/ACC-802
https://www.atcc.org/products/htb-14
https://www.atcc.org/products/htb-14
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the addition of specific reagents like CTAB, HAuCl4, and NaBH4. The NPs were 
characterized by DLS and TEM microscopy. 

4.1.3. Preparation and characterization of ZrTCP and ZIF-8 NPs 
ZrTCP NPs were synthesized by combining Zr4+ with the photosensitizer TCPP in 
a benzoic acid/DMF mixture, followed by heating and centrifugation. The ZIF-8 
NPs were prepared using a self-assembly method involving zinc nitrate, 2-
methylimidazole, and aloe-emodin or PLR&mRNA mixture. Characterization of 
both types of NPs was conducted using TEM and DLS.  

4.1.4. Surface modifications and characterization of NPs 
Two different surface modification methods of NPs were used in this work. The 
first one was to wrap the Au@MSN or ZIF-8 NPs with functional polymers. The 
coating was realized by mixing the polymers (p(NIPAM‐co‐MAAc) or PEG-PLGA-
Tf) with NPs in a water solution overnight under stirring conditions and 
characterized by TEM. The other surface modification method of NPs was to wrap 
the Au@MSN or ZrTCP NPs with cancer cell derived cell membrane. The wrapping 
process was done by mixing the NPs with the cell membrane isolated from SKOV3 
cellsin water solution at 4℃overnight under stirring condition and characterized 
by TEM. 

4.1.5. GelMA microhydrogel preparation and characterization 
The injectable GelMA microhydrogel was prepared with a microfluidic chip. 
Briefly, the NPs and combined drugs are first mixed with GelMA and the 
crosslinker in water solution used as an internal flow solution. 5% Span 80 
dissolved in mineral oil was used as an external flow solution. Next, different sizes 
of GelMA microhydrogels were prepared by injecting the internal flow solution to 
the external flow solution under different flow ratios and fixed by UV light. Finally, 
the GelMA microhydrogels were collected and characterized by confocal 
microscopy, TEM, and SEM. 

4.3. In vitro experimental protocols 

4.3.1. Cellular uptake and lysosomal escape assay 
Cultured tumor cells were initially exposed to various NPs for pre-set durations, 
and then the cells were selectively labelled with LysoTracker and DAPI, followed 
by fixing with 4% PFA. Finally, the cells were harvested and analysed by flow 
cytometry and imaged by confocal microscopy. The fluorescence intensity was 
quantified by Image J software. 

4.3.2. Cytotoxicity assay 
The cytotoxicities of NPs were evaluated by the effects on the cell viability. Briefly, 
cultured tumor cells were initially exposed to various NPs for pre-set durations, 
and then the cell viabilities were tested by WST-1 or CCK-8 assay. 

4.3.3. Cell death detection assay 
The effect of NPs on cell survival was measured by Calcein AM/PI staining and 
Annexin V/PI staining analysis assays. Briefly, cells after treatment with NPs were 
harvested and stained with Annexin V/PI or stained with Calcein AM/PI directly 
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in the cell culture dish. Then Annexin V positive cells were analysed with a flow 
Cytometer, and Calcein AM/PI positive cells were observed and imaged with 
confocal microscopy. 

4.3.4. Western blot assay 
The protein samples were collected after cells were treated with different NPs for 
24-72 hours. The protein expression level was analysed with Bio-Rad Mini-
PROTEAN Tetra Vertical Electrophoresis and Blotting Cells according to their 
standard protocols. 

4.3.5. Real time PCR assay 
The total RNA of treated cells were firstly extracted with Trizol reagent, and 
reverse transcribed into cDNA. Next, quantitative PCR was used to quantify 
mRNA levels of genes related to apoptosis, cell cycle, and other pathways 
affected by the nanoparticle treatments. 

4.4. In vivo experimental protocols 

4.4.1. Tumour mouse model 
The subcutaneous tumor mice model was established by inoculating a certain 
number of logarithmic growth phase tumor cells into the subcutaneous fat pad of 
the mice. Meanwhile, the mouse brain glioma orthotopic model and the ovarian 
cancer orthotopic tumor model were formed by respectively implanting a certain 
number of logarithmic growth phase tumor cells into the cranial and ovarian 
tissues. 

4.4.2. In vivo live imaging 
At indicated time points, the mice were anesthetized or sacrificed to obtain the 
tumor tissues and main organs (including heart, liver, spleen, lung and kidney) for 
bioluminescence and fluorescence imaging with an in vivo imaging system. 

4.4.3. Histological analysis 
At the endpoint of the experiment, all of the animals were sacrificed, and tumor 
tissues and main organs (including heart, liver, spleen, lung and kidney) were 
collected for histological examination (including H&E, Ki67, TUNEL, FOXK2 
staining). 

4.5. Data analysis 

The SPSS software was utilized for the statistical analysis of the data.  
Appropriate statistical tests, such as one-way ANOVA or Student's t-test, were 
used for making comparisons. The level of statistical significance was set at p < 
0.05. Graphs and charts were used to visually represent data findings, and all 
experiments were conducted in triplicates to ensure reproducibility and 
reliability of results. 
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5. Results and discussion 

5.1. Overview of the thesis work 

The primary objective of this research was to explore advanced, multifunctional 
drug delivery carriers for precision oncology, leveraging the unique properties 
of mesoporous nanomaterials in terms of modifiability, drug delivery efficiency, 
and biocompatibility. Utilizing nanoscale self-assembly, prodrug concepts, and 
microfluidic-assisted techniques, this work is pioneering new avenues in tumor 
therapy. 

The thesis research commenced with the successful synthesis of gold 
nanorods coated with mesoporous silica, exhibiting photothermal 
responsiveness, using a seed growth method. This facilitated the co-loading of 
multiple chemotherapeutic agents and enabled tumor-cell-responsive drug 
release. The application of infrared light triggered a combined therapeutic 
approach, integrating chemotherapy, photothermal, and photodynamic 
treatments. 

In parallel, this work capitalized on the environmental responsiveness, high 
drug-loading efficiency, and customizability of MOFs. I successfully developed 
various MOFs responsive to intracellular environments. These NPs efficiently 
delivered traditional small molecule drugs and nucleic acid-based therapeutics 
(siRNA and mRNA), achieving targeted therapy specific to tumor signaling 
pathways. 

Furthermore, recognizing the broad potential of microfluidic technology in 
the biosciences, drug-releasing microhydrogels based on mesoporous silica 
and/or MOFs were synthesized. This approach, involving in situ intratumoral 
injection, not only ensured effective tumor therapy but also substantially 
reduced the potential organ toxicity and dosage requirements associated with 
intravenous administration of nanomaterials. 

Overall, this work underscores the efficacy of multifunctional nanocarrier 
systems in enhancing cancer treatment. It emphasizes the importance of diverse 
carrier platforms for optimizing therapeutic strategies, setting a precedent for 
future innovations in cancer therapy. This comprehensive study followed a 
structured workflow (as shown in Figure 14), integrating various 
nanotechnology and biomedical concepts to achieve its goals. 
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5.2. Design of NPs for precision cancer therapy 

To maximize the advantages of MSN and MOF nanomaterials for the precise 
treatment of cancers, several smart nanostructure designs and surface 
modification strategies were employed. These methods enable the prepared 
MSNs and MOFs to synergistically combat tumors through the combination of 
multiple therapy methods. This section focuses on the details of these designs 
and modifications, which are also summaried in Table 2. 

Paper 
Nanoma
terials 

NPs Cargo Modification Function 

Ⅰ 

MSN Au@MSNs 

PTX-SS-
COOH, 

CPT 

p(NIPAM‐co‐MAAc) 
coating 

combination 
chemotherapy, 

PTT 

Ⅱ THPP 
Ter ligand, cell 

membrane coating 

ER targeting, 
PTT, PDT, ICD 

targeting 

Ⅲ 

MOF 

ZIF-8 mRNA PLR 
protein 

expression 

Ⅳ ZrTCP siRNA 
cell membrane 

coating 
gene therapy 

Ⅴ ZIF-8 AE 
Tf-PEG-PLGA 

coating 
pyroptosis 
targeting 

Figure 14. Schematic diagram of the thesis work. 

Table 2. The summaries of NPs’ design and surface modification strategies 
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5.2.1. Cancer therapy NPs combining multiple functions (paper I,  II, 
Ⅳ & Ⅴ) 
The first strategy used in this work was to combine chemotherapy, PTT and/or 
PDT with one NP design. To achieve the goal, Au@MSNs which enables PTT were 
prepared. Next, the prodrug PTX‐SS‐COOH was linked to the surface of the 
Au@MSNs before loading the chemotherapy drug CPT into the MSN pores. Thus, 
the combination of PTX, CPT and PTT for cancer treatment was realized (paper Ⅰ). 
The combination of PTT and PDT was also enabled by loading the photosensitizer 
THPP into the pores of the Au@MSNs (paper Ⅱ). To realize the combination of 
multiple therapy methods with MOFs, the photosensitizer TCPP was used as a 
ligand during the preparation of ZrTCP NPs, and the combination of gene therapy 
and PDT was achieved after siRNA loading (paper Ⅳ). 

5.2.2. NPs with stimuli-responsive drug release (paper I & Ⅴ) 
Stimuli‐responsive drug release is one of the most important advantages of 
nanomedicine that can help to enhance the specificity of drugs and reducing the 
side effect. Therefore, to enable controlled drug release from MSNs, PTX was 
linked to the surface of Au@MSNs via an ‐SS‐ group, which can be catalyzed by the 
high levels of ROS (reactive oxygen species) present in tumor cells. Moreover, a 
thermo‐responsive polymer, p(NIPAM‐co‐MAAc), was applied as a coating on the 

surface of Au@MSNs loaded with both CPT and PTX. This resulted in  the creation 
of Au@MSNs capable of photothermal‐controlled and ROS‐responsive drug 
release, as detailed in Paper I. 

5.2.3. Cell membrane biomimetic modification of NPs (paper II & Ⅳ) 
The biomimetic modification of NP surfaces with cellular membranes involves 
the coating of the NPs with natural or synthetic cell membrane materials, 
creating cell-mimicking NPs. These NPs exhibit many biological functions which 
are typical of normal cells due to their high similarity to natural cell membrane 
structures. For instance, they utilize the proteins and polysaccharides on the cell 
membrane surface to evade immune system detection. Compared to unmodified 
NPs, these biomimetically modified NPs have demonstrated extended 
circulation times within the body. Additionally, the cell membrane coating 
strategy enhances the tumor-targeting capabilities of the NPs. Different sources 
of cell membranes can impart diverse therapeutic effects against tumors (Wu et 
al., 2023; Zhang et al., 2021). 
In this work, ovarian cancer SKOV3 cell-derived membranes were used to coat 
Au@MSN-Ter/THPP NPs, thus forming SKOV3 cell-mimicking Au@MSN-
Ter/THPP@CM NPs. 

 A cell biomimetic strategy was also use in the design of ZrTCP NPs for precise 
cancer therapyd.  For this, cell membranes derived from ovarian cancer SKOV3 
cells were utilized to encapsulate ZrTCP NPs loaded with FOXK2 siRNA, thus 
forming ZrTCP@siFOXK2 NPs. 

5.2.4. Microgelation of NPs (paper II & Ⅴ) 
In past decades, gelatin methacryloyl (GelMA) hydrogels have gained increasing 
attention in fields such as drug delivery and tissue repair, owing to their excellent 
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biocompatibility and straightforward synthesis process. Particularly in drug 
delivery, their biodegradable nature plays a crucial role in controlled drug release 
and targeted local delivery. In this work, microfludic technology was used to wrap 
the drug loaded Au@MSNs or ZrTCP NPs into GelMA microhydrogels. Different 
sizes of GelMA hydrogel microspheres were prepared by changing the flow speed 
ratio of the reaction. These microgelated NPs enabled combined therapies and 
sustained drug realease. 

5.2.5. NPs for targeting the immunogenic cell death (ICD) pathway 
(paper II) 
Immunogenic cell death (ICD) is a distinct type of cell demise that activates the 

immune system and synergizes with immunotherapy. To activate the ICD 

pathway, I first functionalized the surface of Au@MSNs with an ER (endoplasmic 

reticulum) targeting ligand.  The resulting Au@MSN-

Ter/THPP@CM@GelMA/CAT microspheres exhibited the capability to initiate a 

cascade reaction, leading to augmented photodynamic therapy effects and the 

subsequent activation of the ICD pathway. 

5.2.6. NPs for gene therapy (paper Ⅲ & Ⅳ) 
Gene therapy is one of the most promising methods for cancer therapy. However, 
the delivery of therapeutic nucleic acid drugs to cancer cells, specifically solid 
tumors remain a big challenge. Therefore, the efficiency of RNA (siRNA and mRNA) 
delivery with ZrTCP and ZIF‐8 NPs was tested and used for combined cancer 
therapy in this work. 

5.2.7. NPs for targeting the cell pyroptosis pathway (paper Ⅴ) 
Pyroptosis pathway is a programmed cell death pathway that is mediated by 
DSDM (gasdermin). The promotion of pyroptosis in cancer cells has been 
regarded as a good choice for cancer therapy. In this work,  a pyroptosis 
activator AE (aloeemodin) was encapsulated in ZIF-8 NPs, which enabled the 
induction of the GBM cell death via the pyroptosis pathway. 

5.3. Multifunctional MSNs for precison cancer therapy 
(papers I & II) 

In this section, mesoporous silica-coated gold rod NPs were employed to achieve 
multifunctionality of the mesoporous silica nanomaterials through surface 
modification and prodrug technology. This included a detailed exposition on the 
synthesis, characterization, and evaluation of the antitumor efficacy of these 
multifunctional mesoporous silica nanomaterials. 

5.3.1. Preparation and characterization of multifunctional 
Au@MSNs  

5.3.1.1. Morphology and physicochemical properties 
To achieve multifunctionality in mesoporous silica nanomaterials and maximize 
their potential as drug carriers, Au@MSNs were developed by using a seed 
growth method. This innovative approach allows the co-loading of various 



32 
 

chemotherapeutic drugs or tumor cell-targeting ligands through the 
mesoporous channels and surface modifications of these gold nanorod NPs (Au 
NRs). As illustrated in Figure 15, the synthesized Au NRs exhibit a regular rod-
like structure, with a size of 65 nm (Figure 15 A). After coating with mesoporous 

Figure 15. Morphology, size and zeta-potential of Au-MSN NPs. Representative TEM 
images depicting Au NRs (A), Au@MSN (B), Au@MSN-PTX@CPT@polymer (C) and 
Au@MSN-Ter/THPP@CM (D) NPs; E. Representative HAADF images of Au@MSN NPs; (F 
and G). Nanoparticle size of Au NRs, Au@MSN, Au@MSN-PTX@CPT@polymer and 
Au@MSN-Ter/THPP@CM NPs; H. Zeta-potential of Au@MSN, Au@MSN-Ter, Au@MSN-
Ter/THPP, and Au@MSN-Ter/THPP@CM NPs. Scale bars are as follows: 200 nm in A, 100 
nm in B-D, and 20 nm in E. Data in F-I are presented as mean ± SD from three independent 
experiments. A, B, C and F are figures from paper Ⅰ; D, E, G and H are from paper Ⅱ. 
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silica, the NPs display a distinct sponge-like outer layer with pores, increasing 
their diameter significantly to 101 nm and carrying a negative charge (Figure 15 
B, F, G and H). The STEM elemental analysis (Figure 15 E) also reveals a clear 
enrichment of gold and silicon elements on the surface. Further modifications 

with drug loading and the addition of a thermally responsive polymer poly(N‐

isopropylacrylamide‐co‐methacrylic acid) (p(NIPAM‐co‐MAAc)) or tumor cell-

targeting cell membranes resulted in a less visible porous structure of the 
mesoporous silica layer, with a notable membrane-like structure on the 
nanoparticle surface (Figure 15 C and D). Concurrently, the diameter of the NPs 
increased significantly, reaching 130-180 nm (Figure 15 F and G). Notably, the 
negative charge of the gold rod NPs in deionized water is primarily due to the 
dissociation of H ions from the -OH groups on the mesoporous silica surface. 
However, due to the inert nature of -OH groups, we chemically modified the 
surface -OH groups to more reactive -NH2 groups. The prodrug PTX-SS-COOH 
and the endoplasmic reticulum-targeting ligand Tosyl Ethylenediamine (Ter) 
were then covalently attached through the condensation of -NH2 and -COOH 
groups, facilitating the surface loading of PTX and Ter. This modification enabled 
controlled and responsive co-loading of multiple drugs in the Au@MSNs. 

5.3.1.2. Drug loading and stimuli-responsive release 
Next, the photothermal responsiveness and controlled drug release capabilities 
of the drug-loaded Au@MSNs were thoroughly validated. As illustrated in Figure 
16 C-E, under 980 nm laser irradiation, both types of the prepared Au@MSNs, 
i.e., Au@MSN-PTX@CPT@polymer and Au@MSN-Ter/THPP@CM, 
demonstrated superb photothermal conversion capabilities. This conversion 
was proportionally related to the laser intensity, nanoparticle concentration, 
and irradiation time. Notably, by irradiating with 1W/cm2 with a 980 nm laser 
for 300 seconds, both NPs at 1mg/ml generated temperatures up to 60°C, which 
is sufficient to effectively kill cells, with good repeatability. 

The thermosensitive polymer p(NIPAM-co-MAAc) was used to encapsulate 
Au@MSN-PTX@CPT@polymer NPs, enabling photothermally controlled release 
of the chemotherapeutic drug CPT. The results, as shown in Figure 16 I, 
demonstrated a significant increase in drug release efficiency from the 
mesoporous silica channels of these NPs under 980 nm laser irradiation. 
Similarly, the release of the photosensitizer THPP from the mesoporous silica 
channels of Au@MSN-Ter/THPP@CM NPs was significantly increased in laser 
exposure group (Figure 16 H). This can be attributed to photothermal damage 
to the cell membrane coating on the nanoparticle surface. 

Furthermore, the Au@MSN-PTX@CPT@polymer NPs initially contained the 
chemotherapeutic drug PTX in the prodrug form of PTX-SS-COOH, as shown in 
Figures 16 A and B. This prodrug was loaded onto the NPs through a reaction 
that involved the activated -NH2 groups present on the surface of the Au@MSNs. 
The disulfide bond -SS- in this compound can respond to the specific redox 
microenvironment in tumor cells, like high GSH (Glutathione) concentrations, 
which can break the –SS- bond and release PTX. Therefore, DTT (Dithiothreitol) 
was used to simulate the tumor cell microenvironment for stimulating PTX 
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release. As indicated in Figure 16 G, the presence of 10 mM DTT notably 
increased the release efficiency of PTX post 980 nm laser irradiation. 

In conclusion, the drug-loaded Au@MSNs, Au@MSN-PTX@CPT@polymer, 
and Au@MSN-Ter/THPP@CM NPs exhibit effective photothermal response 
capabilities, as well as the ability to release drugs in a controlled manner 
responsive to both photothermal and tumor cell microenvironment-specific 
conditions. 

 

Figure 16. Drug loading and physical properties of Au@MSN NPs. Schemetic of PTX 
prodrug syntheis (A) and the results of 1H NMR spectra analysis (B); Photothermal response 
curves of Au@MSN ‐ PTX@CPT@polymer NPs (C-E) under 980nm laser irradiation at 

different concentrations and different laser conditions; The release profiles of CPT (F) and 
PTX (G) from Au@MSN‐PTX@CPT@polymer NPs under DTT and laser conditions; H. The 

release profiles of THPP from Au@MSN-Ter/THPP@CM NPs under laser condition. Data in 
F-H are presented as mean ± SD from three independent experiments. A-G are figures from 
paper Ⅰ; H is from paper Ⅱ. 
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5.3.2. Cellular interactions 
The dynamic interactions between cells and NPs are crucial in determining 

the success of these nanocarriers for drug delivery. These interactions 
encompasses cellular uptake of NPs, their intracellular localization, metabolism, 
and the toxicity they may impart on cells. Comprehensive evaluations were 
conducted to thoroughly assess the interaction between tumor cells and the two 
types of Au@MSNs that were developed. Confocal microscopy and flow 
cytometry were used to investigate the efficiency of cellular nanoparticle 
engulfment, lysosomal escape within cells, and the impact of NPs on cell toxicity 
and inhibitory effects on cell survival. 

5.3.2.1. Cell uptake 

Figure 17. Cell uptake of Au@MSN NPs. Representative flow cytometry analysis results  
(A), confocal microscopy images (D) and quantitative data (G) of Cy 5 positive cells following 
a 24-hour incubation period with Cy 5-labeled Au@MSN ‐ PTX@CPT@polymer NPs; 

Representative flow cytometry analysis results (B and C), confocal images  (E and F) and 
quantitative data (H) of THPP positive SKOV3 cells after 2-6 hours incubation with 
Au@MSN-Ter/THPP or Au@MSN-Ter/THPP@CM NPs. Data in A-C, G and H are presented 
as mean ± SD from three independent experiments; Scale bar=20 μm in D-F; * P<0.05, ** P < 
0.01, *** P < 0.001. A, D and G are figures from paper Ⅰ; B, C, E, F and H are from paper Ⅱ. 
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Cellular uptake of NPs is a critical factor in intracellular drug delivery, influenced 
by aspects such as nanoparticle size and surface charge. Flow cytometry and 
confocal microscopy were used to observe and analyze cell uptake after 
incubating MDA-MB-231 breast cancer cells and SKOV3 ovarian cancer cells  
with drug-loaded Au@MSNs for 0-6 hours. The results showed that 100% of the 
cells were CPT positive after 2 hours of co-incubation of Au@MSN-
PTX@CPT@polymer NPs with MDA-MB-231 cells (Figures 17 A and G), which 
was consistent with confocal microscopy observations (Figure 17 D). These 
findings indicate that Au@MSN-PTX@CPT@polymer NPs can be rapidly uptaken 
by MDA-MB-231 cells with high efficiency. Simultaneously, Au@MSN-Ter/THPP 
NPs demonstrated efficient uptake by SKOV3 cells, with a significant increase in 
THPP-positive cells over time (Figures 17 B, E, and H). Notably, Au@MSN-
Ter/THPP@CM NPs, which were coated with the SKOV3 cell-derived membrane, 
exhibited a significantly higher intracellular THPP nanoparticle content under 
identical incubation conditions (Figures 17 C, F, and H). This observation 
indicates that the tumor cell membrane coating can potentiate the cellular 
uptake of Au@MSN NPs. 

5.3.2.2. Lysosomal escape 
The capability of NPs to escape from lysosomes is a critical determinant for the 
successful delivery of drugs by nanocarriers, and is closely linked to surface 
modifications, nanoparticle composition, and loaded drugs. The ability of two 
drug-loaded Au@MSNs to escape from lysosomes   were further evaluated by 
using confocal microscopy. NPs were incubated with tumor cells for 2-6 hours, 
followed by treatment with a 980 nm laser for 10 minutes before staining with 
green LysosoTracker and blue DAPI. Confocal microscopy images rrevealed that 
while laser irradiation decreased the colocalization of Cy5-labeled Au@MSN-
PTX@CPT@polymer NPs with LysoTracker, this effect was not substantial with 
extended incubation durations (Figure 18A). This observation implies that laser 
irradiation plays a crucial role in facilitating the lysosomal escape of the 
Au@MSN-PTX@CPT@polymer NPs. 

When Cy5.5-labeled Au@MSN-Ter@CM NPs were co-incubated with OVCAR3 
and SKOV3 cells for 3-6 hours (Figure 18 B), a strong red fluorescence signal 
(representing Au@MSN-Ter/Cy5.5@CM NPs) was observed in both cell types at 
both time points. Additionally, Additionally, a significant overlap was noticed 
between the red fluorescence and the green fluorescence signal, which 
represented lysosomes. However, in laser-treated groups, the overlap of red and 
green fluorescence signals was significantly reduced. This indicated enhanced 
lysosomal escape of Au@MSNs in cells, likely due to photothermal conversion 
effects generated by Au@MSNs under 980 nm laser irradiation.  
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Figure 18. Lysosomal escape of Au@MSN NPs. A. Representative confocal microscopy 
images depicting cells incubated with Cy 5-labeled Au@MSN‐PTX@CPT@ NPs for 2-6 hours 

with or without laser irradiation conditions; B. Representative confocal microscopy images 
of SKOV3 and OVCAR3 cells following incubation with Cy5.5 labeled Au@MSN-Ter@CM NPs 
for 2-6 hours with or without laser conditions. Scale bars are as follows: 200 μm in A and B, 
10 μm in ZOOM images of B. A is from paper Ⅰ; B is figure from paper Ⅱ. 
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5.3.3. Preparation and characterization of GelMA microhydrogels 
Au@MSN-Ter/THPP@CM NPs and Catalase (CAT) were excapsulated within 
GelMA microspheres using microfluidic technology. This to effectively reduce the 
systemic toxicity potentially caused by intravenous injection of Au@MSNs, and to 
endow the nano-delivery system with multifunctional capabilities for synergistic 
anti-tumor effects using the same nanocarrier. Au@MSN-
Ter/THPP@CM@GelMA/CAT microspheres ranging from 50 to 500 micrometers 
in size were successfully prepared by controlling the internal and external flow 
rates in the microfluidic system (Figures 19 A and B). CAT catalyzes the 
conversion of tumor-specific high concentrations of hydrogen peroxide into 
oxygen, which then serves as a substrate for the photodynamic reaction of the 
photosensitizer THPP within the NPs, thus achieving a cascading photodynamic 
tumor treatment effect. To evaluate the stability of the prepared Au@MSN-
Ter/THPP@CM@GelMA/CAT microspheres and further to apply them in anti-

Figure 19. Morphology and release dynamics of Au@MSN-
Ter/THPP@CM@GelMA/CAT Microspheres. A, B. Representative confocal microscopy 
images and particle size of Au@MSN-Ter/THPP@CM@GelMA/CAT microspheres, 
synthesized using varying external (5% Span 80 in mineral oil) and internal (mix of NPs, 
DOX, and GELMA) flow rates; C. Representative SEM images of the microspheres formed at 
an external to internal flow rate ratio of 2:1; D. Time-lapse microscopy images showcasing 
the structural evolution of the microspheres; E, F. Release profiles of CAT and THPP from the 
microspheres in PBS buffer, with and without laser irradiation (980nm, 1 W/cm², 10 min); 
G. Degradation curves comparing microspheres formed at different flow rate ratios. Data 
are presented as mean ± SD from three independent experiments. 
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tumor therapy tests, a 1:2 flow rate ratio was selected to prepare the optimal 
biomimetic nano@microgel (200 micrometers in diameter, Figure 19C) for 
biodegradation and drug release testing. As depicted in Figure 19D, damage to the 
nano@microgel surface was observed after 7 days, with continuous 
decomposition after 14 and up to 28 days. Moreover, the Au@MSN-
Ter/THPP@CM@GelMA/CAT microspheres exhibited extended release of CAT 
and Au@MSN-Ter/THPP@CM NPs over 30 days and showed a significant 
dependency on 980 nm laser irradiation (Figures 19 E and F). In vitro and in vivo 
experiments also confirmed that a single in situ injection of Au@MSN-
Ter/THPP@CM@GelMA/CAT microspheres resulted in effective anti-tumor 
action and significantly improved the distribution of Au@MSN-Ter/THPP@CM 
NPs within the body (Figures 20-23). 

5.3.4. In vitro anti-tumor activity 
5.3.4.1. Cell growth inhibition 
To evaluate the anti-tumor effects of our synthesized Au@MSNs,  the impact of 
two types of Au@MSNs on tumor cell survival at the cellular level were firstly 
evaluated. As depicted in Figure 20, the Annexin Ⅴ/PI dual-staining apoptosis 
analysis assay and WST-1 cell viability assay (Figures 20 A, B, and C) revealed 
that Au@MSN-PTX@CPT@polymer NPs exhibited no significant cytotoxicity to 
normal breast tissue-derived MCF-10A cells. In contrast, the cell viability of 
MDA-MB-231 cells treated with Au@MSN-PTX@CPT@polymer + Laser 980 
significantly decreased to 28.3% compared to the groups treated with Au@MSN 
+ Laser 980 and Au@MSN-PTX@CPT@polymer NPs. The flow cytometry 
apoptosis analysis showed a marked increase in Annexin Ⅴ positive apoptotic 
cells after 48 hours of co-incubation cells with Au@MSN + Laser 980 and 
Au@MSN-PTX@CPT@polymer + Laser 980. However, the increase in apoptosis 
was not significant in the group treated only with Au@MSN-
PTX@CPT@polymer NPs. Furthermore, the highest proportion of Annexin Ⅴ 
positive cells, reaching 78.5%, was observed in the Au@MSN-
PTX@CPT@polymer + Laser 980 treatment group. These findings suggest that 
Au@MSN-PTX@CPT@polymer + Laser 980 is the most effective treatment 
modality for inhibiting MDA-MB-231 cell growth. 

Correspondingly,  a co-incubation for 24 hours and selective exposure to 980 
nm (1 W/cm², 10 minutes) and 650 nm (0.4 W/cm², 5 minutes) laser irradiation 
were performed with OVCAR3 and SKOV3 cells, and different Au@MSN-
Ter/THPP@CM NPs. The WST-1 and flow cytometry apoptosis analysis  
demonstrated that the cell viabilities of OVCAR3 and SKOV3 cells within the 
Au@MSNs treated groups significantly decreased post 980 nm laser treatment 
primarily due to cell death induced by photothermal effect, especially in the 
highest NP concentration groups (Figures 20 D and E). When combined with 650 
nm laser irradiation, the 5 μg/mL Au@MSN-Ter/THPP@CM NPs significantly 
reduced the viability of both OVCAR3 and SKOV3 cells. These findings suggest 
that the Au@MSN-Ter/THPP@CM NPs can trigger fatal photodynamic reactions 
under 650 nm laser light, primarily due to the THPP photosensitizer 
encapsulated within the NPs. Therefore, these NPs demonstrate considerable 
promise for enhancing the efficacy of Photodynamic Therapy (PDT). 
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Furthermore, the viability of OVCAR3 and SKOV3 cells treated with Au@MSN-
Ter/THPP@CM NPs in combination with both 980 nm and 650 nm laser 
irradiations decreased more significantly compared to treatment with a single 
laser irradiation, reaching 7.7 ± 0.5% and 14.8 ± 6.4%, respectively. Meanwhile, 
in normal human dermal fibroblasts (NHDF), the cell viability after treatment 
with 5 μg/ml Au@MSN-Ter/THPP@CM NPs and both lasers was 41.5 ± 2.8%, 
suggesting a certain level of selectivity towards tumor cells exhibited by the 
Au@MSN-Ter/THPP@CM NPs. This phenomenon is primarily attributed to the 
tumor cell membrane wrapping induced by the NPs, resulting in selective 
cellular uptake. 

To improve the targeting of tumor sites by Au@MSN-Ter/THPP@CM NPs and 
to achieve enzyme-catalyzed photodynamic tumor destruction, we encapsulated 
these NPs within GelMA microspheres using microfluidic technology. UV 
crosslinking then made these microhydrogels suitable for direct injection into 
tumors (Figure 19). To test their antitumor effects on SKOV3 and OVCAR3 cells, 
we used live-dead and Annexin V/PI staining assays. Results showed that after 48 
hours, both Au@MSN-Ter/THPP@CM@GelMA and Au@MSN-
Ter/THPP@CM@GelMA/CAT treatments increased Annexin V-positive cells, 
indicating apoptosis. This effect was stronger with dual laser irradiation (650 nm 
and 980 nm) compared to single laser treatment, especially for the CAT-
containing microgel. Since Annexin V binds to damaged cell membranes, its 
fluorescence signals marked apoptotic cells. Thus, our findings suggest that these 
microgels effectively induce apoptosis in tumor cells, and dual laser irradiation 
further enhances this effect. 

The red fluorescent dye PI stains dead cells with damaged membranes, while 
Calcein-AM glows green in living cells. Using both dyes helps us distinguish 
between live and dead cells. In our experiments (Figure 20 H), SKOV3 and 
OVCAR3 cells treated with Au@MSN-Ter/THPP@CM@GelMA or Au@MSN-
Ter/THPP@CM@GelMA/CAT showed more red PI fluorescence and less green 
Calcein-AM fluorescence, indicating cell death. Laser treatments (650 nm and/or 
980 nm) intensified this effect, especially when both lasers were used together. 
Cells treated with Au@MSN-Ter/THPP@CM@GelMA/CAT and double lasers 
showed the most significant increase in cell death. These results suggest that our 
formulations, especially when combined with laser treatments, effectively induce 
apoptosis in OVCAR3 and SKOV3 cells. Moreover, Au@MSN-
Ter/THPP@CM@GelMA/CAT is more potent in causing cell death than Au@MSN-
Ter/THPP@CM@GelMA alone. 
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Figure 20. Cell growth inhibition by drug loaded Au@MSNs or their formed GELMA 
microspheres. Cell viabilities (A-B, and D-E), and cell apoptisis analysis (C) after 48 hours 
incubation with different drug combinations or different Au@MSN‐PTX@CPT@polymer NPs 
with/without laser conditions;  Cell apoptisis analysis (F and G) and representative confocal 
images (H and I) after 48 hours incubation with different Au@MSNs GELMA microspheres 
with/without laser conditions. Data in A-G are presented as mean ± SD from three 
independent experiments; Scale bar=200 nm in H and I. 
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5.3.4.2. Immunogenic cell death (ICD) pathway activation 
To validate the enhanced photodynamic reactions of Au@MSN-
Ter/THPP@CM@GelMA/CAT, we monitored reactive oxygen species (ROS) levels 
in SKOV3 cells using the DCFH-DA indicator. This non-fluorescent molecule turns 
fluorescent upon oxidation, allowing us to analyze cellular ROS. After 48 hours, a 
faint green signal was observed in cells treated with Au@MSN-
Ter/THPP@CM@GelMA/CAT (Figure 21 A and B). However, a significant increase 
in fluorescence occurred in both treated cell groups, especially with Au@MSN-
Ter/THPP@CM@GelMA/CAT, upon additional 650 nm laser treatment. 

Photodynamic therapy-induced cell-lethal ROS triggers the ICD signaling 
pathway. We further assessed ICD levels by analyzing Calreticulin (CRT) and High 
Mobility Group Box 1 (HMGB1). CRT, typically in the endoplasmic reticulum, 
relocates to the cell membrane under stress, signaling the immune system. 
HMGB1, an immune activator, is released from the nucleus under stress. As shown 
in Figure 21 C-D, while treatments with 5 mg/ml CAT and 10 μg/ml Au@MSN-
Ter/THPP@CM NPs alone didn't significantly affect SKOV3 cell viability, 
combinations with 650 nm laser irradiation increased CRT and HMGB1 signals, 
indicating ICD activation. Similar results were observed with Au@MSN-
Ter/THPP@CM@GelMA/CAT samples, confirming enhanced ICD activation with 
this treatment. 
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Figure 21. Drug loaded Au@MSNs activate ICD signal in SKOV3 cells.  Representative 
confocal microscope images (A, B, D and E) and flow cytometry analysis results (C) of CRT 
and HMGB1 stained SKOV3 cells after 24 hours of treatment of different Au@MSNs with or 
without laser irradiation. Scale bar = 20 μm. 
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5.3.5. Biodistribution and in vivo anti-tumor activity 
5.3.5.1. In vivo biodistribution 
The biodistribution of nanocarriers in the body, especially their accumulation in 
tumors, is key to the success of nanoparticle-based tumor therapies and 
minimizing organ toxicity. To assess this, we used xenograft mouse models 
derived from TNBC 4T1 and SKOV3 cells to study the biodistribution of 
Au@MSN-PTX@CPT@polymer NPs, Au@MSN-Ter/THPP@CM NPs, and a 
hydrogel formulation (Au@MSN-Ter/THPP@CM@GelMA/CAT). 

After injecting Au@MSN-PTX@CPT@polymer NPs into the tail vein, we 
observed rapid accumulation in tumor tissues within an hour, which continued 
to increase over 24 hours (Figure 22 A and B). Notably, their presence in critical 
organs like the liver, kidneys, and heart remained low. This may be due to the 
enhanced permeability and retention (EPR) effect and the coated p(NIPAM-co-
MAAc) polymer, but further studies are needed. 

Intratumoral injection of Au@MSN-Ter/THPP@CM@GelMA/CAT resulted in 
predominant NP accumulation in the tumor, with minimal detection in the liver. 
However, tail vein injection of Au@MSN-Ter/THPP NPs followed by dual laser 
treatment led to NP accumulation in the liver, tumor, lungs, and kidneys at 24 
and 48 hours (Figure 22 C). 

These results suggest that the in vivo distribution of Au@MSNs is influenced 
by the loaded drug and surface modifications. In situ injection formulations may 
be optimal for enhancing tumor-specific accumulation. 

Figure 22. In vivo biodistribution of different Au@MSNs and Au@MSNs formed GELMA 
microspheres. A, B. Representative IVIS images and corresponding quantitative data of 
mice and main organs at 1-24 hours post tail vein injection of Cy 5 labeled Au@MSN‐
PTX@CPT@polymer NPs (Organs in A: from left to right and up to down panels are tumor, 
liver, kidney, spleen, lung and heart); C. Representative IVIS images of mouse main organs 
post tail vein injection of Au@MSN-Ter/THPP@CM NPs or intratumoral injection of 
Au@MSN-Ter/THPP@CM@GELMA/CAT microspheres (Organs in C: from left to right and 
up to down panels are heart, liver, spleen, lung, kidney and tumor). Data in B are presented 
as mean ± SD from three independent experiments. 
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5.3.5.2. Anti-tumor activity in animal models 
Next, we conducted anti-tumor tests on Au@MSN-PTX@CPT@polymer NPs, 
Au@MSN-Ter/THPP@CM NPs, and the Au@MSN-Ter/THPP@CM@GelMA/CAT 
hydrogel in mouse tumor models. In the 4T1 model, both Au@MSN-
PTX@CPT@polymer NPs and the same NPs with laser treatment significantly 
inhibited tumor growth, with the latter being more effective. Body weight 
remained stable during treatment, and HE staining showed increased tumor 
apoptosis in both treated groups (Figure 23 A-C and G-H). 

In the ovarian tumor model developed from SKOV3 cells, both tail vein-injected 
Au@MSN-Ter/THPP@CM NPs and in situ-injected Au@MSN-
Ter/THPP@CM@GelMA/CAT reduced tumor weight under dual laser treatment. 
Tumors treated with Au@MSN-Ter/THPP NPs or Au@MSN-
Ter/THPP@CM@GelMA/CAT plus dual laser were significantly lighter than those 
treated only with the hydrogel. Histological analysis confirmed increased tumor 
cell death in all treated groups, particularly with the hydrogel plus laser. Ki 67 and 
Tunel staining mirrored these results, indicating reduced proliferation and 
increased apoptosis (Figure 23 D-F and I-N). In conclusion, both formulations and 
treatment methods effectively inhibited tumor growth, with in situ injection of 
Au@MSN-Ter/THPP@CM@GelMA/CAT plus laser treatment being the most 
effective cancer therapy strategy. 

In summary, the Au@MSNs drug-loaded NPs and their hydrogel microspheres 
prepared in this work exhibited remarkable anti-tumor effects, particularly when 
used in conjunction with specific lasers, i.e., 980nm laser required for gold rod 
photothermal response and 650nm laser needed for THPP photodynamic 
reaction, thus achieving a synergistic effect of multiple anti-tumor actions. 
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5.3.5.3. Safety assessment and biocompatibility 
Finally, the main organs (including the heart, liver, spleen, lungs, and kidneys) of 
mice treated for 24 days with Au@MSN-PTX@CPT@polymer NPs and for 15 days 
with either Au@MSN-Ter/THPP@CM NPs or the Au@MSN-
Ter/THPP@CM@GelMA/CAT hydrogel were examined. Histological analysis of 
these organs, conducted through Hematoxylin and Eosin (HE) staining of tissue 

Figure 23. Antitumor efficacy of different drug loaded Au@MSN formulations. A-C. 
Representative tumour tissues, tumor growth curves, and body weight changes under 
different drug combinations and Au@MSN‐PTX@CPT@polymer NPs, with/without laser 

treatment; D-F. Representative tumour tissues, tumor growth curves, and body weight 
changes under Au@MSN-Ter/THPP@CM NPs and Au@MSN-Ter/THPP@CM@GELMA/CAT 
microspheres, with/without laser treatment;  G-N. Representative HE , Ki67, and Tunel 
staining of tumor tissues, along with their corresponding quantitative scores. Data are 
presented as mean ± SD from three independent experiments; Scale bar=200 μm in G-M; * 
P<0.05, ** P < 0.01, *** P < 0.001. 
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sections revealed no significant tissue damage (Figures 24 A and B). These 
findings indicate that over the duration of treatment, both the Au@MSNs 
formulations and hydrogel microspheres did not exhibit significant organ toxicity. 

 
 
  

Figure 24. Representative HE staining images of mouse main organs after treatment 
of different drug loaded Au@MSNs formulations. Scale bar=200 μm. 
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5.4. MOFs for precison cancer therapy (papers III,  IV & V) 

This sectionmainly centers around the application of MOFs in the precise 
treatment of tumors. It showcases the preparation, characterization, and the 
anti-tumor efficacy at both cellular and animal levels of ZIF-8 and ZrTCP NP-
based drug delivery carriers.. 

5.4.1. Preparation and characterization of multifunctional MOFs 

(paper III, Ⅳ & Ⅴ) 

5.4.1.1. Morphology and physicochemical properties of MOFs 
In this work, self-assembly techniques were employed to fabricate ZIF-8 NPs by 

using zinc ions and 2-methylimidazole （2-MIM）as a ligand, and ZrTCP NPs by 

using metal zirconium ions and the photosensitizer TCPP as a ligand. The aim 
was to demonstrate their use for the delivery of mRNA, siRNA, and natural active 
small molecule drugs for tumor therapy. As illustrated in Figure 25, the 
synthesized ZIF-8 NPs are regular polyhedral particles measuring 120-130 nm 
in size and carry a positive charge in water solutions (Figures 25A, D, J, and I). 
Following the loading of EGFP mRNA or the natural compound AE, the 
mEGFP@ZIF-8 NPs exhibited significant alterations in dispersibility and 
morphology in deionized water, and the size of the AE@ZIF-8 NPs increased to 

Figure 25. Morphology, size and zeta-potential of ZIF-8 and ZrTCP NPs. Representative 
TEM images of ZIF-8 and EGFP mRNA loaded ZIF-8 NPs (A-C), ZrTCP and FOXK2 siRNA 
loaded NPs (E and F), ZIF-8 and AE loaded NPs (J-L); Nanoparticle size and Zeta-potential of 
mEGFP@ZIF-8 NPs (D and I), ZrTCP@siFOXK2@CM NPs (G and H), and AE@ZIF-8 NPs (M 
and N). Scale bars are as follows: 200 nm in A-C and J-L; 100 nm in E and F; . Data in D, G-I, 
and M-N are presented as mean ± SD from three independent experiments. 

N 
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155 nm (Figures 25B, D, K, and M). To optimize the dispersibility and surface 
charge of mEGFP@ZIF-8 NPs for enhanced mRNA delivery, Poly-L-arginine 
hydrochloride (PLR) polymer (positively charged, facilitating electrostatic 
adsorption of mEGFP molecules and modulating the nanoparticle surface charge) 
was introduced during their synthesis. Meanwhile, to enhance the blood 
circulation time and blood-brain barrier penetration of AE@ZIF-8 NPs, the NPs 
were further coated with transferrin-modified PLGA polymer Tf-PEG-PLGA, 
which targets transferrin receptors (TfR) on vascular endothelial cells and 
glioblastoma cells in the brain. As shown in Figures 25C, D, and I, the 
introduction of PLR significantly improved the dispersibility of 
mEGFP&PLR@ZIF-8 NPs and adjusted their size to 80 nm simultaneously 
rendering the NPs with a positive charge (facilitating interaction with negatively 
charged cell membranes). Furthermore, after coating with Tf-PEG-PLGA 
polymer, the surface of the AE-NPs exhibited noticeable cloudy structural 
changes (Figures 25 L-N). Correspondingly, the ZrTCP NPs, synthesized using 
the photosensitizer TCPP as a ligand in a reaction with zirconium ions, were 
regularly spindle-shaped, about 104 nm in diameter, and negatively charged 
(Figures 25E and G). After adsorption loading with FOXK2 siRNA and coating 
with cell membranes derived from SKOV3 cells, the ZrTCP@siFOXK2@CM 
particles maintained an elliptical shape, and displayed a clear membrane 
structure on their surface (Figure 25F). Notably, the particle size of these cell 
membrane-coated NPs increased to 125.3 nm, and their surface charge was 
further reduced to -34.6 mV (Figures 25G and H). 

5.4.1.2. Drug loading and stimuli-responsive release 
Compared to traditional small molecule chemotherapy drugs, nucleic acid-based 
drugs face more challenges in in vivo delivery. This is mainly due to the 
instability and sequence specificity of nucleic acid molecules. To better validate 
the feasibility of MOFs as carriers for nucleic acid-based drugs,  
mEGFP&PLR@ZIF-8 NPs were used as a template. This work demonstrates the 
encapsulation efficiency and protective ability of ZIF-8 NPs for mEGFP RNA. As 
shown in Figure 26, by miximg mEGFP RNA with PLR to aggregate the RNA 
molecules, and then by using different mass ratios of the ligand 2-
methylimidazole (2-MIM) and mRNA enabled the preparation of 
mEGFP&PLR@ZIF-8 NPs. After quantitatively analyzing the free RNA in the 
post-reaction supernatant, it was found that the highest loading efficiency of 
mEGFP was 15% at a 1:400 mass ratio of 2-MIM to RNA, with an encapsulation 
efficiency of 100% (Figure 26 A). When mEGFP&PLR@ZIF-8 was incubated with 

culture medium containing 20% FBS at 37 ℃  for 0-4 hours, agarose gel 

electrophoresis showed only minor degradation of mEGFP RNA within the NPs 
(Figure 26 A). 

ZIF-8 NPs have garnered attention in the field of drug delivery due to their 
excellent pH responsiveness. To verify the pH-responsive degradation and drug 
release of our ZIF-8 NPs, the AE-NPs encapsulated with AE drug and coated with 
Tf-PEG-PLGA (Figure 26 C and D) were exposed to solutions of pH 5.5 and pH 
7.4. TEM images showed that an exposure of 48 hours to the pH 5.5 environment 
led to structural changes in the AE-NPs, and that the AE-NPs had almost 
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completely disintegrated after 96 hours (Figure 26 E). Meanwhile, AE was 
gradually released from the AE-NPs, with almost complete release after 120 
hours. In contrast, only a small amount of AE was released from the AE-NPs in 
the pH 7.4 solution after 120 hours (Figure 26 F). These results indicate that ZIF-
8 NPs possess excellent capabilities for loading and protecting RNA and small 
molecule drugs, while also posessing pH responsiveness. 

5.4.2. Cellular interactions 

5.4.2.1. Cell uptake 
Next, the cellular uptake capabilities were investigated of ZrTCP NPs labeled with 
the fluorescent dye Cy5.5, and ZIF-8 NPs labeled with the fluorescent dye ICG by 
using fluorescence confocal microscopy and flow cytometry. The results, as 
illustrated in Figure 27, showed that  the intracellular fluorescence intensity of 
ZrTCP@siCtrl-Cy5.5 NPs, marked with red fluorescence did significantly increase 
in a time-dependent manner after 2-6 hours co-incubation of the NPs with SKOV3 
cells. Moreover, compared to NPs without cell membrane wrapping, the 
ZrTCP@siCtrl-Cy5.5@CM NPs enveloped by SKOV3 cell membranes exhibited a 
significant increase in intracellular NP fluorescence intensity after the same 
duration of incubation with SKOV3 cells (Figures 27A, B, and D). In contrast to free 

Figure 26. Drug loading and physical properties of ZIF-8 NPs. A. Encapsulation efficiency 
of EGFP mRNA by ZIF-8 NPs at different mRNA to ZIF-NPs mass ratio (ZIF-8 NPs are 
calculated by the weight of 2-MIM used for ZIF-8 synthesis); B. Agarose-gel electrophoresis 
of mEGFP&PLR@ZIF-8 NPs after 0-4 hours of incubation with 20%FBS at 37 ℃; UV 
absorption spectrum (C) and FTIR spectra analysis (D) of AE@ZIF8 NPs; Representative TEM 
images (E) and drug release profiles (F) AE@ZIF-8 NPs under different pH conditions. Scale 
bar in E is 200nm. Data in A, C, D and F are presented as mean ± SD from three independent 
experiments. 
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ICG fluorescent dye, the ICG@ZIF-8 NPs showed less intracellular ICG 
fluorescence intensity after 6 hours of co-incubation with glioblastoma U87MG 
cells. However, ICG-NPs coated with Tf-PEG-PLGA demonstrated a significant 
enhancement in intracellular ICG fluorescence intensity after 6 hours of co-
incubation with U87MG cells (Figures 27C and E). These results indicate that 
MOFs represented by ZrTCP and ZIF-8 exhibit efficient cellular phagocytosis, and 
modifications such as cell membrane or polymer coatings can enhance the cellular 
uptake of these types of NPs. 
 

 

Figure 27. Cell uptake of ZrTCP and ZIF-8 NPs. Representative confocal images (A and B) 
and quantitative data (D) of Cy5.5 positive SKOV3 cells after 24 hours incubation with siCtrl-
Cy5.5 loaded ZrTCP NPs; Representative confocal images (C) and flow cytometry analysis 
results (E) of ICG positive cells after incubation with free ICG or ICG labeled ZIF-8 NPs. Scale 
bars are as follows: 20 μm in A and B; 200 μm in C. Data in D and F are presented as mean ± 
SD from three independent experiments; * P<0.05, ** P < 0.01, *** P < 0.001. 
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5.4.2.2. Lysosomal escape 
Subsequently, the assessment of the capability of MOFs to escape from 

lysosomes was evaluated by using ZrTCP NPs as an example. Observations from 

fluorescence confocal microscopy revealed that after co-incubation with SKOV3 

cells, the ZrTCP@siCtrl-Cy5.5@CM NPs primarily distributed within the 

cytoplasm. However, the green fluorescence signal of the lysosomal probe 

LysoTracker did not overlap with the red fluorescence signal of the NPs. This was 

also independent of the duration of incubation (Figures 28A and B). These results 

suggest that ZrTCP@siCtrl-Cy5.5@CM NPs possess a strong ability to escape from 

lysosomes. Alternatively, the pathway for ZrTCP@siCtrl-Cy5.5@CM NPs entering 

the cells might not rely on the conventional endocytic pathways. However, further 

research is needed to confirm these findings. 

 

5.4.3. GelMA microhydrogel preparation and characterization 
The strategy of encapsulating NPs in GelMA hydrogel microspheres for in situ 
injection was also applied in the precise treatment of cancer using ZrTCP NPs. 
In this work, ZrTCP@siFOXK2@CM NPs were co-encapsulated with the diabetes 
medicine Metformin within GelMA microspheres. When the GelMA 
microspheres gradually released Metformin and ZrTCP@siFOXK2@CM NPs into 
cells, the Metformin and FOXK2 siRNA within the NPs synergistically targeted 
the metabolic pathways of the tumor cells. As shown in Figure 29, after 48 hours 
of combined treatment with Metformin and ZrTCP@siFOXK2@CM the cell 
viabilities of SKOV3 and OVCAR3 cells were significantly decreased (Figures 29 
A and B). ZrTCP@siFOXK2/Met@CM@GelMA microspheres of various sizes 
were successfully fabricated by using microfluidic technology (Figures 29 C-E). 

Figure 28. Lysosomal escape of ZrTCP NPs in SKOV3 cells. A. Representative confocal images 
of SKOV3 cells after incubation with ZrTCP@siCtrl-Cy5.5@CM NPs; B. Overlap analysis of the 
red Cy5.5 and green LysoTracker fluorescence signals in A. Scale bar in A are 20 μm. Data in 
B are presented as mean ± SD from three independent experiments. 
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These GelMA microspheres demonstrated effective drug release with time-
dependent degradation (Figures 29 F and G). Furthermore, the 
ZrTCP@siFOXK2/Met@CM@GelMA microspheres exhibited potent anti-tumor 
effects both in cells and in mice under the influence of 650 nm laser treatment 
(Figures 30 and 33). 
 

 

5.4.4. In vitro anti-tumor activity 

5.4.4.1. Cell growth inhibition 
The findings in this work demonstrate that tumor cells exhibit a high phagocytic 
efficiency towards MOFs, and these MOFs also exhibit excellent lysosomal escape 
capabilities within cells. The cytotoxicity of MOFs and their drug-loaded 
counterparts in combating tumor cells at the cellular level were further assessed. 
 

Figure 29. Synthesis and release dynamics of ZrTCP@siFOXK2/Met@CM@GelMA. A, B. 
Cell viabilitives after 48 hours treatment with different ZrTCP NPs; C-E. Schematic of 
microfluidic chip for the preparation, representative SEM images and particle size of 
ZrTCP@siFOXK2/Met@CM@GelMA microspheres synthesized using varying external 
(flow2: 5% Span 80 in mineral oil) and internal (flow1: mix of NPs, metformin, and GELMA) 
flow rates; F. Release profiles of metformin from the microspheres in PBS buffer, 
with/without 980 nm laser irradiation (1 W/cm², 10 min); G. Representative microscope 
images of ZrTCP@siFOXK2/Met@CM@GelMA microspheres in 28 days. Scale bar in D is 100 
μm. Data inA, B, E and F are presented as mean ± SD from three independent experiments; * 
P<0.05, ** P < 0.01, *** P < 0.001. 
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Figure 30. Cell survival inhibition by drug loaded ZIF-8 and ZrTCP NPs. Cell viabilities 
(A-D), and representative microscope images (E) of cells after incubation with different ZIF-
8 and ZrTCP NPs; Representative confocal microscope images of Calcein-AM/PI stained cells 
(F and G) and cell apoptosis analysis (H and I) of cells after incubation with ZrTCP NPs based 
GelMA microspheres with/without laser irradiation. Scale bar=200 μm in E, F and G. Data in 
A-D and H-I are presented as mean ± SD from three independent experiments. 
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Initially, the cytotoxicity of empty ZIF-8 NPs was tested to determine the safe 
concentration for their use. As shown in Figure 30A, after co-incubation with 
various tumor cells for 48 hours, the ZIF-8 NPs at a concentration of 0.625 mg/ml 
significantly decreased the cell viabilities of HCT-116 colon cancer cells, MCF-7 
breast cancer cells, MDA-MB-231 cells, and PANC1 pancreatic cancer cells. 
Additionally, the cell viabilities of A549 lung cancer cells and HeLa cervical cancer 
cells were significantly suppressed at a concentration of 1.25 mg/ml of ZIF-8 NPs. 
These results indicate that empty ZIF-8 NPs at low concentrations (less than 0.625 
mg/ml) do not exhibit significant cytotoxicity to tumor cells. Subsequently, the 
cytotoxicity of ZrTCP NPs loaded with siFOXK2 RNA and ZIF-8 NPs loaded with 
AE, as well as their anti-tumor effectiveness at the cellular level were examined. 
As depicted in Figure 29, the ZrTCP@siFOXK2 NPs carrying RNA for silencing the 
FOXK2 tumor gene did significantly inhibit the survival of SKOV3 and OVCAR3 
cells. Moreover, when encapsulated with the cell membrane of SKOV3 cells, the 
ZrTCP@siFOXK2@CM NPs showed a notably enhanced inhibitory effect on cell 
survival (Figures 30 B and C). Additionally, co-incubation of U87MG cells with 5 
µM AE-NPs for 24 hours caused a significant reduction in cell survival and 
noticeable pyroptotic-like changes in cell morphology (Figures 30 D and E). These 
results suggest that both ZrTCP NPs carrying therapeutic RNA and ZIF-8 NPs 
loaded with AE significantly suppress the survival of specific tumor cells. 

Furthermore, to enhance the anti-tumor efficacy of ZrTCP@siFOXK2 NPs, the 
same strategy used for Au@MSN-Ter/THPP@CM@GelMA/CAT microspheres 
was adopted. This involved encapsulating ZrTCP@siFOXK2 NPs within GelMA 
microspheres which also contained the FDA-approved diabetes medicin 
Metformin to synergistically target tumor cell metabolic pathways for cancer 
treatment (Figure 30). The anti-tumor efficacy of the prepared 
ZrTCP@siFOXK2/Met@GelMA microspheres was then assessed at the cellular 
level by using Calcein-AM/PI dual staining and flow cytometric apoptosis assays. 
As shown in Figures 30F-I, the ZrTCP@siFOXK2/Met@GelMA microspheres 
significantly enhanced apoptosis in SKOV3 and OVCAR3 cells. The combined use 
of 650 nm laser irradiation further augmented their apoptosis-inducing effect. 
This study essentially confirms the synergistic anti-tumor actions of siFOXK2 and 
Metformin, as well as the photodynamic anti-tumor effect produced by the 
photosensitizer TCPP within the ZrTCP NPs, which can be activated by 650 nm 
laser light.  

5.4.4.2. Induced gene therapy 
The concept of using MOFs for gene therapy for precision cancer therapy was 
further explored in this work. As depicted in Figure 31, EGFP mRNA was loaded 
into ZIF-8 NPs and FOXK2 siRNA into ZrTCP NPs. These Nps were then co-
incubated with cells. After 48 hours, the Hela cells co-incubated with 
mEGFP&PLR@ZIF-8 NPs exhibited substantial expression of green fluorescent 
protein (Figure 31A). Meanwhile, the cell viability of SKOV3 and OVCAR3 cells 
significantly decreased after 48 hours of co-incubation with ZrTCP@siFOXK2 
NPs and Metformin (Figures 29 A and B). At the cellular level, the combined 
treatment with siFOXK2 and Met led to a noticeable downregulation of FOXK2 
gene expression and a significant reduction in cell viability (Figures 31B-D). 
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These results indicates that the MOFs successfully delivered mRNA and siRNA 
into the cells, thus achieving RNA-based gene expression and gene silencing. 

5.4.4.3. Activation of the cell pyroptosis pathway 
Previously when utilizing  ZIF-8 NPs to deliver AE for the treatment of 
glioblastoma, they were initially encapsulated  with Tf-PEG-PLGA polymer. This 
successfully achieved targeted delivery  to glioblastoma cells (Figures 27 and 

Figure 31. ZIF-8 and ZrTCP NPs for RNA and targeted molecular intracellular delivery. 
A. Representative fluorescence microscope images of Hela cells after incubation with EGFP 
mRNA loaded ZIF-8 NPs; FOXK2 expression analysis (B) and cell viabilities (C and D) 
ffollowing a 48-hours treatment with metformin and FOXK2 siRNA; E, F. GSDME expression 
in GBM cancer and cancer cells; G. GSDME expression in U87MG cells after treatment with 
AE or AE loaded ZIF-8 NPs; Flow cytometry analysis of T cells (H-K) and q-PCR analysis of  
immune-related biomarker (L-N) changes in tumor tissues; Scale bar in A is 100 μm. Data in 
C-E and H-N are presented as mean ± SD from three independent experiments; * P<0.05, ** 
P < 0.01, *** P < 0.001. 
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32). The reason for loading AE into ZIF-8 NPs was primarily due to the ability of 
AE to activate the pyroptotic pathways in glioblastoma cells, thereby promoting 
cell pyroptosis (Figure 31E). As shown in Figure 31, the AE-induced pyroptosis 
was mainly dependent on the activation of the GSDME pyroptotic signaling 
pathway (Figures 31E-G). The use of ZIF-8 NPs for the delivery of AE also 
successfully induced pyroptosis in glioblastoma cells at the animal level (Figures 
31H-L). Moreover, AE-NPs also activated the immune status within the 
glioblastoma tumor microenvironment, thereby showing high potential to be 
used in immunotherapy for glioblastoma (Figures 31H-N). 

5.4.5. Biodistribution and in vivo anti-tumor activity 

5.4.5.1. In vivo biodistribution 
So far, this work has confirmed the anti-tumor activity of drug-loaded ZrTCP and 
ZIF-8 NPs at the cellular level. To validate their anti-tumor efficacy in vivo requires 
an examination of their distribution in the body following intravenous tail 
injection or in situ injection. 

As illustrated in Figures 32A and B where a mouse tumor model developed 
from subcutaneous implantation of SKOV3 cells were used, a high concentration 
of ZrTCP@siFOXK2@CM NPs was detected in mouse tumor tissues just 24 hours 
after intravenous tail injection or in situ injection of 
ZrTCP@siFOXK2@CM/Met@GelMA. However, a significant accumulation of  
intravenously injected ZrTCP@siFOXK2@CM NPs was also observed in the liver 
and kidney tissues of mice. In contrast, in situ injected 
ZrTCP@siFOXK2@CM/Met@GelMA NPs resulted only in partial accumulation in 
the kidneys, and tsehe NPs persisted in the tumor tissue for up to 15 days after a 
single tumor injection. 

The distribution of ICG-labeled ZIF-8 NPs in a mouse model of glioma following 
intravenous tail injection was simultaneously tested. Analysis of the mouse brain 
tissue and major organs (heart, liver, spleen, lung, kidney) through in vivo imaging 
(Figures 32C-E) showed that the free ICG dye, ICG@ZIF-8 NPs, and ICG-NPs 
accumulated in large amounts in the brain tissue within 15 minutes post-injection. 
Notably, ICG-NPs persisted in significant amounts for at least 24 hours, while 
ICG@ZIF-8 NPs remained in the brain tissue for 12 hours, which was longer than 
the 6 hours for the free ICG dye. Moreover, the accumulation of ICG-NPs in the 
brain tissue was markedly higher than that of ICG@ZIF-8 NPs. However, all three 
materials extensively accumulated in the liver, lungs, and kidneys post-injection. 
Further brain tissue slice analysis (Figure 32F) revealed that ICG was widely 
distributed in both brain and tumor tissues in the free ICG injection group.. In 
contrast, the ICG fluorescence signals in the ICG@ZIF-8 and ICG-NP  groups were 
primarily concentrated in the tumor tissue areas, with the ICG-NPs group showing 
a more pronounced distribution in tumor tissues. 

These results indicate that MOFs injected intravenously can rapidly 
accumulate in tumor tissues, but also extensively in the liver and kidneys, which 
is a major metabolic pathway for most intravenously injected NPs in the body. 
However, it was also found that in situ injection of GelMA microspheres 
significantly enhanced the retention and persistence of ZrTCP NPs in tumor 
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tissues. Furthermore, Tf-PEG-PLGA-coated ZIF-8 NPs (ICG-NPs) demonstrated 
significantly enhanced accumulation and persistence in brain tissues. This 
suggests that Tf-PEG-PLGA coating effectively enhances their ability to breach the 
blood-brain barrier and target glioma cells. 
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Figure 32. In vivo biodistribution of different ZrTCP NPs and ZIF-8 NPs. A, B. 
Representative IVIS images and corresponding quantitative data of mice main organs at 
indicated time points by tail vein injection of ZrTCP@siFOXK2@CM and post-intratumoral 
injection of ZrTCP@siFOXK2@CM/Met@GelMA; C-E. Representative IVIS images and 
corresponding quantitative data of mice brain and main organs at indicated time point by 
tail vein injection of different ZIF-8 formulations; F. Representative confocal microscope 
images of brain slices after 6 hours of tail vein injection of different ZIF-8 formulations. Scale 
bar in F is 200 μm. Data in B and D are presented as mean ± SD from three independent 
experiments. 
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5.4.5.2. Anti-tumor activity in animal models 
Next, the in vivo anti-tumor efficacy of various MOF formulations in mice were 
evaluated. The anti-tumor effects of ZrTCP NPs were initially tested in a 
subcutaneous tumor model in mice using SKOV3 cells. As depicted in Figure 31, 
significant tumor growth inhibition was observed following in situ injection of 
ZrTCP@siFOXK2/Met@CM@GelMA or equivalent doses of 
ZrTCP@siFOXK2@CM and Met via tail vein injection, coupled with selective 650 
nm laser irradiation in the tumor area of mice every three days for 18 
consecutive days. Treatments with ZrTCP@siFOXK2/Met@CM@GelMA, 
ZrTCP@siFOXK2/Met@CM+laser, ZrTCP@siFOXK2/Met@GelMA+laser, and 
ZrTCP@siFOXK2/Met@CM@GelMA+laser all significantly curbed tumor growth, 
with the latter three demonstrating a more pronounced effect compared to the 
ZrTCP@siFOXK2/Met@CM@GelMA group alone (Figures 33A and B). Analysis 
of tumor tissues through FOXK2 immunohistochemistry, H&E, Ki67, and TUNEL 
staining revealed extensive damage and necrosis in tumors treated with these 
formulations, particularly notable in the ZrTCP@siFOXK2/Met@GelMA+laser 
and ZrTCP@siFOXK2/Met@CM@GelMA+laser groups. Furthermore, a 
significant reduction in FOXK2 gene expression was observed in tumor tissues 
across all treatment groups, with the lowest levels in the 
ZrTCP@siFOXK2/Met@CM@GelMA and 
ZrTCP@siFOXK2/Met@CM@GelMA+laser groups (Figures 33C-G). These 
results indicate that ZrTCP NPs successfully delivered the FOXK2 gene to tumor 
cells, producing a significant combined anti-tumor effect under the influence of 
650 nm laser irradiation. 

Subsequently, in vivo experiments on a GL261 cell orthotopic glioma mouse 
model (TU 33H-L) demonstrated that both free AE and AE-NPs significantly 
inhibited tumor growth. However, the tumor growth inhibition caused by AE 
was likely primarily through inducing tumor tissue necrosis. Additionally, a 
significant increase in survival rates in mice treated with free AE, AE@ZIF-8, and 
AE-NPs NPs was observed. This indicates that drug-loaded ZIF-8 NPs not only 
suppress the growth of gliomas, but also significantly improve the survival 
status of mice. 
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Figure 33. Antitumor efficacy of different drug loaded ZrTCP and ZIF-8 NPs 
formulations. Representative tumour tissues (A), tumor growth curves (B), representative 
FOXK2 stain images (C), HE stain score (D), FOXK2 stain score (E), Ki67 stain score (F) and 
TUNEL stain score (G) of tumor tissues after treatment with different ZrTCP NP 
formulations;  Representative tumour tissues (H), tumor weight (I), Ki67 index (J), mice 
survival curve (K), and representative images of tumor slices with HE and Ki67 (L) staining 
after treatment with different ZIF-8 NP formulations. Scale bars are as follow: 100 μm in C; 
200 μm in L. Data are presented as mean ± SD from three independent experiments; * P<0.05, 
** P < 0.01, *** P < 0.001. 
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5.4.5.3. Safety assessment and biocompatibility 

Finally, examination of the major organs and blood biochemical markers of the 
test mice were cunducted to better assess the potential in vivo toxicity of MOFs. 
The results, as shown in Figures 34A and B, indicated that neither in situ injection 
of ZrTCP@siFOXK2/Met@CM@GelMA microspheres nor intravenous injection of 
ZrTCP@siFOXK2@CM and various ZIF-8 NPs caused any noticeable damage to the 
major organs of the mice. However, intravenous injection of free AE did result in 
a certain degree of liver damage. Changes in the key markers for liver and kidney 
damage, such as ALT, AST, γ-GT, BUN, and CRE, suggest that intravenous injection 
of free AE and AE@ZIF-8 NPs caused varying levels of damage to liver and kidney 
functions. In contrast, AE-NPs effectively avoided causing damage to the liver and 
kidney functions. 

 

Figure 34. In vivo cytotoxicity of different ZrTCP and ZIF-8 NP formulations. Representative 
HE stain images of main organs after treatment with different ZrTCP (A) or ZIF-8 (B) NPs 
formulations; Cell viability of U87MG cells (C) and mouse serum main biomarker changes 
(D-H) after treatment with different ZIF-8 nanoformulations. Scale bar in A and B are 100 
μm. Data in C-H are presented as mean ± SD from three independent experiments; * P<0.05, 
** P < 0.01, *** P < 0.001. 
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6. Conclusion and future perspectives 

6.1. Summary of key findings 

This thesis is a comprehensive study that demonstrates the utilization of MSNs 
and MOFs to synthesize and fabricate various multifunctional, combined drug 
delivery carriers targeting tumor cells through intelligent structural designs. 
These carriers not only achieve multi-modal tumor treatment combining PDT, 
PTT, chemotherapy, and gene therapy, but also enable controlled drug release, 
and synergistic tumor treatment through meticulous structural design. The 
main aspects in this thesis are summarized as follows. 

One of the key achievements of  the research in this thesis is the development 
of a multifunctional nanocarrier, capable of enhancing drug loading, targeting 
specificity, and reducing systemic toxicity. Specifically, the development of the 
photothermal/temperature-responsive nanoplatform for the treatment of 
TNBC, effectively integrating photothermal therapy with combined 
chemotherapy treatment strategies. Additionally, the biomimetic 
nano@microgel systems developed for the treatment of ovarian cancer 
enhanced the photodynamic responses and photothermal conversion, resulting 
in significant anti-tumor effects. 

Another notable achievement is the smart designs of various drug delivery 
systems. In particular, theZrTCP@siFOXK2@CM/Met@GelMA hydrogel 
microspheres that were developed and demonstrated in use for ovarian cancer 
treatment. This novel strategy facilitated dual delivery of Metformin and FOXK2 
siRNA, and targeting the metabolic pathways of cancer cells which significantly 
inhibited tumor growth. This thesis also explores the use of aloe-emodin (AE) to 
induce cell death in GBM cells and the enhancement of blood-brain barrier 
penetration through AE@ZIF-8/Tf-PEG-PLGA NPs, thus demonstrating the 
multifunctionality and efficacy of these nanocarriers. Moreover, the potential 
application of ZIF-8 NPs as intracellular messengers for RNA delivery was 
studied and discussed. 

Overall, this thesis comprehensively analyzes the potential of porous 
nanomaterials in cancer therapy. In-depth investigations were conducted in the 
synthesis, characterization, and application of these NPs as drug delivery 
vehicles, highlighting their efficiency in co-delivering drugs, their capability of 
controlled drug release, and responsiveness to specific tumor conditions. These 
findings paves a new path for the use of nanomaterials in cancer treatment and 
offers fresh opportunities and possible solutions for precision oncology. 

6.2. Future directions and recommendations 

With the continuous advancement of medical nanomaterials technology, its 
potential in the field of precise cancer treatment is increasingly apparent. 
Especially in the aspect of drug delivery, the development of nanomaterials is 
constantly promoting the research and application of nanomedicine for precise 



64 
 

cancer treatment. Porous nanomaterials, as a special type of nanomaterials, are 
expected to play a significant role in precise cancer treatment. 

Firstly, porous nanomaterials have broad applications in the in vivo delivery 
of nucleic acid drugs. Small molecules of nucleic acid drugs, with their 
remarkable specificity and effectiveness, have become an ideal choice for 
personalized cancer treatment. However, their clinical application is limited by 
factors such as instability and biological membrane barriers. Porous 
nanomaterials, with their high specific surface area and good biocompatibility, 
provide an effective carrier for the delivery of nucleic acid drugs. Nevertheless, 
it should be noted that the current loading methods may lead to the exposure 
and degradation of drug fragments. Therefore, optimizing the performance of 
porous nanomaterials through structural design and surface modification will 
be the key to promoting their application in nucleic acid drug delivery. 

Secondly, porous nanomaterials are expected to provide effective transport 
carriers for specific drug delivery to brain tumors. The special physiological 
structure of the blood-brain barrier has always been a challenge in drug 
treatment for brain tumors. The customizable preparation characteristics and 
abundant surface-active groups of porous nanomaterials enable them to be 
specifically modified (such as with tumor-specific antibodies or blood-brain 
barrier-specific receptors) and tailored to specific sizes for targeted drug 
delivery to brain tumor tissues. This opens up new possibilities for the 
treatment of brain tumors. 

Thirdly, porous nanomaterials also show great potential in the treatment of 
solid tumor tissues. The density of solid tumors and the encapsulation of 
external collagen make it difficult for drugs or conventional nanocarriers to 
penetrate. However, porous nanomaterials, with their strong drug-loading 
capacity and modifiable surface, can be designed as targeted delivery carriers 
for solid tumors. Through approaches like cascade reactions, they can first 
disrupt the dense outer structure of tumor tissues and then release the drugs to 
exert their therapeutic effects. 
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Abstract
Triple‐negative breast cancer (TNBC) is still the most aggressive cancer in
women. Combination chemotherapy holds great potential for cancer therapy;
however, the off‐target and side effects of free chemotherapy administration
remain a major challenge. In this study, we developed a photo/thermo‐
responsive nanoplatform that can be used for TNBC treatment via photo-
thermic therapy in combination with multidrug therapy. By conjugating the
chemotherapy drug PTX prodrug on the surface of mesoporous silica‐coated
gold nanorod nanoparticles and then loading another chemotherapy drug,
CPT, the Au@MSN‐PTX@CPT nanoparticles exhibited great photothermal
response, redox response drug release and cancer cell inhibition abilities.
Otherwise, we further coated the Au@MSN‐PTX@CPT nanoparticle with a
temperature‐sensitive polymer poly(N‐isopropylacrylamide‐co‐methacrylic
acid) (p(NIPAM‐co‐MAAc)), and the polymer‐coated Au@MSN‐PTX@TPT-
@polymer nanoparticles showed perfect near‐infrared (NIR) light controlled
drug release. Finally, the Au@MSN‐PTX@CPT@polymer nanoparticles were
injected into the 4T1 breast cancer mouse model. The Au@MSN‐
PTX@CPT@polymer nanoparticles preferably accumulated at the tumor site
and had reduced chemotherapy injuries and great antitumor activity when
combined with 650 nm laser treatment. In summary, our developed
Au@MSN‐PTX@CPT@polymer nanoparticles served as a good method for
controlled chemodrug delivery and provided a good choice for TNBC combi-
nation therapy.
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1 | INTRODUCTION

Triple‐negative breast cancer (TNBC) is one of the
most aggressive breast cancer subtypes and has high
rates of recurrence and metastasis and a poor prog-
nosis.1 The main methods for breast cancer treatment
include surgery, chemotherapy, hormonal therapy, and
targeted drug therapy.1b However, due to the lack
expression of progesterone receptor (PR), estrogen re-
ceptor (ER) and human epidermal growth factor re-
ceptor 2 (HER2), TNBC does not respond to most
developed breast cancer target drugs1a,2; thus, chemo-
therapy is still the only option for TNBC patients.3

However, the treatment is unsatisfactory because of
frequently occurring drug resistance, and the overall
survival is only 10–13 months. Therefore, the develop-
ment of new therapies for the treatment of TNBC is
still in high demand.

Combination chemotherapy, the use of two or more
chemotherapy drugs for cancer treatment, has emerged
as a widely used method for cancer treatment in the
clinic because of reduced chemotherapy drug adminis-
tration and the potential synergistic antitumor activity
of chemotherapy drugs.4 It was reported that the com-
bined use of multiple chemotherapy drugs reduced drug
resistance owing to its multiple antitumor activities.
Targeting different cell pathways by the combination of
several different chemotherapy drugs enhanced the
antitumor effect.5 In addition, the cytotoxicity of
chemotherapy drugs can be reduced via the selection
using of certain chemotherapy drugs. For example, the
toxicity of alkylating agents can be reduced by using
euclide compounds. Combination chemotherapy is also
used for the treatment of breast cancer, for example, the
commonly used regimens TAC (the combination of
paclitaxel [PTX], doxorubicin [DOX] and cyclophos-
phamide [CTX]) and AT (the combination of DOX and
PTX).6 Therefore, the combination therapy holds great
potential for TNBC treatment.7 However, despite the big
advantages of combination therapy, unexpected drug
interactions and the special drug duration of action may
also cause some irreversible side effects for the hosts.
Therefore, the ratio of each combined chemotherapy
drug needs to be controlled precisely. Otherwise, the
order for chemotherapy drug administration should also
be considered.8

Prodrugs are compounds that can be catalyzed into
pharmacological molecules once they enter the human
body.9 According to the modification methods, prodrugs
can be divided into carrier‐linked prodrugs and bio-
precursor prodrugs. Both of these prodrug forms can be
regarded as good strategies for improving bioavailability
and stability, reducing side effects, and prolonging the

release of certain drugs.10 For example, by introducing a
trisulfide bond to DOX, a redox‐sensitive nanoparticulate
drug delivery system for cancer therapy was developed.11

Moreover, by using heterotelechelic polymer prodrugs,
the loading of both different chemotherapy drug combi-
nations and different chemotherapy drug ratios in the
same nanocarrier was realized.12 Therefore, prodrug
technology is an ideal choice for promoting combination
chemotherapy.

In this study, to provide a good solution for com-
bination chemotherapy‐based TNBC treatment, we first
conjugated a PTX prodrug on the surface of meso-
porous silicon‐coated gold nanorods (Au NRs) via di-
sulfide bonds to form Au@MSN‐PTX nanoparticles
(NPs). The redox‐sensitive disulfide bond can be cata-
lyzed by the redox microenvironment of tumor tissue;
therefore, PTX will be released to kill cancer cells.
Meanwhile, the Au NRs in the core of Au@MSN‐PTX
NPs will also be able to generate a photothermal
response under 980 nm laser irradiation. Thus, combi-
nation chemotherapy and photothermal therapy (PTT)
are realized. Furthermore, another chemotherapy drug,
camptothecin (CPT), was loaded into the MSN
pore structures at the best PTX and CPT mass ratio
prior to a temperature‐sensitive polymer poly(N‐iso-
propylacrylamide‐co‐methacrylic acid) (p(NIPAM‐co‐
MAAc)) coating. Finally, the formed Au@MSN‐
PTX@CPT@polymer NPs exhibited a perfect photo-
thermal response, redox‐controlled PTX release and
enhanced antitumor activity both in vitro and in vivo.
In general, our developed Au@MSN‐PTX@CPT@pol-
ymer NPs provided a good solution for combination
chemotherapy and PTT‐based cancer treatment and
offered an ideal nanocarrier for controlled release of
chemotherapy drugs.

Key points

� PTX prodrug is synthesized for combination
chemotherapy.

� A photo/thermos responsive nanoplatform for
TNBC combination therapy is developed.

� Near‐infrared (NIR) light‐controlled drug
release is realized.

� The nanoplatform exhibits redox responsive
drug release and preferred tumor tissue
accumulation.

� It provides a good choice for TNBC treatment
via photothermic therapy in combination with
multidrug therapy.
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2 | RESULTS AND DISCUSSION

2.1 | PTX‐SS‐COOH synthesis and
characterization

According to our previous protocol,13 the disulfide bond
was first introduced to PTX for the prodrug form PTX‐SS‐
COOH via a one‐step reaction under a DTDP environment
(Figure 1A). As shown in Figure 1B, the 1H NMR spectra
analysis result showed new peaks occurred in the range of
2.5–3.0 ppm, which indicated that the redox‐sensitive
linker DTDP was successfully linked to the PTX molecule.

2.2 | Au nanorod and Au@MSN‐
PTX@CPT@polymer NPs preparation and
characterization

Next, the Au NRs were first prepared by a seed‐mediated
growth method in a cetyltrimethylammonium bromide

(CTAB) environment as described previously.14 After
that, the harvested Au NRs were kept in another CTAB
environment to generate the MSN layer growth. Subse-
quently, the PTX‐SS‐COOH and Au@MSN‐NH2 NPs
were conjugated via activated –COOH and –NH2

groups.15 Then, the collected Au@MSN‐PTX NPs were
coincubated with CPT in DMSO overnight for CPT
loading. Finally, the p(NIPAM‐co‐MAAc) polymer was
further coated onto the Au@MSN‐PTX@CPT NPs in the
water solution to block the release of both PTX and CPT.

As the result shown in Figures 1C–E, 2A and S1, the
particle size of the synthesized Au NRs was
65.7 � 10.3 nm with a corresponding zeta potential of
9.7 � 0.7 mV. While after MSN layer growth, a pore
structure layer appeared on the surface of the Au NRs,
and the particle size increased up to 101.2 � 15.8 nm.
And the zeta potential was increased to 29.5 � 0.7 mV,
which was attributed to the ionizable –NH2 groups on the
surface of MSN. After that, PTX and CPT loading, as well
as the p(NIPAM‐co‐MAAc) polymer coating, made the

F I G U R E 1 PTX‐SS‐COOH prodrug synthesis and characterization and the morphologies of Au@MSN‐PTX@CPT@polymer NPs.
(A) Schematic of PTX‐SS‐COOH synthesis; (B) 1H NMR spectra analysis results; TEM images of Au NRs (C), Au@MSN NPs
(D) and Au@MSN‐PTX@CPT@polymer NPs (E).
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pore MSN structure of Au@MSN‐PTX@CPT@polymer
NPs more compact, but the particle size only increased
up to 130.2 � 25.3 nm. Interestingly, the zeta potential of
Au@MSN‐PTX@CPT@polymer NPs was decreased to
14.1 � 0.7 mV. We believe that this is mainly because
PTX‐SS‐COOH interacted with the –NH2 groups.

As we hypothesized, the Au NRs can generate a
photothermal response, which can be used to combine
chemotherapy and PTT, and can also control CPT and
PTX release. Therefore, we next performed NIR excita-
tion assays to evaluate the photothermal performance of
Au@MSN‐PTX@CPT@polymer NPs. As the result
shown in Figure 2B–D, the photothermal conversion by
Au@MSN‐PTX@CPT@polymer NPs occurred in a laser
power‐ and concentration‐dependent manner. The high-
est temperature of 64°C was produced by a 1 W/cm2 laser
and 1 mg/ml Au@MSN‐PTX@CPT@polymer NPs at
300 s. Moreover, a three NIR on‐off irradiation cycle
assay also showed that the photothermal conversion
ability of Au@MSN‐PTX@CPT@polymer NPs was
repeatable and without attenuation. All of these results
indicated that the Au@MSN‐PTX@CPT@polymer NPs
had perfect photothermal performance. Subsequently, we
tested the temperature‐sensitive polymer p(NIPAM‐co‐
MAAc) and redox environment controlled drug release.
As shown in Figure 2E,F, the CPT release was signifi-
cantly increased by laser irradiation but not dithiothreitol
(DTT). Meanwhile, the PTX release was significantly

increased by DTT, while laser irradiation promoted PTX
release only under DTT conditions. Since the existence of
DTT can best mimic the redox environment, the PTX
release only under DTT conditions can be attributed to
the disulfide bond breakage under redox catalysis.
Overall, these results demonstrated that the Au@MSN‐
PTX@CPT@polymer NPs had temperature‐ and redox‐
controlled drug releases.

2.3 | Cell uptake and lysosomal escape
of Au@MSN‐PTX@CPT@polymer NPs

Previously, we showed that the Au@MSN‐PTX@CPT@-
polymer NPs had perfect photothermal performance and
controlled drug release. To further investigate whether
Au@MSN‐PTX@CPT@polymer NPs can be used for can-
cer treatment, we further performed cell uptake and lyso-
somal escapeassays todistinguish the interactionsbetween
cancer cells and Au@MSN‐PTX@CPT@polymer NPs.
Considering that CPT can be excited by 365 nm UV‐light
and can emit blue fluorescence at 430 nm, therefore,
MDA‐MB‐231 cells after treated with PBS, 10 μg/ml CPT,
10 μg/ml PTX + CPT (mass ratio 1:1), Au@MSN‐
PTX@CPT (equal to 10 μg/ml CPT) and Au@MSN‐
PTX@CPT@polymer NPs (equal to 10 μg/ml CPT) for 24 h
were collected to count the CPT‐positive cells by a flow
cytometer. As the result shown in Figure 3A,B, the

F I G U R E 2 Particle size, photothermal response and drug release of Au@MSN‐PTX@CPT@polymer NPs. (A) Particle size of Au NRs,
Au@MSN and Au@MSN‐PTX@CPT@polymer NPs; Photothermal cure of different powers of 980 nm laser treatment (B) and
different concentrations of Au@MSN‐PTX@CPT@polymer NPs (C); (D) Photothermal cure of three cycles of NIR on‐off irradiation
(1.0 W/cm2, 980 nm); CPT (E) and PTX (F) release profiles under DTT (10 mM) and 980 nm laser conditions.
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F I G U R E 3 Cell uptake and lysosomal escape of Au@MSN‐PTX@CPT@polymer NPs. Flow cytometry analysis (A) and quantitative
results (B) of CPT‐positive cells; Overlap fluorescence (C) and confocal microscopy images (D) of MDA‐MB‐231 cells after incubation
with Cy 5‐loaded Au@MSN‐PTX@CPT@polymer NPs for 1–6 h with/without laser irradiation (red: Cy 5; green: Lysotracker; blue: DAPI;
scale bar: 20 μm).
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CPT‐positive cells were all approximately 100% in all of
the treated groups compared to PBS groups. The results
indicated that Au@MSN‐PTX@CPT and Au@MSN‐
PTX@CPT@polymer NPs can freely enter cells as free CPT
after 24 h of co‐incubation.

However, the lysosomal escape results showed that
(Figure 3C,D) the overlap of Cy 5‐labeled Au@MSN‐
PTX@CPT@polymer NPs and LysoTracker was
decreased by laser irradiation at all time points, but the
overlap decrease followed by incubation time was not
significant. The results indicated that laser irradiation is a
key promoter of Au@MSN‐PTX@CPT@polymer NPs
lysosomal escape.

2.4 | Antitumor activity of Au@MSN‐
PTX@CPT@polymer NPs at the cellular
level

To determine whether there are synergistic antitumor
effects of CPT and PTX, we treated MDA‐MB‐231 cells in
a logarithmic growth phase with a total of 10 μg/ml
PTX + CPT (containing 0%–100% PTX). As shown in

Figure S4, only 70.07% of MDA‐MB‐231 cells survived
after treatment with PTX + CPT (containing 50% PTX)
for 48 h, which is the most significant group leading to
MDA‐MB‐231 cell growth inhibition. Compared to 94.8%
and 72.3% survival rates in the 10 μg/ml CPT‐ and 10 μg/
ml PTX‐treated groups, treatment with 10 μg/ml
PTX + CPT (containing 50% PTX) obviously enhanced
MDA‐MB‐231 inhibition. Therefore, we controlled the
loading of CPT into Au@MSN‐PTX@CPT@polymer NPs
at a CPT and PTX mass ratio of 1:1 for the final nano-
formulation to realize the best antitumor effect.

Next, we evaluated the antitumor effect on TNBC
tissue‐derived MDA‐MB‐231 and normal breast tissue‐
derived MCF‐10 cells by WST‐1 cell proliferation assay
and Annexin V and PI double staining apoptosis assay.
The results in Figure 4A,B show that there was no
obvious cytotoxicity of Au@MSN‐PTX@CPT@polymer
NPs in MCF‐10A cells. While compared with
Au@MSN + Laser and Au@MSN‐PTX@CPT@polymer
NPs‐treated groups, the cell viability of Au@MSN‐
PTX@CPT@polymer + Laser‐treated MDA‐MB‐231 cells
was significantly decreased to 28.3%. And the apoptosis
analysis results in Figure 4C,D show that Annexin

F I G U R E 4 Antitumor activity of Au@MSN‐PTX@CPT@polymer NPs at the cellular level. Cell viability (A, B) and apoptosis analysis
(C, D) after treatment with each formulation for 48 h.
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V‐positive cells were significantly increased in
Au@MSN + Laser and Au@MSN‐PTX@CPT@pol-
ymer + Laser‐treated groups after 48 h of co‐incubation.
However, the increase was not significant in the
Au@MSN‐PTX@CPT@polymer NPs‐only treated group.
Moreover, the Annexin V‐positive cells in the Au@MSN‐
PTX@CPT@polymer + Laser‐treated group was the
highest at 78.5%. These results indicated that Au@MSN‐
PTX@CPT@polymer + Laser was the most efficient
treatment for MDA‐MB‐231 cell inhibition.

2.5 | In vivo distribution of Au@MSN‐
PTX@CPT@polymer NPs

In order to further evaluate the antitumor activity of
Au@MSN‐PTX@CPT@polymer NPs in vivo, we first
measured the biodistribution in a mouse TNBC tissue‐
derived 4T1 cell‐formed xenograft mouse model. After
injection with 5 mg/kg Au@MSN‐PTX@CPT@polymer
NPs (equal to 5 mg/kg CPT) through the tail vein for
interval times, the mice were first anaesthetized for CPT
fluorescence signal analysis with an in vivo imaging
system (IVIS). After that, the mice were sacrificed for the
main organs and tumor tissue imaging. The results in
Figure 5A,B show that the Au@MSN‐PTX@CPT@pol-
ymer NPs were highly accumulated in tumor tissues only
after 1 h of tail vain administration. And the accumula-
tion of Au@MSN‐PTX@CPT@polymer NPs in tumor
tissues was gradually increased within 24 h. Interestingly,
the amount of Au@MSN‐PTX@CPT@polymer NPs in
the liver, kidney and heart was kept at a low level within
24 h. Except for the enhanced permeability and retention
(EPR) effect of NPs, this might also be caused by the

coated p(NIPAM‐co‐MAAc) polymer, but this still needs
to be further verified.

2.6 | In vivo antitumor activity and
cytotoxicity of Au@MSN‐
PTX@CPT@polymer NPs

Finally, we evaluated the antitumor activity of Au@MSN‐
PTX@CPT@polymer NPs in a 4T1 cell‐formed xenograft
mouse model. The treatment was performed by tail vein
injection of 5 mg/ml CPT + PTX or Au@MSN‐
PTX@CPT@polymer NPs every 3 days, and the next day,
the tumor tissue was selectively irradiated by a 1 W/cm2

980 nm laser for 10 min. Tumor volume and mouse body
weight were recorded. Once the largest tumor reached to
2 cm in size, the mice were sacrificed to harvest the tu-
mor tissue and main organs. Finally, hematoxylin and
eosin (HE) staining was performed to evaluate the cyto-
toxicity of Au@MSN‐PTX@CPT@polymer NPs in vivo.

As the results shown in Figure 6A–C, the tumor
growth of the 4T1 mouse model was significantly inhibited
by Au@MSN‐PTX@CPT@polymer and Au@MSN‐
PTX@CPT@polymer + Laser treatment, and the treat-
ment of Au@MSN‐PTX@CPT@polymer + Laser was the
most efficient. Moreover, there was no significant body
weight change observed during the treatment, and the
tumor/body weight ratio results exhibited significantly
decreased values in both Au@MSN‐PTX@CPT@polymer
and Au@MSN‐PTX@CPT@polymer + Laser‐treated
groups (Figure 6D). Furthermore, the HE staining results
(Figure 6E,F) showed increased tumor tissue apoptosis in
Au@MSN‐PTX@CPT@polymer and Au@MSN‐PTX@-
CPT@polymer + Laser‐treated groups. Meanwhile, no

F I G U R E 5 In vivo distribution of Au@MSN‐PTX@CPT@polymer NPs after tail vein injection. Representative fluorescence images of
tumor‐bearing mice (A) and major organs (B) after injection with Au@MSN‐PTX@CPT@polymer NPs for 1–24 h from the tail vein (the
indicated order of organs in B is tumor, liver, kidney, spleen, lung and heart [from left to right, up to down]); (C) Mean fluorescence
intensity of the main organs from each group.
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obvious organ damage occurred in any of the treated
groups. All of these results demonstrated that Au@MSN‐
PTX@CPT@polymer NPs have good antitumor activity

and biocompatibility in vivo, and enhanced antitumor
effects can be achieved when combined with 980 nm laser
irradiation.

F I G U R E 6 Antitumor activity and cytotoxicity of Au@MSN‐PTX@CPT@polymer NPs in vivo. Tumor tissue (A), tumor growth (B),
body weight (C) of mice and tumor/body weight ratio (D) of each formulation treated xenograft mouse model; HE score (E) of tumor
tissues and main organs HE staining (F). (Scale bar: 50 μm).
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3 | CONCLUSIONS

In summary, we have developed a redox‐responsive and
photothermic controlled CPT and PTX codelivery nano-
platform. The nanoplatform Au@MSN‐PTX@CPT@pol-
ymer showed perfect photothermal conversion ability
and exhibited great antitumor activity both in vitro and in
vivo. Moreover, combination chemotherapy and PTT
were realized, and the enhanced antitumor activity was
achieved. In general, our developed Au@MSN‐PTX@-
CPT@polymer NPs provide a controlled chemotherapy
drug intracellular delivery nanoplatform and give a good
solution for TNBC combination therapy.

4 | EXPERIMENTAL METHODS

4.1 | PTX‐SS‐COOH prodrug synthesis

The synthesis of PTX‐SS‐COOH prodrug was generated
by an esterification reaction between PTX and 3,30‐
dithiodipropionic acid (DTDP). Briefly, 1.0 g PTX,
295.47 mg DTDP, 171.68 mg 4‐dimethylaminopyridine
(DMAP) and 268.51 mg 1‐ethyl‐3‐(3‐dimethylamino-
propyl) carbodiimide (EDCI) were robustly dissolved in
20 ml DCM and stirred at room temperature for 12 h.
After that, the reaction was stopped, and PTX‐SS‐COOH
prodrug was purified by a silica gel column. And the 1H
NMR spectra of PTX‐SS‐COOH prodrug was detected.

4.2 | Au@MSN‐PTX@CPT@polymer
NPs preparation and characterization

The Au NRs and Au@MSN‐NH2 NPs were prepared by
the seed‐mediated growth method as described previ-
ously.13 After that, Au@MSN‐NH2 NPs, PTX‐SS‐COOH
prodrug, EDCI and DMAP were dissolved in deion-
ized water and stirred at room temperature for 12 h.
Then, the Au@MSN‐PTX NPs were collected and
washed three times with deionized water. Next,
Au@MSN‐PTX NPs were first stirred with CPT in
DMSO for one night and then stirred with p(NIPAM‐co‐
MAAc) in deionized water for another night. Finally,
the Au@MSN‐PTX@CPT@polymer NPs were collected
and characterized by DLS and TEM microscopy.

4.3 | Drug release assay

Drug release assays were performed with a 10 mM DTT
solution. Briefly, 5 mg Au@MSN‐PTX@CPT@polymer
NPs were first dissolved in 1 ml of 10 mM DTT solution

and then equally divided into 10 1.5 ml EP tubes. At the
indicated time points of 1, 2, 3, 4, 6, 8, 12 and 24 h, the
Au@MSN‐PTX@CPT@polymer NP dispersed solution
was centrifuged at 13,000 rpm for 20 min after irradiation
with a 1 W/cm2 980 nm laser for 10 min. Subsequently,
10 μl of supernatant was taken for CPT and PTX mea-
surement by a Nanodrop 2000 (Thermo).

4.4 | Cell culture

MCF‐10A and MDA‐MB‐231 cells were purchased from
American Type Culture Collection (ATCC). MCF‐10A
cells were cultured with an MEBM cell culture medium
kit. MDA‐MB‐231 cells were cultured in DMEM and
supplemented with 10% FBS and 1% PS. And all cells
were maintained in an atmosphere of 5% CO2 and 37°C.

4.5 | Cell viability assay

The cell viability was measured with a WST‐1 kit. Briefly,
cells were first seeded in to a 96‐well plate at the density
of 5000 per well. And next, different amounts of NPs
dispersed in the Opti‐MEM medium were added to the
cultured cells the next day. Twenty‐four hours later, cells
were selectively treated with 1 W/cm2 980 nm laser for
10 min. And 10 μl per well of WST‐1 solution was added
to the cultured cells the next day. And after 2 h of further
incubation at 37°C, the absorbance (Ab) of each well at
450 nm was measured with a scanning multiwell spec-
trophotometer. The cell viability was calculated by
Cell viability ð%Þ ¼ Ab value ðexperimet groupÞ

Ab value ðcontrol groupÞ � 100 %. All the
experiments were performed in three independent assays,
and p < 0.05 was considered as significant.

4.6 | Flow cytometry assay

First, MDA‐MB‐231 cells were seeded in 12‐well plates at
a density of 1.5 � 105 per well. The next day, different NP
formulations were added to the cells (equal to 10 μg/ml
CPT) and incubated for 2–6 h. After that, the cells were
washed with PBS and harvested for analysis. And DAPI
channel was used for the analysis.

4.7 | Lysosomal escape assay

Briefly, MDA‐MB‐231 cells were first seeded in 3 cm glass
dishes at a density of 3.0 � 105 per dish for 24 h. Next,
Au@MSN‐PTX@CPT@polymer NPs labeled with Cy 5
during the synthesis were added to the cells (equal to
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10 μg/ml CPT) and incubated for 2–6 h. After that, cells
were washed with PBS, and the cell culture medium was
replaced with a fresh medium containing 10 mM Lyso-
Tracker green dye (Thermo, L7526). Three hours later,
the cells were fixed by 4% PFA and stained with 5 μg/ml
DAPI. Finally, the cells were imaged by ZEISS LSM880
confocal microscopy.

4.8 | Animal experiment

All of the animal experiments and operations were con-
ducted by following the guidelines and were approved by
theAnimal Research Committee of Shanghai Jiao Tong
University School of Medicine, China (SHZY‐202110262).
The animal study was performed with 4T1 xenograft
mouse models. Briefly, 1 � 106 4T1 cells in PBS were first
injected into the axillary fat pad of 5‐week‐old female
nude mice. Once the tumor volume reached to 80 mm3,
the mice were randomly divided into five groups (six in
each group). Among them, one group of the mice was
injected with 10 mg/kg Au@MSN‐PTX@CPT@polymer
NPs (equal to 10 mg/ml CPT) through the tail vein, and
the in vivo distribution of Au@MSN‐PTX@CPT@pol-
ymer NPs at 1, 6 and 24 h was detected by an IVIS
Lumina imaging system (Capiler). Two another groups
were administrated with PBS and 5 mg/kg CPT + PTX
(ratio of 1:1), and the two remaining groups were all
administrated with 5 mg/kg Au@MSN‐PTX@CPT@pol-
ymer NPs (equal to 5 mg/ml CPT) through the tail vein
every 3 days. The next day, the tumors from one Au@-
MSN‐PTX@CPT@polymer NPs‐administrated group
were treated with a 1 W/cm2 980 nm laser for 10 min.
The body weight and tumor growth were recorded. And
the mice were sacrificed once the largest tumor diameter
reached 2 cm. Finally, tumor tissues and main organs
were obtained, and an HE staining assay was performed.

4.9 | Statistical analysis

Both quantified data and nonquantified data were
collected from triplicate independent experiments. The
confocal images were quantified using Image J software.
The data analysis and graphical work were performed
with GraphPad and SPSS 20.0 software. p < 0.05 was
considered as significant (* represent p < 0.05; ** repre-
sent p < 0.01; *** represent p < 0.001).
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A B S T R A C T

Photodynamic therapy (PDT) induces immunogenic cell death (ICD) by producing reactive oxygen species (ROS),
making it an ideal method for cancer treatment. However, the extremely lower level of oxygen, short half-life of
produced ROS, and limited photosensitizers accumulating in the tumor site via intravenous administration are the
main reasons that limit the further application of PDT. To address these issues, we loaded the photosensitizer
porphine (THPP) into biomimetic gold nanorod-mesoporous silica core-shell nanoparticles (Au-MSN NPs) to
prepare Au@MSN/THPP@CM NPs. We then seeded the NPs together with catalase (CAT) into a gelatin meth-
acryloyl (GelMA) microgel matrix to form Au@MSN-Ter/THPP@CM@GelMA/CAT microspheres consisting of
biomimetic nano@microgel. The NPs and biomimetic nano@microgel exhibited enhanced photodynamic (PD)
reaction and excellent photothermal conversion ability. Moreover, we further conjugated an endoplasmic retic-
ulum (ER) targeting ligand Tosyl Ethylenediamine (Ter) on the surface of Au-MSN NPs. The results showed that
both Au@MSN-Ter/THPP@CM NPs and the finally formed Au@MSN-Ter/THPP@CM@GelMA/CAT biomimetic
nano@microgel induced precise and prolonged ER stress through photodynamic reactions, which stimulated the
exposure of the proapoptotic calreticulin (CRT) on the cell membrane and increased the release of high mobility
group box 1 (HMGB1) form the nucleus in SKOV3 cells under near-infrared (NIR) laser irradiation. Additionally, a
single dose of the nano@microgel delivered through minimally invasive injection generated a significant anti-
tumor effect in the SKOV3 cell line-derived orthotopic ovarian cancer mouse model through a PD and PT com-
bination therapy. This study offers a new strategy for enhanced PDT and provides a PD/PT synergistic treatment
method for ovarian cancer.

1. Introduction

Reactive oxygen species (ROS) are metabolic products produced by
living cells and are often considered a double-edged sword [1,2]. Under
normal conditions, ROS are mainly produced by mitochondria and

endoplasmic reticulum (ER) and are utilized for various cellular activ-
ities, such as activating phagocytes [3]. However, high ROS accumula-
tion in cells caused by pathological conditions or external stimuli can
trigger irreversible damage and ultimately lead to cell death [4,5]. Pro-
longed cell stress, such as high levels of ROS accumulation in the ER (ER
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stress), can induce immunogenic cell death (ICD) or immunogenic
apoptosis, which further activate the anti-tumor immune response [6,7].
This has inspired many researchers to develop ROS-inducing methods for
removing unnecessary cells from the body, especially cancer cells. For
instance, Zhang has developed ROS-inducing nanoplatforms that can be
activated by ultrasound and have demonstrated excellent potential for
breast cancer treatment in vitro and in vivo [8]. Similarly, Gang has
developed ROS-inducing nanozymes, showing great potential for breast
cancer therapy [9]. Therefore, ROS-inducing has emerged as a promising
strategy for cancer therapy.

Photodynamic therapy (PDT) is a promising topical treatment for
ROS-based cancer therapy that uses singlet oxygen generated by excited
photosensitizers under an appropriate light source to induce cell death
[10–12]. However, the oxygen deficiency characteristic of tumors limits
the ROS production by traditional photosensitizers administration. To
address this issue, strategies have been developed to generate oxygen in
situ or deliver exogenous oxygen. Generating oxygen in situ is a more
reliable method for enhancing the PDT effect compared to unstable
exogenous oxygen delivery. Recently, a reagent that catalyzes hydrogen
peroxide (H2O2) to produce oxygen (O2) has been used to enhance PDT
because the concentration of H2O2 is much higher than that of super-
oxide anion (O2-) in cancer cells [13]. For instance, a dual nanozyme
Au2Pt-PEG-Ce6 has been shown to have catalase activity, which gener-
ates O2 in cancer cells and has enhanced anti-tumor activity in cervical
cancer models when combined with PDT therapy [14]. Encapsulating
catalase (CAT) in temperature-dependent nanoformation
RGD-BPNS@SMFN has achieved enhanced PDT effect and promising
synergistic antitumor effects with photothermal therapy (PTT) [15].
Furthermore, CAT-loaded and HER-2 nanobody-conjugated nano-
particles have shown tremendous potential for ovarian cancer therapy
[16]. Therefore, designing materials with catalase or catalase-like ac-
tivity can be a useful strategy for enhancing the PDT effect.

However, the traditional method for administering photosensitizers is
intravenous injection, which can result in uneven distribution
throughout the body and increase metabolic stress. Furthermore, only a
small amount of photosensitizers penetrating the tumor tissue can lead to
limited therapeutic effects [17]. Over the past few decades,
nano-delivery systems have become ideal vehicles for delivering func-
tional cargoes, such as DNA, RNA, proteins, and small molecules, tar-
geted to the tumor area due to their flexible structure design, excellent
cargo loading capacity, and enhanced permeability and retention effect
(EPR). Among these systems, biomimetic-designed nanoparticles, such as
those designed to mimic cell surfaces, have attracted widespread interest
for targeted intracellular drug delivery due to their excellent biocom-
patibility and targeting ability [18–20]. For instance, engineered cancer
cell membrane-coated CLip-PC@CO-LC NPs have been shown to have
great potential for combined RNAi and chemotherapy in the treatment of
lung cancer [21]. Similarly, mesenchymal stem cell-derived nano-
particles containing Notch-1 suppressor have demonstrated significant
potential for promoting hypoxia and inhibiting angiogenesis in vitro and
in vivo [22]. Furthermore, the extensive homology and homing ability of
cell camouflaging nanoparticles make them more easily hidden from the
immune system and able to reach their target destination [23–25].
Therefore, cell camouflaging nanoparticles may offer a promising solu-
tion to address photosensitizer target loss during intravenous
administration.

Inspired by our previous work, we have demonstrated that meso-
porous silica-coated gold nanorod nanoparticles (Au@MSN NPs) have a
wide range of applications in multi-drug delivery and PTT-based dual
anti-tumor therapy [26]. In this study, we utilized Au@MSN NPs as a
vehicle for intracellular delivery of a photosensitizer, Tetrakis
(4-hydroxyphenyl)-porphine (THPP), to achieve PTT and PDT combined
therapy using only one nanocarrier. However, the efficacy of PDT is
limited by the short lifetime of ROS, particularly singlet oxygen, gener-
ated by the photosensitizer during PDT in biological systems. Addition-
ally, the diffusion distance of ROS is limited to only 0.01–0.02 μm in

biological systems, which means the location of ROS production affects
its therapeutic effect [27]. Therefore, the precise transportation of pho-
tosensitizers to important or fragile organelles, such as the endoplasmic
reticulum (ER), allows the ROS produced by photosensitizers to accu-
rately attack the "lethal sites" of cancer cells and achieve better thera-
peutic effects [28]. We conjugated an ER targeting ligand, Tosyl
Ethylenediamine (Ter), on the surface of Au@MSN NPs to develop a
more precise photosensitizer nano-delivery system for cancer treatment.
Once the NPs enter the cancer cells, the Ter ligand can enable the
THPP-loaded NPs to precisely move to the ER. Under laser irradiation,
the constantly produced ROS will induce irreversible ER stress and
activate the ICD. However, photosensitizers' accumulation in the tumor
area by nanocarriers is limited due to nanoparticles' excretion in the
kidney and preferred accumulation in the liver, requiring multiple
intravenous administration of large doses to achieve long-term PDT
therapeutic effects. Local administration of photosensitizers is a better
method because the photosensitizers can directly reach the tumor site
without relying on blood circulation, resulting in reduced side effects and
higher efficiency [29]. Gelatin methacryloyl (GelMA) microgel, a gelatin
derivative, is an ideal candidate for local administration of photosensi-
tizers due to its good biocompatibility, good retention ability, and ability
to cross-link by UV [30]. Therefore, we loaded our developed
ER-targeting and PDT-generating biomimetic gold nanorod-mesoporous
silica core-shell nanoparticles (Au@MSN-Ter/THPP@CM NPs) with
CAT into the GelMA microgel on a microfluidic chip to form
Au@MSN-Ter/THPP@CM@GelMA/CAT microspheres consisting of
biomimetic nano@microgel. We expect this will enable more efficient
administration of photosensitizers and enhanced PD reactions for cancer
therapy.

Ovarian cancer remains one of the most malignant cancers affecting
women, and effective treatments are needed urgently [31–33]. In order to
develop a more effective photodynamic therapy (PDT) method for ovarian
cancer, we evaluated the anti-tumor activity of our developed biomimetic
nano@microgel systems, including Au@MSN-Ter/THPP@CM NPs and
Au@MSN-Ter/THPP@CM@GelMA/CAT nano@microgel, in both in vitro
and in vivo ovarian cancer models (Schematic Figure). The
Au@MSN-Ter/THPP@CM NPs showed excellent photothermal conversion
ability and were able to be taken up efficiently by ovarian cancer cells. We
tested the anti-tumor activity of both Au@MSN-Ter/THPP@CM NPs and
Au@MSN-Ter/THPP@CM@GelMA/CAT biomimetic nano@microgel, and
found that both exhibited significant cell proliferation inhibition and cell
death induction in ovarian cancer cells. Furthermore, we verified the
design of CAT for oxygen production and ER-targeted THPP delivery,
which led to more precise and enhanced PDT reactions in SKOV3 cells.
Finally, in an orthotopic ovarian cancer mouse model, our newly designed
Au@MSN-Ter/THPP@CM@GelMA/CAT microgel were able to provoke
two ICDmarkers and demonstrated significant anti-tumor activity through
a combination of PDT and photothermal therapy (PTT). Overall, our study
suggests that the Au@MSN-Ter/THPP@CM@GelMA/CAT biomimetic
nano@microgel may be a promising candidate for enhanced PDT and PTT
combined therapy for ovarian cancer.

2. Materials and methods

2.1. Materials

Tetrakis (4-hydroxyphenyl)-porphine (THPP), Tosyl Ethylenediamine
(TER), N-(3-dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride
(EDC⋅HCl), N-hydroxysuccinimide (NHS), 2-Hydroxy-4'-(2-hydrox-
yethoxy)-2-methylpropiophenone and Methacrylic anhydride were pur-
chased from Tansoole (Shanghai, China). Sodium borohydride (NaBH4),
tetraethyl orthosilicate (TEOS), silver nitrate (AgNO3), L-ascorbic acid,
tetrachloroauric acid (HAuCl4), cetyltrimethyl ammonium bromide
(CTAB), succinic anhydride and Mineral oil were purchased from Sigma-
Aldrich (Burlington, MA, US). Gelatin was purchased from Aamas
(Shanghai, China).
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2.2. AuNRs synthesis

The synthesis procedure for AuNRs followed the methodology out-
lined in our previous work. Initially, a balloon flask was used to mix 7.5
mL of 0.1 M CTAB solution and 0.25 mL of 0.01 M HAuCl4 solution. The
mixture was stirred for 5 min before the addition of 0.6 mL of 0.01M cold
NaBH4 solution with vigorous stirring. Four hours later, a separate beaker
was used to mix 20 mL of 0.01 M HAuCl4, 4.8 mL of 0.01 M AgNO3, 400
mL of 0.1 M CTAB, and 7.6 mL of 1 M HCl, which was stirred for 10 min
at 30 �C. The resulting mixture was then quickly added to the stirring
balloon flask along with 4 mL of 0.1 M ascorbic acid. Subsequently, 0.96
mL of the prepared gold seeds solution was added to the flask and left
overnight. Finally, the AuNRs were collected by centrifugation and
washed with deionized water.

2.3. Au@MSN-NH2 and Au@MSN-COOH NPs synthesis

The collected AuNRs were firstly dispersed in deionized water and
added to 50 mL of 1 mM CTAB aqueous solution. Next, the pH of the
mixture was adjusted to pH 10–11 with 0.1 M NaOH, and then 1.4 mL of
20% (v/v) TEOS ethanol solution was added. After continuous stirring at
30 �C overnight, Au@MSN NPs were collected by centrifuge and washed
with 0.6% (w/v) NH4NO3 ethanol solution. Finally, Au@MSN NPs were
dispersed overnight in APTES containing ethanol solution to get the
surface-activated Au@MSN-NH2 NPs. And Au@MSN-NH2 NPs were
further dispersed in succinic anhydride containing DMF solution over-
night under stirring to obtain Au@MSN-COOH NPs.

2.4. Synthesis of Au@MSN-Ter NPs and THPP loading

To prepare Au@MSN-Ter NPs, a mixture of Au@MSN-COOH NPs,
Ter, NHS, and EDCI was stirred in DMF at room temperature overnight.
The resulting mixture was then collected by centrifugation, and washed
with DMF to obtain the Au@MSN-Ter NPs. Subsequently, the Au@MSN-
Ter NPs were stirred with a THPP DMF solution overnight to complete
the THPP loading process.

2.5. Cell culture

SKOV3 and NHDF cell lines were purchased from ATCC, and SKOV3
was cultured in 10% FBS and 1% PS containing McCoy's 5a Medium.
NHDF cells were cultured in 10% FBS and 1% PS containing DMEM
Medium. The OVCAR3 cell line was gifted from the laboratory of
Research Program in Systems Oncology at the University of Helsinki and
cultured in 10% FBS, 1% PS, and 0.01 mg/mL bovine insulin containing
RPMI-1640 Medium. All cells were maintained in the incubator of 37 �C
and 5% CO2 atmosphere.

2.6. Cancer cell membrane extraction and NPs coating

SKOV3 cells were collected and washed three times with PBS and
then incubated in tris buffer (containing 10 mM tris, 10 mM MgCl2 and
protease inhibitor) for 1 h at 4 �C. After that, the cells were sonicated for
10 min in an ice bath, and cell membrane fragments were obtained by
differential centrifugation (500 g for 10 min, 10,000 g for 10 min). Then

Schematic Figure. The schematic of Au@MSN-Ter/THPP@CM NPs and Au@MSN-Ter/THPP@CM@GelMA/CAT microsphere preparation and working model.
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the aqueous solution was frozen dried and stored at �20 �C for further
use. Next, the cancer cell membrane was mixed with different NPs in
deionized water at 4 �C and stirred overnight. Finally, the cell membrane
coated Au@MSN-Ter/THPP@CM and Au@MSN/THPP@CM NPs were
obtained by centrifuge.

2.7. GelMA, Au@MSN-Ter/THPP@CM@GelMA and Au@MSN-Ter/
THPP@CM@GelMA/CAT microgel preparation

Firstly, 20 g of gelatin was dissolved in 200 mL PBS at 60 �C. Next, 16
mL of MA was slowly pumped into the gelatin solution with a micro
syringe pump at 0.25 mL/min. Two hours later, 200mL PBS was added to
terminate the reaction for 15 min. After that, the prepared GelMA solu-
tion was dialyzed (3500 MWCO dialysis bag) overnight at 38 �C. And
then, the GelMA solution was centrifuged at 37 �C to remove the insol-
uble and continued dialysis for another 2 days. Finally, the prepared
GelMA was frozen dried and stored in �80 �C.

The Au@MSN-Ter/THPP@CM@GelMA and Au@MSN-Ter/
THPP@CM@GelMA/CAT microgel were prepared in a microfluidic
chip, which contains two different channels: internal flow was the
mixture of 150 mg/mL GelMA, 10 mg/mL photocrosslinker, 5 mg/mL
CAT and 10 mg/mL Au@MSN-Ter/THPP@CM; while the external flow
contains of 5% Span 80 in mineral oil. And the Au@MSN-Ter/
THPP@CM@GelMA and Au@MSN-Ter/THPP@CM@GelMA/CAT mi-
crospheres were produced with the external and internal flow rate of
12–1:1 and cured by UV light. Finally, the Au@MSN-Ter/
THPP@CM@GelMA and Au@MSN-Ter/THPP@CM@GelMA/CAT
microgel were collected by centrifuge and washed with 75% ethanol.

2.8. Cytotoxicity assay

SKOV3 and OVCAR3 cells were seeded at the density of 5000 per well
of 96 well plate. The next day, different NPs formulations were added at
indicated concentrations. 12 h later, the cells were selectively irradiated
with 1W/cm2 of 980 nm laser for 10 min and followed 0.4 W/cm2 of 650
nm laser for 5 min. And after 24 h, 10 μl of WST-1 regent per well were
added to test the cell viability.

2.9. IF staining assay

The cells were first co-incubated with different NPs formulations for
indicated times and selectively treated with 0.4 W/cm2 of 650 nm laser
for 5 min. 6 h later, the cells were washed with PBS and fixed with 4%
PFA for 5 min. And then, the cells were washed with PBS three times and
incubated with 1:500 diluted anti-CRT (Abcam) or anti-HMGB1 (Abcam)
dilutions for 1 h at room temperature in dark. Next, cells were washed
with PBS three times and stained with 5 mg/mL DAPI for 5 min. Finally,
the images were captured by confocal microscope and analyzed by image
J.

2.10. ROS detection

The cells were first co-incubated with Au@MSN-Ter/
THPP@CM@GelMA/CAT or Au@MSN-Ter/THPP@CM@GelMA micro-
gel for 48 h. After that, the cells were incubated with the reactive oxygen
test dye DCFH-DA (10 μM) for 20 min, and followed irradiate with 0.4
W/cm2 of 650 nm laser for 5 min. Finally, the cell nuclei were labeled
with Hochest33342 and were observed by confocal microscope.

2.11. Cellular uptake, lysosomal escape and ER targeting assay

Au@MSN-Ter/THPP@CM and Au@MSN/THPP@CM NPs were used
for cellular uptake. While fluoresce dye Cy5.5 was first labeled on the
surface of Au@MSN-Ter@CM NPs, and then the cancer cells were incu-
bated with Cy5.5 labeled NPs for indicated times. Next, ER-Tracker (1
μM) or lysosomal tracker was added to the culturemedium and incubated

for 30–120 min at 37 �C according to the protocol. After that, the cells
were fixed with 4% PFA, washed and stained with DAPI for 5 min.
Finally, the cells were observed by confocal microscope.

2.12. Calcein-AM and PI staining assay

Different formulations of Au@MSN-Ter/THPP@CM@GelMA/CAT
and Au@MSN-Ter/THPP@CM@GelMA were firstly incubated with
SKOV3 and OVCAR3 cells for 48 h, and then selectively treated with
lasers according to the corresponding groups. 6 h later, Calcein-AM (2
μM) and PI (4.5 μM)were added to the culture medium and incubated for
20 min. The cells were observed by confocal microscope.

2.13. Flow cytometry assay

SKOV3 and OVCAR3 cells were firstly incubated with Au@MSN-Ter/
THPP@CM@GelMA/CAT or Au@MSN-Ter/THPP@CM@GelMA for 48
h, and then selectively treated with lasers. 6 h later, cells were harvested
and stainedwith Annexin V and PI according to the instructions of the kit,
and the cells were analyzed by a flow cytometer.

2.14. Animal study

All animal experiments and operations followed the guideline and
approved by the Animal Research Committee of Southern Medical Uni-
versity affiliated Fengxian Hospital, China (SHZY-2021102601). The
animal study was performed with ovarian cancer orthotopic xenograft
mouse models. Briefly, 2 � 105 SKOV3 cells in PBS were first injected
into the axillary fat pad of 6 weeks old female nude mice. The primary
SKOV3 tumors were surgically removed and cut into 3–4 mm small cubes
under a cryogenic environment once the tumors reached to 2 cm diam-
eter. Next, the small tumor cubes were further surgical placed into the
ovarian tissues of 6 weeks old female nude mice.

One week late, the mice were randomly assigned into four groups
(each group �6). Group A: injected with 100 μL of PBS from tail vain;
Group B: injected with 100 μL of Au@MSN-Ter/THPP@CMNPs from tail
vain; Group C and D: 30 μL of Au@MSN-Ter/THPP@CM@GelMA/CAT
microgel were surgical injected into the tumor site once. The amount
of Au@MSN-Ter/THPP@CM NPs and Au@MSN-Ter/
THPP@CM@GelMA/CAT used for the animal study equals 2.5 mg/kg
THPP. On the next day of different formulations injections, mice in Group
A, B and C were first treated with 1W/cm2 of 980 nm laser irradiation for
10 min, and followed by 0.4 W/cm2 of 650 nm laser irradiation for
another 5 min at the tumor area. The mice continued treated with lasers
once each three days, and the mice were sacrificed 15 days late. Themain
organs (including heart, liver, spleen, lung, and kidney) and tumor tis-
sues were collected for further HE and IHC staining.

2.15. Statistical analysis

Both the quantified and none quantified data were collected from
triplicated independent experiments. The confocal images were quanti-
fied by using the Image J software. The data analysis and graphical work
were performed with GraphPad and SPSS 20.0 software. P＜0.05 was
considered significant.

3. Results

3.1. Au@MSN and Au@MSN-Ter/THPP@CM NPs preparation and
characterization

As we have described before, the Au@MSNNPs were prepared by two
steps of seed mediated growth methods [26]. Subsequently, a small
molecule Tosyl Ethylenediamine (Ter), which can be used for ER tar-
geting was conjugated on the surface of aminated Au@MSN NPs via a
linker, succinic anhydride. After washing, the THPP was further loaded
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into the Au@MSN-Ter NPs by overnight incubation in DMF to form the
Au@MSN-Ter/THPP NPs. Finally, the cell membrane extracted from
Ovarian cancer SKOV3 cells was coated on to the NPs to form the bio-
mimetic NPs Au@MSN-Ter/THPP@CM. As the TEM results shown in
Fig. 1 A, the naked gold nanorods were evenly distributed in an aqueous
solution with the size of 56.1 � 5.3 nm. While after mesoporous silica
layer growing on the surface of gold nanorods (Fig. 1 B) and both THPP
and Ter conjugating, the size of Au@MSN-Ter/THPP NPs and
Au@MSN-Ter/THPP@CM NPs (Fig. 1C) were dramatically increased to
153.5 � 14.3 nm and 178.6 � 0.8 nm respectively (Fig. 1 E). The
elemental mapping result of Au@MSNNPs in Fig. 1 D and Supplementary
Fig. 1 also showed that Si tightly surrounded the Au. And after conju-
gating of Ter ligand on the surface of Au@MSN NPs, the Fourier trans-
form IR analyzing result (FTIR, Supplementary Fig. 2) showed that the
amino group on Ter disappears in Au@MSN-Ter NPs, there came a new

peak at 1631 cm�1, which was caused by new introduced amido link. In
addition, Zeta potential of Au@MSN NPs changed from �16.7 � 0.35 to
33.8� 0.6 after Ter modification, and Zeta potential changed to�11.1�
0.32 after loading with THPP due to the excess hydroxyl group on THPP.
These results demonstrate the success of Au@MSN-Ter synthesis and
THPP loading Moreover, after THPP loading and cell membrane coating,
the original outlayer pore structure of Au@MSN NPs was coated with a
condensed outlayer, and zeta potential of the corresponding nano-
particles also changed to �19.4 � 1.2 which illustrate the successful
wrapping of cancer cell membranes. (Fig. 1C, F). Under the protection of
cancer cell membrane, Au@MSN-Ter/THPP@CM NPs have good stabil-
ity. When the nanoparticles were dispersed in the medium, the particle
size remained stable within 10 days (Supplementary Fig. 3).

Subsequently, we tested the photothermal activity and singlet oxygen
production of the prepared Au@MSN-Ter/THPP@CM NPs. SOSG was

Fig. 1. Morphologies, photothermal effect and drug releasing of different NPs. A-C. TEM images of Au NRs, Au@MSN NPs, Au@MSN-Ter/THPP@CM NPs (Scale bar
¼ 100 nm); D. Image of high-angle annular dark-field and elemental mapping of Au@MSN NPs (Scale bar ¼ 20 nm); Particle size (E), Zeta-potential (F) and pho-
tothermal response of Au@MSN-Ter/THPP@CM NPs under 980 nm laser irradiation (G–I) (Total concentration of nanoparticles is used); J. THPP releasing from
Au@MSN-Ter/THPP@CM NPs in PBS buffer with or without laser (980 nm, 1 W/cm2, 10 min).
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used as a probe to detect the generation of singlet oxygen. From Sup-
plementary Fig. 4, under the 650 nm laser irradiation, SOSG fluorescence
intensities of THPP group and Au@MSN-Ter/THPP@CM NPs group
increased over time, the increase in NPs group is lower than that of THPP
group, which might be due to the stacking of THPP in MSN. Photo-
thermal activity of Au@MSN-Ter/THPP@CM NPs shown that, the tem-
perature of 1 mg/mL NPs solution dramatically increased up to 64 �C by
1W/cm2 980 nm laser irradiation for only 5 min, while only increased up
to 36 �C under 0.5 W/cm2 980 nm laser irradiation (Fig. 1 G). And once
the concentration of NPs decreased from 1 mg/mL to 0.5 mg/mL and
0.25 mg/mL, the temperature increased to 55 �C and 48 �C respectively
by 1 W/cm2 980 nm laser irradiation for 5 min (Fig. 1H). In addition, the
NPs also had excellent photothermal stability, because there was no
obvious temperature change happened in three repeated photothermal
cycles. These results indicated that the excellent photothermal conver-
sion ability of Au@MSN-Ter/THPP@CM NPs could be activated by 980
nm laser irradiation, and affected by NPs’ concentration and irradiation
time. Finally, we further evaluated THPP delivery efficiency of
Au@MSN-Ter/THPP@CM NPs by the loading and releasing THPP from
Au@MSN-Ter/THPP@CM NPs. As the results detected by a UV-
Spectrophotometer, the THPP loading capacity and loading efficiency
of Au@MSN-Ter/THPP@CM NPs were 11.5% and 73.2%. And as shown
in Fig. 1 J, THPP releasing from Au@MSN-Ter/THPP@CMNPs was time-
dependent and could reach 50.8 � 3.8% at 8 h in 0.5% Tween 80 PBS
buffer. While the total releasing of THPP was significantly (p＜0.001)
increased up to 67.9� 1.8% under 980 nm laser (1W/cm2) irradiation at
8 h time point (980 nm laser was treated before each time point). These
results indicated that the Au@MSN-Ter/THPP@CM NPs had good THPP
loading capability and sustained THPP releasing manner.

3.2. Cytotoxicity and cellular uptake of Au@MSN-Ter/THPP@CM NPs in
ovarian cancer cells

We have verified the excellent photothermal conversion ability and
sustained THPP release of Au@MSN-Ter/THPP@CM NPs, to further
evaluate the inhibitory effect of different preparations on different
ovarian cancer cells. We performed WST-1, flow cytometry and confocal
microscopy assays to evaluate the cytotoxicity and cellular uptaking of
Au@MSN-Ter/THPP@CM NPs in Ovarian cancer cell lines OVCAR3 and
SKOV3. As shown in Fig. 2 A and B, the cells viability was analyzed by
WST1 assays after the cells were co-incubated with different NP formu-
lations for 24 h and selectively treated with 980 nm (1 W/cm2, 10 min)
and 650 nm (0.4 W/cm2, 5 min) lasers irradiation. It was shown that, in
Au@MSN NPs groups, the cell viabilities in both OVCAR3 and SKOV3
cells were significantly decreased after 980 nm laser treatment, espe-
cially in the highest NPs concentration groups, which is attributed to the
photothermal effect induced cell death. And for 5 μg/mL Au@MSN-Ter/
THPP@CM NPs, 650 nm laser induced obvious cell viability change in
OVCAR3 and SKOV3 cells. These results indicated that the Au@MSN-
Ter/THPP@CM NPs can generate lethal level photodynamic reactions
under 650 nm laser irradiation, and the Au@MSN-Ter/THPP@CM NPs
have great potential for improved PDT. In addition, the cell viabilities of
Au@MSN-Ter/THPP@CM NPs treated with both 980 nm and 650 nm
lasers, had more significant cell viability change in both OVCAR3 and
SKOV3 cells compared to single laser treatment, which were 7.7 � 0.5%
and 14.8 � 6.4%, respectively. While, in normal human dermal fibro-
blasts NHDF cells (Supplementary Fig. 5), the cell viabilities of 5 μg/mL
Au@MSN-Ter/THPP@CM NPs treated with both 980 nm and 650 nm
lasers was 41.5� 2.8%, this indicated that the Au@MSN-Ter/THPP@CM
NPs had tumor cell selectivity at some extent.

Next, we further utilized flow cytometry assay and confocal micro-
scope to evaluate the intracellular behavior of Au@MSN-Ter/THPP and
Au@MSN-Ter/THPP@CM NPs. As shown in Fig. 2, both confocal mi-
croscope imaging (Fig. 2C and D) and flow cytometry analyzing results
(Fig. 2 E and F) showed that the red THPP fluorescent signal represented
Au@MSN-Ter/THPP and Au@MSN-Ter/THPP@CM NPs gathered in

SKOV3 cells after only 2 h co-incubation. We also noticed that, the red
fluorescent positive cells and fluorescent intensity per cell were gradually
increased by time in Au@MSN-Ter/THPP@CM NPs treated groups. And
compared to SKOV3 cells (Supplementary Fig. 7), the red THPP fluo-
rescent signal in OVCAR3 and NHDF cells (Supplementary Fig. 8) were
less. No difference in THPP positive cells between Au@MSN-Ter/THPP
and Au@MSN-Ter/THPP@CM NPs treated NHDF (Supplementary
Fig. 9). Since the NPs were coated with SKOV3 cell membrane, these
results indicated that the SKOV3 cell membrane coating can improve the
selective cell uptake into SKOV3 cells but not other cells. Subsequently,
we tested the endo/lysosome escaping ability, which is one of the crucial
determinants for successful intracellular delivery. Firstly, Cy5.5 labeled
Au@MSN-Ter@CM NPs were co-incubated with OVCAR3 and SKOV3
cell for scheduled 3 and 6 h, and then the cells were selectively treated
with laser 980 nm for 10 min in the prior of green lysotracker and blue
DAPI staining. As shown in Fig. 2 G and H, the free red fluorescent signal,
which represented free Au@MSN-Ter/Cy5.5@CM NPs, were abundantly
detected in both cells after 3 h and 6 h co-incubation, while most of the
red fluorescent signal were merged with green fluorescence signal, which
represented lysosome, except for OVCAR3 cells at 3 h’ time point. These
results mean that the Au@MSN-Ter/THPP@CM NPs were taken by the
cells, but mass of Au@MSN-Ter/THPP@CM NPs were inside of the ly-
sosomes. While in the laser treated groups, the red and green fluores-
cence signals were obviously separated in both OVCAR3 and SKOV3 cells
at 3 and 6 h. This result is similarly with our previous finding and
confirmed the endo/lysosome escape of Au@MSN-Ter/THPP@CM NPs,
as stimulated by PTT [26].

3.3. Evaluate the ICD provoking ability of Au@MSN-Ter/THPP@CM NPs

We have shown that the Au@MSN-Ter/THPP@CM NPs can possibly
induce photodynamic reaction cell death. Therefore, we further tested the
ICD level by analyzing of two typical biomarkers Calreticulin (CRT) and
high mobility group box 1 (HMGB1). The CRT protein is mainly expressed
in ER, while under stress, the CRT is transferred on to the surface of cell
membrane and exposed as an “eat me” signal for immune system. And for
HMGB1, as an activator for immune system, it is mainly located in the cell
nucleus under normal condition, but it is released into extracellular matrix
in stress condition [34–36]. After SKOV3 cells were treated with different
NPs, the cells were separately stained with FITC labeled CRT and HMGB1
primary antibodies. Therefore, the fluorescent signal of FITC can be used to
monitor the protein level and location change of CRT and HMGB1. And to
better distinguish the CRT and HMGB1, we changed the green color of
FITC-HMGB1 fluorescent signal to red. As shown in Fig. 3 A and C, the
green CRT signal and red HMGB1 signal increased obviously in
Au@MSN/THPP@CM or Au@MSN-Ter/THPP@CM NPs with 650 nm
laser group, the increase was especially significant in
Au@MSN-Ter/THPP@CM NPs with 650 nm laser group. Quantitative
experiments with flow cytometry also revealed the same conclusion, under
the irradiation of 650 nm laser, the fluorescence intensity of CRT and
HMGB1 of cells treated with Au@MSN/THPP@CM NPs increased, while
Au@MSN Ter/THPP@CM NPs group showed the highest fluorescence
intensity. When no laser was present, the fluorescence intensity was almost
unchanged compared with the control group. (Fig. 3 B, D). These results
indicated that Au@MSN/THPP@CM or Au@MSN-Ter/THPP@CM NPs
treatment with 650 nm laser can significantly stimulate the CRT and
HMGB1 expression. In addition, the ER targeting ligand Ter modified
Au@MSN-Ter/THPP@CM NPs had better ICD provoking ability than
Au@MSN/THPP@CM NPs, indicating the importance of using ER
targeting.

As we have designed, we were expected to utilize the CAT, which can
catalyze H2O2 to produce O2 to enhance Au@MSN-Ter/THPP@CM NPs
induced photodynamic reactions in the tumor cells. Therefore, we
treated the SKOV3 cells with 5 mg/mL CAT and 10 mg/mL Au@MSN-
Ter/THPP@CM NPs, the concentration of which were shown to be the
maximum dose that would not lead to significant cell death in SKOV3
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Fig. 2. Cytotoxicity and cellular uptaking of different NPs. OVCAR3 (A) and SKOV3 (B) cells viability after different concentrations of various NPs for 24 h following
with 650 nm laser (0.4 W/cm2, 5 min) and/or 980 nm laser (1 W/cm2, 10 min) irradiation. Confocal microscope images (C and D) and flow cytometry analysis (E and
F) of various NPs' cellular uptaking after 2–6 h co-incubation (Scale bar: 20 μm). G and H. Confocal microscope images of Cy5.5 labeled Au@MSN-Ter@CM NPs'
lysosome escape after 3–6 h co-incubation and selectively treated with980 nm laser (1 W/cm2, 10 min) irradiation. (Red: Cy5.5; Green: lysotracker; Blue: DAPI). (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. Confocal microscope images of CRT and HMGB1 stained SKOV3 cells after Au@MSN/THPP@CM or Au@MSN-Ter/THPP@CM NPs treatment. Cells were
stained with CRT (A) and HMGB1 (C) and imaged with confocal microscope after 24 h of Au@MSN/THPP@CM or Au@MSN-Ter/THPP@CM NPs co-incubation and
following 650 nm laser (0.4 W/cm2, 5 min) irradiation. Flow cytometry analysis and quantifications of CRT (B) or HMGB1 (D) positive cells after 24 h of Au@MSN/
THPP@CM or Au@MSN-Ter/THPP@CM NPs co-incubation and following 650 nm laser (0.4 W/cm2, 5 min) irradiation. Images of CRT (E) and HMGB1 (F) stained
SKOV3 cells after treated with Au@MSN-Ter/THPP@CM NPs and selectively treated with free CAT and 650 nm laser irradiation (0.4 W/cm2, 5 min). (Green: CRT;
Red: HMGB1; Blue: DAPI; Scale bar: 20 μm). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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cells (Supplementary Fig. 11), and the cells were treated with 650 nm
laser irradiation. The result in Fig. 3 E and F shown that, the green CRT
signal and red HMGB1 signal were only slightly increased Au@MSN-Ter/
THPP@CM with 650 nm laser or Au@MSN-Ter/THPP@CM þ CAT
treated SKOV3 cells. And the green CRT signal and red HMGB1 signal
had higher intensity in 650 nm laser and Au@MSN-Ter/THPP@CM þ
CAT treated SKOV3 cells. All those results indicated that the Au@MSN-
Ter/THPP@CM NPs and CAT treatment can induce enhanced ICD acti-
vation under 650 nm laser irradiation.

3.4. Au@MSN-Ter/THPP@CM@GelMA and Au@MSN-Ter/
THPP@CM@GelMA/CAT biomimetic nano@microgel preparation and
characterization

In recent years, gelatin methacryloyl (GelMA) hydrogels have received
more and more attention in the applications of drug delivery, tissue engi-
neering and some other medical purposes owing to their excellent
biocompatibility and biodegradability [17,30,37]. For example, the GelMA
microspheres formed by crosslinked gelatin molecules under UV light is an
ideal drug or cell carrier that can be used for cancer therapy by in situ
injection and also site-specific cell transplantation [38–40]. Thereby, we
further loaded the Au@MSN-Ter/THPP@CM NPs together with CAT into
GelMA microsphere to form the Au@MSN-Ter/THPP@CM@GelMA/CAT
biomimetic nano@microgel. We expect that the prepared biomimetic
nano@microgel can be used for Ovarian cancer treatment through
enhanced photodynamic reactions and photothermal combined therapy by
in-situ injection. As shown in the Schematic Figure, the biomimetic
nano@microgel Au@MSN-Ter/THPP@CM@GelMA/CATwas prepared on
amicrofluidic chip. Briefly, CAT (5mg/mL), photocrosslinker (10mg/mL),
gelatin methacrylate (150 mg/mL) and Au@MSN-Ter/THPP@CMNPs (10
mg/mL) were firstly dispersed in PBS solution as an internal flow. Next, the
mixture was flow focused by the external flow (mineral oil with 5%
Span-80) to form droplet, and then cured by UV irradiation. Finally, the
biomimetic nano@microgel Au@MSN-Ter/THPP@CM@GelMA/CAT was
collected by centrifugation. In order to maximize the carrying capacity of
the biomimetic nano@microgel, we have tried to prepare the
Au@MSN-Ter/THPP@CM@GelMA/CAT microspheres with different
Au@MSN-Ter/THPP@CM NPs concentrations (0, 5, 10 and 15 mg/mL).
We found that 10 mg/mL was the highest Au@MSN-Ter/THPP@CM NPs’
concentration that could be used for the preparation of
Au@MSN-Ter/THPP@CM@GelMA/CAT microspheres, because the 15
mg/mL was too high NPs' concentration that destroyed the basic skeleton
of the microgel and made it impossible to solidify. Therefore 10 mg/mL of
Au@MSN-Ter/THPP@CM NP was used for the final biomimetic nano@-
microgel preparation. And based on cell cytotoxicity study of CAT in
SKOV3 cells, we selected 5 mg/mL CAT, which was the highest concen-
tration that did not induce considerable cell death in the test (Supple-
mentary Fig. 11).

Compared with mechanical emulsification method, the microfluidic
method that we used can produce highly monodispersed microgels and
effectively avoid the leakage of NPs even under mechanical stirring or
ultrasonication. The encapsulation efficiency of Au@MSN-Ter/
THPP@CM NPs and CAT by Au@MSN-Ter/THPP@CM@GelMA/CAT
microspheres was 89.1% and 91.5%. In addition, by controlling the
flow rate of the internal and external channels, Au@MSN-Ter/
THPP@CM@GelMA/CAT microspheres of different sizes could be
easily prepared. As the results shown in Fig. 4 A, we first fixed the
external flow (5% Span 80 in mineral oil) speed at 3mL/h and change the
internal flow (mixture of NPs, CAT and GelMA) speed, the diameter of
Au@MSN-Ter/THPP@CM@GelMA/CAT microspheres could be pro-
duced with the size of 490 � 35, 200 � 28, 110 � 18, 55 � 15 and 20 �
10 μm (the corresponding internal: external flow ratio ¼ 1:1, 1:2, 1:4,
1:8, and 1:12). To investigate the composition of the Au@MSN-Ter/
THPP@CM@GelMA/CAT microspheres, we utilized a fluorescent drug
Doxorubicin (DOX) to mimetic CAT's distribution in Au@MSN-Ter/

THPP@CM@GelMA/CAT microspheres. The confocal microscope imag-
ing results showed that the red signal of THPP in Au@MSN-Ter/
THPP@CM NPs and green signal represented DOX were evenly
dispersed in the microsphere (Fig. 4 B). Next, we further evaluated the
stability of Au@MSN-Ter/THPP@CM@GelMA/CAT microspheres by
monitoring the degradation of different sizes’ Au@MSN-Ter/
THPP@CM@GelMA/CAT biomimetic nano@microgels. The result in
Fig. 4 G showed that, the biomimetic nano@microgels were completely
degraded at 22 days (internal: external flow ratio of 1:4), 11 days (in-
ternal: external flow ratio of 1:8) and 5 days (internal: external flow ratio
of 1:12), while there were still 28.2� 5.2% and 7.9� 3.8% of Au@MSN-
Ter/THPP@CM@GelMA/CAT biomimetic nano@microgels left in flow
ratio of 1:1 and 1:2 groups after 22 days even with laser irradiation (980
nm laser, 1 W/cm2, treated for 10 min before each time point). This
indicated that the degradation of Au@MSN-Ter/THPP@CM@GelMA/
CAT microspheres was correlated to its size. In order to reduce the
trauma of injection and maximize the sustained release time of the bio-
mimetic nano@microgel, we chose 1:2 as the optimal flow ratio to pre-
pare the final biomimetic nano@microgel (particle size of 200 μm). And
the microscopy images in Fig. 4 D showed that, the surface damage was
detected in nano@microgel after 7 days, and constantly broken and
missing was found after 14 and 28 days. In addition, we also evaluated
the drying procedure of the GelMAmicrospheres. Through freeze-drying,
we noticed that the water phase nucleated during the freezing process
and led to increased surface pores of the GelMAmicrospheres, which was
not good for maintaining the NPs inside and sustained the drug release.
To avoid Au@MSN-Ter/THPP@CM NPs losing by the Au@MSN-Ter/
THPP@CM@GelMA/CAT microspheres, we applied vacuum drying,
and we managed to obtain non-porous GelMAmicrospheres. As shown in
Fig. 4C, the dried Au@MSN-Ter/THPP@CM@GelMA/CAT microspheres
had uniform size distribution and very smooth surface under SEM.

Next, we further tested the CAT and NPs' releasing from Au@MSN-
Ter/THPP@CM@GelMA/CAT biomimetic nano@microgel. Because
THPP can hardly dissolved in water and barely release from the NPs
under aqueous condition, we measured the UV absorption of THPP to
represent the releasing of NPs and detected the protein concentration of
CAT in the releasing buffer by BCA kit to monitor the releasing of CAT.
And in order to create a better irradiation condition that can be further
used for animal study, we treated the releasing solution with 980 nm
laser (1 W/cm2) for 10 min every three days. As shown in Fig. 4 E and F,
the releasing of THPP and CAT were both in time dependent manner and
could last up to 30 days. Furthermore, total THPP releasing was signifi-
cantly increased from 65.4% � 2.8% to 79.7 � 3.8% (p < 0.001) by 980
nm laser irradiation at 30 days' time point, while the CAT releasing
increased significantly from 63.2%� 2.2% to 80.6� 3.4% (p< 0.001) by
980 nm laser irradiation at 30 days’ time point. These results demon-
strate that the biomimetic nano@microgel Au@MSN-Ter/
THPP@CM@GelMA/CAT has good stability and sustained release of NPs.

3.5. Evaluating the anti-tumor effect of Au@MSN-Ter/
THPP@CM@GelMA/CAT microgel in ovarian cancer cells

We have proofed that the Au@MSN-Ter/THPP@CMNPs had very good
capability to deliver THPP with good biocompatibility, and also evidently
showed the cell proliferation inhibition ability of Au@MSN-Ter/
THPP@CM NPs under both 650 nm laser and 980 nm laser irradiation.
In order to further evaluate the anti-tumor effect of the Au@MSN-Ter/
THPP@CM@GelMA/CAT microgel, we performed live-dead cell staining
andAnnexin V, PI double staining assays to test the effect of Au@MSN-Ter/
THPP@CM@GelMA/CAT on cell survival in SKOV3 and OVCAR3 cells.
The results in Fig. 5 showed that, the Annexin V positive cells were
distinctly increased by either Au@MSN-Ter/THPP@CM@GelMA or
Au@MSN-Ter/THPP@CM@GelMA/CAT treatment for 48 h, regardless of
single laser (650 nm laser or 980 nm laser) treatment or double lasers
treatment in both two cell lines (Fig. 5 A, B, C and D). While compared to

X. Ma et al. Materials Today Bio 20 (2023) 100663

9



single laser treated groups, Au@MSN-Ter/THPP@CM@GelMA/CAT
together with both two lasers treated groups showed more significantly
increased Annexin V positive cell populations in both SKOV3 and OVCAR3
cells. Most importantly, the Annexin V positive cell populations in
Au@MSN-Ter/THPP@CM@GelMA/CAT and two lasers treated groups
were more than Au@MSN-Ter/THPP@CM@GelMA and two lasers
without Au@MSN-Ter/THPP@CM@GelMA treated groups in both SKOV3
and OVCAR3 cells. Because Annexin V is a membrane protein that can only

binding to the damaged cell membrane, thus the fluorescent signal of FITC
labeled Annexin V were commonly used to detect the apoptotic cells.
Therefore, our results demonstrated that the treatment of Au@MSN-Ter/
THPP@CM@GelMA or Au@MSN-Ter/THPP@CM@GelMA/CAT can
significantly lead to both SKOV3 and OVCAR3 cells apoptosis. And the
additional laser irradiation (650 nm laser or 980 nm laser), especially the
two lasers treatment was a considerable promotion factor for cell
apoptosis.

Fig. 4. Morphology and CAT/THPP releasing of Au@MSN-Ter/THPP@CM@GelMA/CAT microsphere. Illustration, particle size (A) and confocal microscope images
(B) of Au@MSN-Ter/THPP@CM@GelMA/CAT microspheres with indicated external (5% Span 80 in mineral oil) and internal (mixture of NPs, DOX and GELMA) flow
rate; C. SEM images of Au@MSN-Ter/THPP@CM@GelMA/CAT microsphere formed by external and internal flow rate of 2:1; D. Microscope images of Au@MSN-Ter/
THPP@CM@GelMA/CAT microspheres at different time point; CAT (E) and THPP (F) releasing from Au@MSN-Ter/THPP@CM@GelMA/CAT microspheres in PBS
buffer with or without laser (980 nm, 1 W/cm2, 10 min); G. The degradation curve of different Au@MSN-Ter/THPP@CM@GelMA/CAT microspheres formed by
different flow ratio.
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Fig. 5. Cytotoxicity of different GelMA microsphere formulations and treatments. A-D. Flow cytometry analysis of apoptotic cells by Annexin V-FITC/PI staining after
co-incubation with Au@MSN-Ter/THPP@CM@GelMA or Au@MSN-Ter/THPP@CM@GelMA/CAT for 48 h and following 650 nm laser (0.4 W/cm2, 5 min) and/or
980 nm laser (1 W/cm2, 10 min) irradiation. E and F. Cell death analysis with confocal microscope after co-incubation with Au@MSN-Ter/THPP@CM@GelMA or
Au@MSN-Ter/THPP@CM@GelMA/CAT for 48 h and following 650 nm laser (0.4 W/cm2, 5 min) and/or 980 nm laser (1 W/cm2, 10 min) irradiation (Red: PI; Green:
Calcein-AM; Scale bar: 200 μm). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Since the red fluorescent nuclei dye PI can only get in to the cells with
damaged membrane, while the Calcein-AM can be catalyzed in to green
fluorescent Calcein and retained only in living cells. Therefore, the double
staining of PI and Calcein-AM were always used to distinguish the living
and dead cells. As the live-dead cell staining results in Fig. 5 E and F shown,
the red PI fluorescent signal was significantly increased while the green
Calcein-AM fluorescent signal was decreased in all Au@MSN-Ter/
THPP@CM@GelMA or Au@MSN-Ter/THPP@CM@GelMA/CAT treated
SKOV3 and OVCAR3 cells, and the additional laser treatments (either 650
nm laser and/or 980 nm laser) came to be an acceleration factor for the
tendency. While in all Au@MSN-Ter/THPP@CM@GelMA or Au@MSN-
Ter/THPP@CM@GelMA/CAT treated SKOV3 and OVCAR3 cells,
compare to single laser (650 nm laser or 980 nm laser) treated groups,
double lasers (650 nm laser and 980 nm laser) treatments were more
significant in increasing the red PI fluorescent signal and decreasing the
green Calcein-AM fluorescent signal. Moreover, the increasing of red PI
fluorescent signal and decreasing of green Calcein-AM fluorescent signal in
Au@MSN-Ter/THPP@CM@GelMA/CATwith double lasers treated groups
were more obviously than Au@MSN-Ter/THPP@CM@GelMAwith double
lasers in both SKOV3 and OVCAR3 cells. All of these results demonstrated
that both the formulations of Au@MSN-Ter/THPP@CM@GelMA and
Au@MSN-Ter/THPP@CM@GelMA/CAT together with laser 650 nm and/
or 980 nm treatment can lead to significant cell death and apoptosis in both
OVCAR3 and SKOV3 cells. And compared to Au@MSN-Ter/
THPP@CM@GelMA, Au@MSN-Ter/THPP@CM@GelMA/CAT is more
efficient for inducing the cell death and apoptosis.

3.6. Evaluate the ability of ICD activation by Au@MSN-Ter/
THPP@CM@GelMA/CAT in ovarian cancer cells

To further confirm the Au@MSN-Ter/THPP@CM@GelMA/CAT
generated enhanced photodynamic reactions design, we detected the
ROS level by a ROS indicator DCFH-DA in Au@MSN-Ter/THPP@CM@
GelMA and Au@MSN-Ter/THPP@CM@GelMA/CAT treated SKOV3 cells.
The DCFH-DA is a non-fluorescent molecule, which can be catalyzed and
oxidated in to a strong fluorescent product DCF, thus can be used to analysis
the ROS level of cells. As the results showed in Fig. 6, weak green fluo-
rescent signal of DCF could be only observed in Au@MSN-Ter/
THPP@CM@GelMA/CAT treated SKOV3 cells after 48 h. While in either
Au@MSN-Ter/THPP@CM@GelMA or Au@MSN-Ter/THPP@CM@
GelMA/CAT treated SKOV3 cells, the green fluorescent signal were
dramatically increased by extra laser 650 nm treatment, especially in
Au@MSN-Ter/THPP@CM@GelMA/CAT group (Fig. 6 A). The results
evidently showed that the ROS level in either Au@MSN-Ter/
THPP@CM@GelMA or Au@MSN-Ter/THPP@CM@GelMA/CAT treated
SKOV3 cells were significantly increased by laser 650 nm. Therefore, we
further evaluated the consequence induced by high level of ROS in SKOV3
cells.

Prolonged ER stress, which can be induced by high level of ROS is one
of the leading causes for ICD triggered anti-tumor immune response [41,
42]. As shown in our design (Schematic figure), we modified the ER
targeting ligand Ter on the surface of Au@MSN-Ter/THPP NPs. The
Au@MSN-Ter/THPP NPs were successfully conducted to the ER once
they escaped from the endo/lysosome (Supplementary Fig. 6). We
believed that high level of ROS produced by the accumulated
Au@MSN-Ter/THPP NPs in ER could certainly lead to irreversible ER
stress under laser 650 nm irradiation. Therefore, we detected two key
biomarkers of ICD to evaluate the potential ability of anti-tumor immune
response provoking by Au@MSN-Ter/THPP@CM@GelMA/CAT. As
shown in Fig. 6 B, C, both the fluorescent signals of CRT and HMGB1 on
the cell membrane of SKOV3 cells were dramatically increased in either
Au@MSN-Ter/THPP@CM@GelMA or
Au@MSN-Ter/THPP@CM@GelMA/CAT treated groups with additional
laser 650 nm treatment, and most obviously detected in
Au@MSN-Ter/THPP@CM@GelMA/CAT plus laser 650 nm group. The
increasing of both CRT and HMGB1 fluorescent signals on the cell

membrane of SKOV3 cells sufficiently indicated that the ICD status were
in extremely high level in Au@MSN-Ter/THPP@CM@GelMA/CAT
together with laser 650 nm treated SKOV3 cells.

3.7. Biodistribution and anti-tumor effects in ovarian cancer orthotopic
implantation model

All of our previous results showed that the Au@MSN-Ter/
THPP@CM@GelMA/CAT was with sustained NPs releasing and
enhanced anti-tumor activity in Ovarian cancer cells synergistically with
650 nm and 980 nm lasers treatment. Moreover, the Au@MSN-Ter/
THPP@CM@GelMA/CAT together with 650 nm laser treatment had
great potential to provoke ICD induced anti-tumor immune response.
Therefore, we further performed animal study to evaluate the possible anti-
tumor activity of Au@MSN-Ter/THPP@CM@GelMA/CAT in vivo. The
experiment was carried out with SKOV3 generated Ovarian cancer ortho-
topic implantation mice model (Fig. 7 A and Supplementary Fig. 14), and
mice were randomly separated into four groups (n� 6). PBS treated group
was injected with 100 μL PBS from tail vain, NPs treated group was
injected with 100 μL Au@MSN-Ter/THPP@CM NPs in the tumor site, and
two another groups were injected with 30 μL Au@MSN-Ter/
THPP@CM@GelMA/CAT (dose: equal to 2.5 mg/kg of THPP) in the
tumor site. The PBS, NPs and one Au@MSN-Ter/THPP@CM@GelMA/CAT
treated groups were treated lasers (10 min of 980 nm laser, 5 min of 650
nm laser) once every three days as scheduled. As shown in Fig. 7 B and
Supplementary Fig. 20, after only 6 h tail vein injection of Au@MSN-Ter/
THPP@CM NPs and followed double lasers treatment, the Au@MSN-Ter/
THPP@CM NPs were detected in both liver and cancer tissues. And
increased Au@MSN-Ter/THPP@CM NPs accumulation was found in both
liver and tumor tissues, as well as in lung and kidney tissues at 24 and 48 h.
In nano@microgels groups, only few Au@MSN-Ter/THPP@CM NPs were
detected in the liver, while large amount of Au@MSN-Ter/THPP@CMNPs
were detected in tumor tissues in Au@MSN-Ter/THPP@CM@GelMA/CAT
in situ injection groups at 15 days regardless of laser treatment (Fig. 7 B).
These results demonstrated that the Au@MSN-Ter/THPP@CM NPs was
mainly retention in the tumor tissue after Au@MSN-Ter/
THPP@CM@GelMA/CAT microsphere's intratumoral injection. While
the tail vein injection of Au@MSN-Ter/THPP@CM NPs also exhibited
main organs (such as liver, kidney, and lung) accumulation. Furthermore,
the result of tumor weight from sacrificed mice after fifteen days treatment
with different formulations and lasers showed that both Au@MSN-Ter/
THPP@CM NPs and Au@MSN-Ter/THPP@CM@GelMA/CAT can signifi-
cantly decrease the tumorweight under double lasers (Fig. 7C). In addition,
the tumor weights in either Au@MSN-Ter/THPP@CM NPs or Au@MSN-
Ter/THPP@CM@GelMA/CAT together with double lasers treated groups
were obviously lower than Au@MSN-Ter/THPP@CM@GelMA/CAT only
treated group, and Au@MSN-Ter/THPP@CM@GelMA/CAT together with
lasers treated group exhibited the lowest tumor weight result. Subse-
quently, we sliced the collected tumor and organ tissues and performedHE,
Ki 67 and Tunel staining assays to further evaluate the anti-tumor activity
and organ toxicity of different formulations. As the result in Fig. 7 D, HE
staining showed that compared to PBS treated group, cell death area of
tumor tissues were strikingly increased in all different formulations treated
groups, especially in Au@MSN-Ter/THPP@CM@GelMA/CAT together
with lasers treated group. Correspondingly, the expression of tumor cell
proliferation biomarker Ki 67 and apoptotic cells' biomarker Tunel staining
were changed in the similar way as the result in HE staining. These results
indicated that both formulations and treatments were effectively inhibited
the tumor growth, while Au@MSN-Ter/THPP@CM@GelMA/CAT
together with lasers was the best selection for the implementation of
cancer treatment. Andmore significantly, both of the formations were non-
toxic to the main organs within the used maximum formulation concen-
trations, because there were no obvious organ tissue damages were
observed in the main organs (include heart, liver, spleen, lung and kidney)
HE staining results.
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Fig. 6. Confocal microscope images of SKOV3 cell after co-incubation with Au@MSN-Ter/THPP@CM@GelMA or Au@MSN-Ter/THPP@CM@GelMA/CAT for 48 h
and selectively treated with 650 nm laser (0.4 W/cm2) for 5 min. A. Images of DCFH-DA stained SKOV3 cells and quantifications (Green: DCFH-DA; Blue: Hochest;
Scale bar: 20 μm); Images of CRT (B) and HMGB1 (C) primary antibodies stained SKOV3 cells and quantifications (Green: CRT; Red: HMGB1; Blue: DAPI; Scale bar: 20
μm). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 7. Bio-imaging, tumors growth and histological analysis after different formulations of peritumoral administration. A. Illustration of animal experiment. B. Organ
tissues THPP fluorescent signal captured by in vivo imaging system and quantifications (From left to right and up to down panels: Heart, liver, spleen, lung, kidney,
and tumor). C. Data of tumor images, tumor weight, mice body weight and weight ratio (tumor/body) (n � 6). D. HE, Ki67 and Tunel staining images and quan-
tifications of tumor, and HE staining images of different organs (n � 6, 20 � , scale bar: 100 μm).
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4. Conclusion and discussion

In this study, we have developed a microfluidic method for fabri-
cating biomimetic Au@MSN-Ter/THPP@CM@GelMA/CAT nano@-
microgels. These gels consist of cured GelMA microspheres and inner
components including CAT and Au@MSN-Ter/THPP@CM NPs. The
Au@MSN-Ter/THPP@CM NPs were found to possess excellent photo-
thermal conversion ability and stability. Additionally, the Au@MSN-Ter/
THPP@CM@GelMA/CAT nano@microgels demonstrated good biocom-
patibility and long-term tumor retention capability. Importantly, both in
vitro and in vivo studies showed that Au@MSN-Ter/THPP@CM NPs and
Au@MSN-Ter/THPP@CM@GelMA/CAT exhibited excellent anti-tumor
activity against ovarian cancer when both 650 nm and 980 nm lasers
were applied. These findings provide strong evidence for the potential of
these nano@microgels as a promising therapeutic approach for ovarian
cancer.

ROS provoking for cancer therapy has always been considered as a
good strategy for nano-formulation drugs design [43,44]. The most
common ROS include hydrogen peroxides (H2O2), superoxide (�O2

�),
hydroxyl radical (�OH) and singlet oxygen (1O2). And among them 1O2 is
the most reactive one, which can result in most serious cell damages via
reaction with organic molecules that contain double bonds [45]. In this
work, we encapsulated CAT together with Au@MSN-Ter/THPP@CMNPs
inside of the Au@MSN-Ter/THPP@CM@GelMA/CAT microsphere, the
produced O2 by released CAT catalyzing H2O2 served as good source for
THPP based photodynamic reaction generated 1O2 production. As we
have proofed in Fig. 6 A, the ROS level was significantly increased in
Au@MSN-Ter/THPP@CM@GelMA/CAT and laser 650 nm treated
SKOV3 cells, and this further induced increasing CRT exposure and
HMGB1 releasing (Fig. 6 B and C). Therefore, all of these results evidently
proved the enhanced photodynamic reaction design of our
Au@MSN-Ter/THPP@CM@GelMA/CAT microgel, and this is a very
good strategy of enhanced ROS provoking by photodynamic reaction for
cancer therapy.

The photo-thermal response has always been considered as one of the
best designs for developing smart nanocarriers [46–48]. However, the re-
sults of photothermal therapy (PTT) can be easily affected by various key
factors that may decrease the photothermal conversion efficiency, including
NP stability, distribution, and the selected light source [49]. In our work, we
developed photothermal-responsive Au-MSN NPs as nanocarriers for THPP,
thereby combining PTT with PDT. The results, as shown in Figs. 2 and 5,
indicate that both cell death and apoptosis were significantly increased in
the groups treatedwith both lasers (650 nm and 980 nm) compared to those
treated with a single laser, whether using Au@MSN-Ter/THPP@CMNPs or
Au@MSN-Ter/THPP@CM@GelMA/CAT.

Furthermore, following intratumoral injection, the nano@microgel
Au@MSN-Ter/THPP@CM@GelMA/CAT also demonstrated excellent
tumor retention ability, as illustrated in Fig. 7 B. This serves as an
effective solution to the problem of low accumulation of photosensitizers
at the tumor site, which can reduce the amount of photosensitizer used in
PDT. Moreover, the results in Fig. 7 show that enhanced anti-tumor ac-
tivity can be achieved by using Au@MSN-Ter/THPP@CM@GelMA/CAT
in conjunction with additional 650 nm and 980 nm laser irradiation.

In summary, the nano@microgel Au@MSN-Ter/THPP@CM@GelMA/
CAT has shown great potential for inducing high levels of ROS and trig-
gering ICD through photothermal and enhanced photodynamic reactions,
both in vitro and in vivo. This newly designed biomimetic nano@microgel
could be a promising candidate for in situ ovarian cancer therapy.
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1. Introduction

Ovarian cancer ranks among the deadliest
gynecological malignancies, casting a
significant shadow over women’s health
globally.[1] Despite the marked progress
in surgical procedures and supplementary
treatments, handling this malignancy
continues to be a daunting task. The key
challenges include the adverse side effects
from therapeutic interventions and the
inexorable emergence of drug resistance
during chemotherapy regimens.[2–6] This
underscores the urgent need for innovative
therapies that accurately target the core pro-
cesses behind tumor growth and survival.

The unique metabolism of tumor
cells, mainly known for glycolysis or the
“Warburg effect,” has always intrigued can-
cer researchers.[7] Within this metabolic
shift, cells predominantly lean toward
glycolysis over oxidative phosphorylation,
even in oxygen-rich environments.
This grants cancer cells distinct advan-
tages, encompassing swift proliferation,
heightened metastatic propensities, and
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Ovarian cancer remains a significant health issue worldwide, often facing limi-
tations in treatment due to side effects and drug resistance. Tumor cells typically
undergo the “Warburg effect,” preferring glycolysis, which leads to their rapid
growth and survival. Metformin, a widely used diabetes medication, targets 5’
adenosine monophosphate-activated protein kinase (AMPK), reducing glycolysis
and thereby slowing tumor growth. Additionally, forkhead box protein K2 (FOXK2),
a transcription factor often found in excess in many tumors, promotes glycolysis
and tumor development. Delivering metformin and FOXK2 siRNA directly to the
tumor site in the body is challenging due to the metformin’s poor water solubility
and the fragile nature of siRNA. To address this, zirconium and 5,10,15,20-tetra(4-
pyridyl)porphyrin nanoparticles loaded with FOXK2 siRNA, enveloped in cell
membrane, co-encapsulated with metformin in gelatin methacrylate microspheres
(ZrTCP@siFOXK2@CM/Met@GelMA) hydrogel microspheres are developed for
effective dual delivery. These microspheres facilitate targeted drug delivery, pho-
tothermal therapy with near-infrared light, and interference with glucose metab-
olism. These results show that infrared light combined with metformin and FOXK2
siRNA successfully activates the AMPK pathway, reducing ovarian cancer growth.
This method offers a promising new direction in treatment, utilizing the complex
metabolic characteristics of ovarian cancer to achieve better results.
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resilience against programmed cell death.[8,9] At the heart of this
metabolic tale stands 5’ adenosine monophosphate-activated pro-
tein kinase (AMPK), the guardian of cellular energy equilibrium.
Attuned to cellular energy variations, AMPK deftly calibrates
both glycolytic and mitochondrial processes, maintaining a bal-
anced energetic state.[10,11] AMPK’s role in thwarting tumori-
genic trajectories and its suppressive impact on cell growth
and protein genesis is well established.[12,13] This narrative spot-
light shifts to metformin, a preeminent medication for type 2
diabetes. Exemplifying notable anticancer virtues, metformin’s
therapeutic principle hinges on AMPK activation, tempering
the glycolytic enthusiasm intrinsic to tumor cells. By modulating
AMPK dynamics, metformin not only curtails protein synthesis
and cell proliferation but also rebuffs the glycolytic axis, under-
scoring its potent candidacy in cancer combat.[14–17]

Interlaced within this metabolic tapestry is the transcription
factor forkhead box protein K2 (FOXK2). With conspicuous over-
expression across varied tumors, FOXK2 emerges as a pivotal
nexus in glycolytic oversight.[18] Cutting-edge studies underscore
FOXK2’s commanding role in steering enzymes and pathways
integral to glycolysis, affirming its stature as both a glycolytic cham-
pion and a catalyst for tumorigenesis.[19,20] This revelation pro-
motes a rejuvenated lens on FOXK2, beyond just a diagnostic
lighthouse, positioning it as a promising therapeutic target. In light
of metformin’s robust glycolytic inhibition and FOXK2’s glycolytic
affinities, a harmonized approach looms on the horizon. Melding
metformin’s action with FOXK2 silencing offers a tantalizing pros-
pect, potentially unveiling a transformative paradigm in targeting
the glycolytic trajectory for refined cancer therapy.

However, despite the optimism surrounding recent advances,
significant hurdles persist in the targeted delivery of metformin
and siFOXK2 RNA for maximizing cancer treatment efficacy.
While metformin, in tandem with chemotherapy drugs, has
shown promising therapeutic outcomes,[21–23] the required cyto-
toxic concentration for cancer cells remains prohibitively high.
Achieving this optimal concentration in tumor tissues through
standard means, like intravenous injections, is daunting.
Conversely, siRNAs, such as siFOXK2 RNA, with their transfor-
mative potential in gene silencing, grapple with multiple
challenges.[24–26] The innate instability of siRNA molecules
stands out as a primary concern. Compounding this is the bio-
logical membrane barrier, which restricts the efficient delivery of
these sequences into target cells, a predicament more pro-
nounced within the intricate tumor microenvironments.
Consequently, this barrier has become a significant roadblock
for the broader adoption of nucleotide-based treatments.[27]

Therefore, crafting a precise co-delivery system for metformin
and FOXK2 siRNA is crucial for tapping into their synergistic
therapeutic potential against cancer.

Capitalizing on the synergistic therapeutic benefits of FOXK2
siRNA and metformin, we employed microfluidic technology to
craft the zirconium and 5,10,15,20-tetra(4-pyridyl)porphyrin
nanoparticles loaded with FOXK2 siRNA, enveloped in cell mem-
brane, co-encapsulated with metformin in gelatin methacrylate
microspheres (ZrTCP@siFOXK2@CM/Met@GelMA) hydrogel
microspheres, heralding a new paradigm in enhanced treat-
ment.[28,29] Central to this pioneering approach is the GelMA
substrate, lauded for its outstanding biocompatibility and preci-
sion in drug release.[30] This deliberate integration is crucial in

overcoming the inherent barriers of reaching optimal therapeutic
concentrations of metformin within tumor tissues, a feat seldom
achieved through conventional delivery methods.[31] By engineer-
ing GelMA microspheres tailored for intratumoral administra-
tion, we champion localized drug delivery, curtailing systemic
side effects and bolstering therapeutic efficacy.[32]

Encapsulated within these microspheres are both metformin
and the ingeniously designed ZrTCP@siFOXK2@CM nanopar-
ticles (NPs). These NPs represent a confluence of the metallic
zirconium (Zr) and the photosensitizing agent 5,10,15,20-tetra
(4-pyridyl)porphyrin (TCPP), giving rise to the versatile ZrTCP
metal-organic frameworks (MOFs).[33] Characterized by their
porous construct, these MOFs excel in siRNA encapsulation
and are further sheathed with a tumor-cell-sourced membrane,
enhancing their tumor-targeting ability.[34–36] But their ingenuity
stretches further. At the heart of their design lies the TCPP com-
ponent, which, when stimulated by near-infrared light, triggers a
photodynamic reaction, releasing reactive oxygen species (ROS)
within the tumor milieu.[37,38] This cascade of ROS serves a two-
fold purpose: direct cytotoxic effects causing cellular membrane
damage and consequent cell death, and strategic interference
with glucose metabolism.[39–42] Such intervention enhances the
precision targeting of metformin and FOXK2 siRNA on these
metabolic pathways, accentuating their collective antitumor
prowess.

The synthesized ZrTCP NPs, with impressive dispersity in
ethanol solution, presented an approximate particle size of
104.5� 8.4 nm. The tumor-cell-membrane-coated NPs show-
cased high cellular uptake efficiency and superior lysosome
escape potential. In conjunction with metformin,
ZrTCP@siFOXK2@CM NPs exhibited heightened cytotoxicity,
especially under infrared light, significantly impacting SKOV3
and OVCAR3 ovarian cancer cells. Upon exposure to infrared
light, these NPs notably raised cellular ROS levels, and their syn-
ergistic use with metformin prominently activated the AMPK
signaling pathway in SKOV3 cells. In in vivo studies, the
GelMA microspheres, ZrTCP@siFOXK2@CM/Met@GelMA,
demonstrated impressive tumor tissue retention and significant
tumor suppression under laser irradiation. In sum, our work
introduces a pioneering therapeutic strategy, leveraging the met-
abolic vulnerabilities of ovarian cancer for enhanced treatment
outcomes.

2. Results

2.1. FOXK2 Silencing-Induced Cell Death in Ovarian Cancer is
Enhanced by Metformin

To explore the role of the FOXK2 gene in ovarian cancer, we ana-
lyzed its expression in 30 types of pan-cancer and adjacent non-
tumor tissues using The Cancer Genome Atlas (TCGA) database.
Our results (Figure 1A) revealed a significant overexpression of
FOXK2 in ovarian cancer tissues, with markedly lower expres-
sion in the adjacent non-tumor tissues. This differential expres-
sion pattern indicates that FOXK2 may serve as an oncogene in
ovarian cancer and suggests that it could be a potential therapeu-
tic target. The broad pan-cancer analysis contextualized these
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findings, reinforcing the specificity of the role of FOXK2 in ovar-
ian cancer within the larger oncological landscape (Figure 1B).

To further elucidate the functional significance of FOXK2 in
ovarian cancer, we silenced its expression in SKOV3 and
OVCAR3 cells using siRNA. Post transfection, we observed a pro-
nounced decrease in cell viability (Figure 1C–E) and tumor

sphere-forming ability (Figure 1F–I), reflecting the importance
of FOXK2 in ovarian cancer progression. Subsequent incubation
with 20–40mM of metformin further weakened the cells’ survival
and sphere-forming ability. These findings highlight a potential
synergistic effect between FOXK2 silencing andmetformin, offer-
ing insights into novel therapeutic strategies for ovarian cancer.

Figure 1. Metformin intensified the inhibitory effect of FOXK2 siRNA on the proliferation and mammosphere formation of SKOV3 and OVCAR3 cells.
A,B) FOXK2 expression across Cancer Genome Atlas (TCGA) cancers (A) and ovary cancers (B) from TCGA database (P< 0.05). C) Expression of FOXK2
in SKOV3 and OVCAR3 cells tested by western blot assay; cell viability of D) SKOV3 and E) OVCAR3 cells after treatment of siFOXK2 and metformin for
48 h tested by Cell Counting Kit-8 (CCK-8) assay (n= 3). Data are presented as the mean� standard deviation (SD) from three independent experiments.
F–I) Representative images and quantification of mammospheres formed from SKOV3 (F,G) and OVCAR3 (H,I) cell lines after treatment of siFOXK2 and
metformin for 24 h (scale bar= 50 μm). Statistical significance among groups in (D,E,G,I) was determined by one-way analysis of variance (ANOVA),
*P< 0.05, **P< 0.01, ***P< 0.001, and ****P< 0.0001.
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Collectively, our study illuminates the pivotal role of FOXK2
in the progression of ovarian cancer. By demonstrating its over-
expression in tumors and its functional importance in cell sur-
vival and growth, we have identified FOXK2 as a promising
therapeutic target. The synergistic effects of FOXK2 silencing
and metformin treatment lay the groundwork for innovative
treatment modalities in ovarian cancer. Further studies are
required to translate these findings into clinically effective
interventions.

2.2. Synthesis and Characterization of ZrTCP@siFOXK2@CM
NPs

In our study, we ingeniously utilized the photosensitizer TCPP
as a ligand and, through a nanoscale self-assembly process,
reacted it with Zr ions to synthesize ZrTCP NPs (Scheme 1).
These NPs displayed a fusiform shape, with a diameter of
approximately 104 nm and a negative charge (Figure 2A–C).
In a subsequent step, we successfully loaded FOXK2 siRNA into
these NPs by means of self-adsorption, thereby creating
ZrTCP@siFOXK2 NPs. Interestingly, this procedure did not sig-
nificantly alter the NP size, but the surface charge was markedly
reduced to �27.8mV. Quantitative analysis revealed that the
loading capacity of the ZrTCP@siFOXK2 NPs could reach up
to 100mg g�1. To further enhance the protective effect of the
NPs for siRNA and targeting specificity to tumor cells, we iso-
lated and purified the cell membrane from SKOV3 cells.
Through overnight stirring, we prepared biomimetic NPs with
cell-membrane coating, termed ZrTCP@siFOXK2@CM.
These cell-membrane-coated NPs maintained an elliptical shape,
but exhibited clear membrane structures on their surface
(Figure 2B). Significantly, the particle size of the

cell-membrane-coated NPs increased to 125.3 nm, and the sur-
face charge further decreased to �34.6mV (Figure 2D).

In conclusion, our fabricated ZrTCP@siFOXK2 NPs, as well
as ZrTCP@siFOXK2@CM, possess appropriate size and physi-
cal morphology, coupled with a high siRNA loading capacity.
Theoretically, these attributes confer feasibility for intracellular
siRNA delivery, positioning them as promising vectors for
targeted gene silencing applications. These findings provide a
novel insight into NP engineering and underscore the potential
of ZrTCP@siFOXK2@CM NPs for therapeutic interventions in
oncological research.

2.3. Cellular Interaction of ZrTCP@siFOXK2@CM NPs and
Ovary Cancer Cells

Building upon previous results, we sought to further validate the
feasibility of ZrTCP@siFOXK2 NPs as siRNA intracellular
delivery carriers. To this end, ZrTCP@siCtrl-Cy5.5 and
ZrTCP@siCtrl-Cy5.5@CM NPs were synthesized using Cy5.5-
labeled control siRNA, and subsequently incubated with logarith-
mically growing SKOV3 cells over a period of 2–6 h.
Observations revealed that both types of NPs exhibited intracel-
lular aggregation as early as 2 h post-incubation, with a time-
dependent increase in Cy5.5 red fluorescence (Figure 3A,B).
Remarkably, cell-membrane-coated ZrTCP@siCtrl-Cy5.5@CM
demonstrated enhanced intracellular accumulation compared
to its non-coated counterpart (Figure 3A,B and S4, Supporting
Information), supporting the hypothesis that membrane-coating
augments NP uptake and intracellular delivery efficiency.

In a subsequent experiment, we employed green lysosomal
fluorescent dye LysoTracker to investigate the lysosomal escape
capability of ZrTCP@siCtrl-Cy5.5@CM NPs within SKOV3

Scheme 1. Schematic representation of the preparation process for ZrTCP@siFOXK2@CM/Met@GelMA microgel and its antitumor mechanism.
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cells (Figure 3C–E). The data revealed minimal colocalization
between lysosomal green fluorescence and the red fluorescence
of ZrTCP@siCtrl-Cy5.5@CM, regardless of incubation time
(Figure 3D–F). This suggested that ZrTCP@siCtrl-Cy5.5@CM
NPs could either efficiently escape lysosomal compartments or
enter cells via pathways independent of the lysosomal route.

Finally, the cytotoxicity profile of ZrTCP@siFOXK2 and
ZrTCP@siFOXK2@CM NPs was explored. The findings
indicated a notable reduction in cell survival rates to 72.3%
and 69.8% for SKOV3 and OVCAR3 cells, respectively, after
48 h incubation at 2 μgmL�1 (Figure 3F,G). Moreover, survival
rates were further reduced to 20.3% and 25.6% with
ZrTCP@siFOXK2@CM, emphasizing its superior inhibitory
effect. A caveat emerged with the observation that higher concen-
trations of ZrTCP@siCtrl exerted significant cytotoxic effects,
revealing a potential underlying toxicity of the ZrTCP NPs
themselves.

In summary, the current study affirms the promising charac-
teristics of ZrTCP NPs in cellular uptake and lysosomal escape,
with cell-membrane-coating serving as an effective strategy for
enhancing efficiency. Additionally, the significant inhibitory
effects of ZrTCP@siFOXK2 NPs on SKOV3 and OVCAR3 cell
proliferation were elucidated, with further enhancement
observed upon membrane encapsulation. These collective
insights underline the potential of ZrTCP NPs for targeted
siRNA delivery, indicating their potential applicability in thera-
peutic strategies for ovarian cancer.

2.4. Synthesis and Characterization of
ZrTCP@siFOXK2@CM@GelMA Microgel

Building on the initial findings, we extended our investigation to
determine the synergistic effect of ZrTCP@siFOXK2 NPs with

metformin, given that prior studies confirmed the ability of met-
formin to enhance the inhibitory effect of FOXK2 siRNA on ovar-
ian cancer cells. ZrTCP@siFOXK2 and ZrTCP@siFOXK2@CM
NPs were incubated with logarithmically growing SKOV3 and
OVCAR3 cells at a concentration of 1 μgmL�1, in conjunction
with 20–30mM of metformin. Following 48 h of incubation, a
significant reduction in cell survival rates was observed in
both ZrTCP@siFOXK2 and ZrTCP@siFOXK2@CM NP-treated
groups relative to the ZrTCP@siCtrl control group (Figure 4A,B).
More remarkably, the addition of metformin further significantly
decreased the survival rates, with the lowest rates attained in the
30mM metformin and ZrTCP@siFOXK2@CM combination
group, reaching 27.1% and 32.5% for SKOV3 and OVCAR3
cells, respectively. These results strongly indicate that
ZrTCP@siFOXK2 NPs and metformin exert a synergistic inhibi-
tion on tumor cell proliferation.

Subsequently, in an effort to optimize the administration of
ZrTCP@siFOXK2@CM NPs and metformin, enhance drug
utilization efficiency, and mitigate potential toxicity, we utilized
microfluidic technology to encapsulate ZrTCP@siFOXK2@CM
NPs and metformin within GelMA to create injectable, slow-
degrading GelMAmicrogel beads suitable for in situ tumor injec-
tion (Figure 4C). As depicted in Figure 4C, an aqueous solution
containing 2 μg mL�1 of ZrTCP@siFOXK2@CM NPs, 30mM

metformin, GelMA, and cross-linking agents was used as the
inner phase (Flow 1), and a 5% Span80 mineral oil solution
was employed as the outer phase (Flow 2). By manipulating
the flow rate ratio between Flow 1 and Flow 2, we successfully
fabricated ZrTCP@siFOXK2/Met@CM@GelMA microbeads
ranging from 70 to 200 μm in diameter (Figure 4D,E). We
selected the 70 μm ZrTCP@siFOXK2@CM/Met@GelMA
microbeads for subsequent experiments.

Interestingly, the release profile of metformin from the
ZrTCP@siFOXK2@CM/Met@GelMA microgel revealed a

Figure 2. Morphology and characteristics of ZrTCP@siFOXK2 and ZrTCP@siFOXK2@CM nanoparticles (NPs). A,B) Representative images of ZrTCP
(A) and ZrTCP@siFOXK2@CM (B) NPs captured by transmission electron microscopy (scale bar= 100 nm); C) size and D) zeta-potential of ZrTCP,
ZrTCP@siFOXK2, and ZrTCP@siFOXK2@CMNPs measured by dynamic light scattering. Data are presented as the mean� SD from three independent
experiments, statistical significance among groups was determined by one-way ANOVA, *P< 0.05, **P< 0.01, ***P< 0.001, and ****P< 0.0001.
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Figure 3. Confocal imaging, fluorescence intensity, and cellular viability of SKOV3 and OVCAR3 cells post-NP uptake. A,B) Representative confocal micro-
scopy images of SKOV3 cells after uptake of ZrTCP@siCtrl-Cy5.5 (A) and ZrTCP@siCtrl-Cy5.5@CM (B) NPs (scale bar: 20 μm). C) Representative confocal
microscopy images of ZrTCP@siCtrl-Cy5.5@CMNPs colocalized with lysosomes after endocytosis (red: ZrTCP@siCtrl-Cy5.5@CMNPs; green: lysosome;
blue: nucleus; scale bar: 20 μm). D) Quantitative data on the mean fluorescent intensity of SKOV3 cells following uptake of ZrTCP@siCtrl-Cy5.5 and
ZrTCP@siCtrl-Cy5.5@CM NPs (n= 3). E) Overlap of the fluorescent signal from ZrTCP@siCtrl-Cy5.5@CM NPs with that of the lysosome following
uptake (n= 3). F,G) Cell viabilities of SKOV3 (F) and OVCAR3 (G) cells after treatment of ZrTCP@siCtrl, ZrTCP@siFOXK2, and
ZrTCP@siFOXK2@CM NPs for 48 h measured by CCK-8 assay (n= 3). Data are presented as the mean� SD from three independent experiments,
statistical significance among groups was determined by one-way ANOVA, *P< 0.05, **P< 0.01, ***P< 0.001, and ****P< 0.0001.

www.advancedsciencenews.com www.small-science-journal.com

Small Sci. 2024, 4, 2300192 2300192 (6 of 13) © 2023 The Authors. Small Science published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.small-science-journal.com


continuous release over 28 days, with a maximum release of
78.6% (Figure 4F). This correlated with observable, gradual col-
lapse of the microbeads, culminating in complete degradation at
28 days (Figure 4G). When exposed to 650 nm laser irradiation,
the release rate of metformin significantly accelerated, reaching a
maximum release of 80.8% after 14 days. Based on these
findings, we inferred that the ZrTCP@siFOXK2/Met@CM@
GelMA microgel exhibits excellent sustained-release efficiency
for both metformin and ZrTCP@siFOXK2/Met@CM NPs.
The enhanced release upon 650 nm laser irradiation is likely
attributed to the photosensitive material TCPP within the
ZrTCP NPs, which responded to the laser, stimulating release
through photodynamic reactions.

In conclusion, this part of the study demonstrated the
synergistic antitumor effect of ZrTCP@siFOXK2 NPs with
metformin and introduced a novel microgel delivery system,
facilitating controlled, sustained release. The promising release
characteristics, augmented by light-triggered responsiveness,

underscore the potential of ZrTCP@siFOXK2/Met@CM@
GelMA microgels for localized cancer therapy. Further studies
will be essential to assess the in vivo efficacy and safety profile
of this innovative therapeutic approach.

2.5. Laser Irradiation Elevated ZrTCP@siFOXK2@CM@GelMA
Microgel-Mediated Cell Death at Cellular Level

Continuing from the aforementioned research, we sought to fur-
ther validate the tumor-suppressing efficacy of our synthesized
GelMA microspheres at the cellular level. By employing techni-
ques such as calcein-acetoxymethyl ester/propidium iodide (cal-
cein AM/PI) live/dead cell staining and flow cytometric analysis,
we examined the apoptosis levels in SKOV3 and OVCAR3 cells
under various GelMA microsphere formulations, both with and
without laser irradiation. As depicted in the corresponding
Figure 5A,B, in comparison with the phosphate-buffered saline
(PBS) group, the cells treated with 1 μgmL�1 NPs of

Figure 4. Preparation and characterization of ZrTCP@siFOXK/Met2@CM@GelMA microgel. A,B) Cell viabilities of SKOV3 (A) and OVCAR3 (B) cells
after 48 h of treatment with ZrTCP@siCtrl, ZrTCP@siFOXK2, or ZrTCP@siFOXK2@CMNPs combined with metformin, as measured by the CCK-8 assay
(n= 3). C) Schematic of microfluidics chip for ZrTCP@siFOXK2/Met@CM@GelMA microgel preparation. D) Representative images of
ZrTCP@siFOXK2/Met@CM@GelMA microgel prepared with different flow 1:flow 2 flow speed ratio (scale bar: 100 μm). E) Size of ZrTCP@
siFOXK2/Met@CM@GelMA microgel formed at different flow 1:flow 2 flow speed ratio (n= 3). F) Metformin release profile of ZrTCP@siFOXK2/
Met@CM@GelMA microgel in deionized water with or without 650 nm laser irradiation (0.5W cm�2, 5 min every 3 days) (n= 3).
G) Representative images showing the degradation of ZrTCP@siFOXK2/Met@CM@GelMAmicrogel in deionized water. Data in (A,B,E,F) are presented
as the mean� SD from three independent experiments, statistical significance among groups was determined by one-way ANOVA, *P< 0.05,
**P< 0.01, ***P< 0.001, and ****P< 0.0001.
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ZrTCP@siFOXK2/Met@GelMA, ZrTCP@siFOXK2@CM/Met@
GelMA, and ZrTCP@siFOXK2@CM@GelMAþ 30mM free
metformin for 48 h displayed a significant increase in red

fluorescent PI-labeled dead cells, with a concomitant substantial
reduction in green fluorescent calcein-AM-labeled live cells.
Following the addition of 650 nm laser irradiation, the SKOV3

Figure 5. ZrTCP@siFOXK2@CM@GelMAmicrogel-induced cell death in SKOV3 and OVCAR3 cells. A,B) Representative confocal microscopy images of
SKOV3 (A) and OVCAR3 (B) cells after treatment of PBS, ZrTCP@siFOXK2@GelMA, ZrTCP@siFOXK2/Met@GelMA, ZrTCP@siFOXK2@CM/
Met@GelMA, or ZrTCP@siFOXK2@CMþMet for 48 h and combined with/without 650 nm laser irradiation (0.5W cm�2, 5 min) (red: PI; green: calcein
AM; scale bar: 200 μm). C) Apoptotic cells and D,E) quantification data after 48 h of treatment, analyzed by flow cytometry. Data in (D,E) are presented as
the mean� the standard error of the mean (S.E.M.) from three independent experiments, statistical significance among groups was determined by one-
way ANOVA, *P< 0.05, **P< 0.01, ***P< 0.001, and ****P< 0.0001.
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and OVCAR3 cells incubated with ZrTCP@siFOXK2GelMA
exhibited a marked increase in red fluorescent signals
representing dead cells and a significant reduction in green
fluorescent signals representing live cells. Moreover, regardless
of additional laser exposure, the groups treated with
metformin-containing ZrTCP@siFOXK2/Met@CM@GelMA
and ZrTCP@siFOXK2@CM@GelMAþ30mM free metformin
showed even more dead cells and fewer live cell signals.

Further deepening our analysis, we utilized flow cytometry to
provide additional clarity regarding the antitumor effects of
ZrTCP@siFOXK2/Met@CM@GelMA. As demonstrated in
Figure 5C–E, following the treatment of SKOV3 and OVCAR3
cells for 48 h with ZrTCP@siFOXK2@CM@GelMA, ZrTCP@
siFOXK2/Met@GelMA, and ZrTCP@siFOXK2@CM/Met@
GelMA, there was a marked increase in Annexin-V-positive
apoptotic cell populations. This effect was further amplified
under the influence of 650 nm laser irradiation. The ZrTCP@
siFOXK2@CM/Met@GelMAþ laser irradiation group dis-
played the highest Annexin-V-positive cell populations,

measuring 52.3% and 42.6% in SKOV3 and OVCAR3 cells,
respectively. In summary, these findings further delineate the
cellular-level antitumor effects of ZrTCP@siFOXK2@CM/
Met@GelMA and confirm the synergistic antitumor efficacy
when combined with 650 nm laser irradiation.

2.6. Biodistribution and in Vivo Safety of
ZrTCP@siFOXK2@CM NPs and ZrTCP@siFOXK2/
Met@CM@GelMA Microgel

Continuing from our previous findings, we delved into
evaluating the in vivo antitumor efficacy of our formulated
ZrTCP@siFOXK2@CM/Met@GelMA GelMA hydrogel.
Initially, using a mouse xenograft model, we assessed the in vivo
distribution and organ toxicity of both ZrTCP@siFOXK2@CM
NPs and the ZrTCP@siFOXK2/Met@CM@GelMA microgel.
As evident from Figure 6A,B, the in vivo imaging of small
animals post tail vein injection of 100 μL of 5mgmL�1

ZrTCP@siFOXK2@CM NPs revealed a substantial NP

Figure 6. Biodistribution and organotoxicity in a nude mouse xenograft tumor model. A–D) Fluorescence imaging of main organs (L–R: heart, liver,
spleen, lung, kidney, tumor) in tumor-bearing nude mice post-intravenous injection of ZrTCP@siFOXK2@CM (A,B) and post-intratumoral injection of
ZrTCP@siFOXK2@CM/Met@GelMA (C,D) using the in vivo imaging system. E) Hematoxylin and eosin (H&E)-stained sections of main organs from
tumor-bearing nude mice 7 days after intravenous injection of ZrTCP@siFOXK2@CM and intratumoral injection of ZrTCP@siFOXK2@CM/
Met@GelMA (n= 3, scale bar: 100 μm). Data in (B,D) are presented as the mean� S.E.M. from three independent experiments, statistical significance
among groups was determined by one-way ANOVA, *P< 0.05, **P< 0.01, ***P< 0.001, and ****P< 0.0001.
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aggregation in tumor tissues within a mere 24 h. Concurrently,
significant NPs were also detected in the liver and kidneys of the
mice, with a persistent presence even after 72 h. In stark contrast
(Figure 6C,D), when the tumor tissue was directly injected with
an equivalent amount of ZrTCP@siFOXK2/Met@CM@GelMA
microgel, the signal from ZrTCP@siFOXK2@CM NPs was pre-
dominantly localized within the tumor tissue, enduring for at
least 15 days.

Subsequently, mice injected with ZrTCP@siFOXK2@CM
NPs for 72 h and those administered with ZrTCP@siFOXK2/
Met@CM@GelMA microgel intra-tumorally for 15 days were
euthanized to obtain primary organ (heart, liver, spleen, lungs,
kidneys) tissue samples. Histopathological examinations
from hematoxylin and eosin (H&E)-stained sections
(Figure 6E) demonstrated that neither the tail vein injection of
ZrTCP@siFOXK2@CM NPs nor the intratumoral injection of
ZrTCP@siFOXK2/Met@CM@GelMA microgel-induced any
significant pathological damage in the major organs. This data
confirms that tail vein injection of ZrTCP@siFOXK2@CM
NPs, apart from tumor tissues, results in aggregation in both
the liver and kidneys. In contrast, in situ injection of the
ZrTCP@siFOXK2/Met@CM@GelMA microgel into the tumor
displayed some degree of aggregation in kidney tissues, though
without evident damage to the primary organs (heart, liver,
spleen, lungs, kidneys) in either scenario.

2.7. Antitumor Efficacy of the ZrTCP@siFOXK2@CM@GelMA
Microgel in Ovarian Cancer Models

Expanding on our previous observations, we further explored the
in vivo antitumor efficacy of ZrTCP@siFOXK2@CM NPs and
ZrTCP@siFOXK2/Met@CM@GelMA gel using the SKOV3
xenograft model in nude mice. Mice bearing SKOV3 xenografts
were grouped into eight distinct categories, with each group
undergoing a different treatment regimen as outlined: Group 1:
mice received a tail vein injection of 100 μL PBS on the first day.
Group 2: a tail vein injection of metformin in PBS at 0.2 mg kg�1

was administered on the first day. Groups 3 and 6: a tail vein
injection of a mixture solution of ZrTCP@siFOXK2@CM NPs
and metformin was administered on the first day. Groups 4 and
7: an intratumoral injection of ZrTCP@siFOXK2/Met@GelMA
gel at 5 mg kg�1 was given on the first day. Groups 5 and 8:
an intratumoral injection of ZrTCP@siFOXK2/Met@CM@
GelMA gel at 5 mg kg�1 was given on the first day. From the sec-
ond day onward, Groups 6–8 underwent in situ laser irradiation
(650 nm, 0.25W cm�2 for 5 min) every other day. Mice were
monitored bi-daily for weight and tumor growth, with euthani-
zation occurring when the maximum tumor diameter reached
2 cm. Following euthanization, tumor and primary organ tissues
(heart, liver, spleen, lungs, kidneys) were harvested for histologi-
cal (H&E) and immunohistochemical examination.

As depicted in Figure 7A,B, when compared to the PBS
control and the metformin injection groups, the ZrTCP@
siFOXK2/Met@CM@GelMA (Group 5), ZrTCP@siFOXK2/
Met@CMþlaser (Group 6), ZrTCP@siFOXK2/Met@GelMAþ
laser (Group 7), and ZrTCP@siFOXK2/Met@CM@GelMAþ
laser (Group 8) groups all exhibited significant inhibition of
tumor growth. Notably, the tumor growth inhibition capability

of Groups 6–8 was markedly superior to that of Group 5, but
no discernible differences were observed among them. H&E
results (Figure 7C) indicated varying degrees of necrosis in
tumor tissues from Groups 3–8. Evaluated by necrotic area,
the percentage of tumor necrosis was significantly higher in
Groups 5–8, with respective figures of 45%, 55%, 65%, and
80%, in stark contrast to the 12% observed in Group 4
(Figure 7E). Furthermore, immunohistochemical findings for
tumor tissues revealed a substantial decline in the proliferation
index Ki67 in Groups 4–8 (Figure 7G and S7, Supporting
Information) coupled with a significant increase in the apoptosis
index terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) (Figure 7H and S8, Supporting
Information) when juxtaposed with Groups 1–3. Additionally,
tumor tissue FOXK2 gene expression levels were assessed
(Figure 7D,F). Using the PBS-treated group as the benchmark
(100%), FOXK2 gene expression in Groups 3–8 was 90%,
65%, 60%, 70%, 58%, and 40%, respectively. In comparison with
control Groups 1 and 2, a significant reduction in FOXK2 gene
expression was observed across Groups 3–8.

Collectively, these findings underscore the capability of
combined treatments—tail vein injection of ZrTCP@siFOXK2
@CM NPs and metformin mixture with laser therapy, intratu-
moral injections of either ZrTCP@siFOXK2/Met@GelMA with
laser or ZrTCP@siFOXK2/Met@CM@GelMA with or without
laser—to notably inhibit tumor growth and induce tumor tissue
apoptosis. Moreover, tail vein injection of ZrTCP@siFOXK2@
CM NPs or intratumoral injections of ZrTCP@siFOXK2/
Met@GelMA or ZrTCP@siFOXK2/Met@CM@GelMA effec-
tively diminished the FOXK2 gene expression in tumor tissues.

3. Discussion

The challenge of managing ovarian cancer is magnified by its
heterogeneity, its tendency to remain asymptomatic in initial
stages, and the evolution of chemoresistance during the thera-
peutic course. These barriers emphasize the pressing need for
refined therapeutic strategies targeting the unique susceptibili-
ties of ovarian cancer cells. A burgeoning body of research
has pinpointed metabolic reprogramming as a distinct hallmark
of cancer cells, opening avenues for specialized therapeutic
interventions.[43–45]

The antidiabetic medication, metformin, has garnered atten-
tion for its promising anticancer capabilities.[46] Its mechanism,
notably through modulating mitochondrial oxidative phosphory-
lation and orchestrating the AMPK signaling pathway, offers
intriguing therapeutic possibilities.[47] Our findings robustly sug-
gest that the antiproliferative prowess of metformin is height-
ened when combined with FOXK2 siRNA. The forkhead box
(FOX) family of transcription factors, with FOXK2 in particular,
stands out as instrumental in metabolic reprogramming and
resilience under metabolic duress.[18,19,48] These features nomi-
nate them as compelling therapeutic contenders. Yet, bridging
the chasm between in vitro observations and in vivo therapeutic
triumphs demands an astute approach to drug delivery.

The quandaries inherent to the targeted conveyance of thera-
peutic agents, especially siRNAs, are well chronicled. These
nucleic acid derivatives often grapple with obstacles like rapid
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degradation, hindered cellular entry, and erratic biodistribu-
tion.[26,49] Our innovative methodology encases FOXK2 siRNA
within biomimetic ZrTCP NPs, and these loaded NPs are sub-
sequently incorporated alongside metformin into GelMA micro-
spheres. This approach directly addresses the mentioned
challenges. Existing literature extols the virtues of NPs for

superior cellular entry and amplified therapeutic potential,
particularly for siRNA delivery.[50] The biomimetic design of
our NPs augments tumor specificity, thereby curtailing off-target
repercussions and systemic toxicity.[51]

In a pivotal innovation, our strategy harnesses near-infrared
light exposure to the TCPP component within the ZrTCP

Figure 7. Antitumor effects of ZrTCP@siFOXK2@CM NPs and ZrTCP@siFOXK2@CM/Met@GelMA microgel in SKOV3 xenograft tumor model.
A) Photos of tumors from SKOV3-xenograft-bearing nude mice post 18 days of various treatments, alongside B) the tumor growth curve (n≥ 6).
C) H&E sections and D) FOXK2 immunohistochemistry (IHC) staining of tumor tissues from SKOV3-xenograft-bearing nude mice following different
treatments (n= 3; scale bar: 100 μm). E–H) IHC scores for tumor tissue staining: E) H&E, F) FOXK2, G) Ki67, and H) TUNEL (n= 3). Data in (B,E–H) are
presented as the mean� S.E.M. from three independent experiments; statistical significance among groups was determined by one-way ANOVA,
*P< 0.05, **P< 0.01, ***P< 0.001, and ****P< 0.0001.
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NPs, invoking a photodynamic reaction analogous to traditional
photodynamic therapy.[52] This therapeutic cascade culminates in
the localized generation of ROS that can expedite cancer cell
destruction. Merging this controllable, dynamic tactic with our
distinctive therapeutic concoction substantially bolsters cancer
cell mortality rates.

In summary, the intricate synergy of metformin, FOXK2
siRNA, and the TCPP-activated photodynamic capabilities of
ZrTCP NPs formulates a comprehensive strategy. This approach
adeptly targets the metabolic vulnerabilities of ovarian cancer
cells while fine-tuning the precision of drug delivery. Our find-
ings, though promising, underscore the necessity for deeper
exploration. This includes recognizing the current study’s limi-
tations, particularly in safety assessment. The lack of extensive
long-term toxicity data and in-depth blood chemistry analysis
marks a significant oversight. Future research endeavors should
focus on these areas, integrating thorough long-term toxicity
studies and detailed blood chemistry evaluations. Such compre-
hensive investigations are pivotal not only for a complete under-
standing of the ZrTCP NPs’ safety profile but also for refining
dosing protocols, uncovering potential resistance mechanisms,
and anticipating adverse reactions, thereby enhancing the clinical
efficacy and safety of our approach.

4. Conclusion

Our research presents a cutting-edge therapeutic strategy tailored
for ovarian cancer treatment. The convergence of metformin,
FOXK2 siRNA, and light-activated ZrTCP NPs encapsulated
within GelMA microspheres offers an unprecedented targeting
precision. This holistic approach not only addresses the meta-
bolic vulnerabilities of the tumor, but also ensures the targeted
delivery of therapeutic agents, maximizing their efficacy while
minimizing collateral damage. Future studies and clinical trials
could further refine this method, making it a frontline therapy
for ovarian cancer and potentially revolutionizing the landscape
of cancer therapeutics.

5. Experimental Section
The experimental methods and main materials are detailed in

Supporting Information.
Animal Experiments: All animal experiments were conducted in compli-

ance with the guidelines and protocols of the Institutional Animal Care and
Use Committee of China and were approved by the Institutional Animal
Care and Use Committee of The Chinese University of Hong Kong,
Shenzhen (No. CUHKSZ-AE2021013). Additionally, all experimental pro-
cedures also adhered to the European Union’s respective guidelines for
the accommodation and care of animals.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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1. Introduction

As a grade IV glioma, glioblastoma (GBM) 
is the most common and deadly intrac-
ranial malignant tumor which has high 
mortality and morbidity rates and a low 
effective cure rate.[1,2,3] Surgical therapy is 
the preferred treatment, but the complete 
recession is difficult and resulting in a 
high recurrence rate especially in invasive 
growth GBM cases.[4] In addition, the crea-
tive structure of the blood–brain barrier 
(BBB) fairly restricted the using of tradi-
tional chemotherapies for GBM therapy.[5] 
And the suppressed immune microen-
vironment also worsens the prognosis of 
GBM.[6] Thus, new therapies for GBM are 
still highly demanded.

Pyroptosis, which is a programmed cell 
death depending on the activation of gas-
dermin family (GSDMs), the activation  
of which further induces cell  

Glioblastoma (GBM) is a highly aggressive cancer that currently lacks effec-
tive treatments. Pyroptosis has emerged as a promising therapeutic approach 
for cancer, but there is still a need for new pyroptosis boosters to target cancer 
cells. In this study, it is reported that Aloe-emodin (AE), a natural compound 
derived from plants, can inhibit GBM cells by inducing pyroptosis, making it a 
potential booster for pyroptosis-mediated GBM therapy. However, administering 
AE is challenging due to the blood-brain barrier (BBB) and its non-selectivity. To 
overcome this obstacle, AE@ZIF-8 NPs are developed, a biomineralized nanocar-
rier that releases AE in response to the tumor’s acidic microenvironment (TAM). 
Further modification of the nanocarrier with transferrin (Tf ) and polyethylene 
glycol-poly (lactic-co-glycolic acid) (PEG-PLGA) improves its penetration through 
the BBB and tumor targeting, respectively. The results show that AE-NPs (Tf-PEG-
PLGA modified AE@ZIF-8 NPs) significantly increase the intracranial distribu-
tion and tumor tissue accumulation, enhancing GBM pyroptosis. Additionally, 
AE-NPs activate antitumor immunity and reduce AE-related toxicity. Overall, this 
study provides a new approach for GBM therapy and offers a nanocarrier that is 
capable of penetrating the BBB, targeting tumors, and attenuating toxicity.
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membrane pore-forming and GSDMs N-terminal fragment 
release, causing intracellular and extracellular osmotic pressure 
imbalance, cell swelling and rupture, and then leakage of cyto-
plasmic pro-inflammatory cytokines, resulting in cell death.[7,8] 
More importantly, depend on membrane ruptures and cellular 
contents release, cytotoxic lymphocytes were activated to kill 
tumor cells, which was closely involved in anticancer immune 
response and rising as a very promising method for cancer 
treatment.[9] As an important pyroptosis pathway, activation of 
caspase-3/gasdermin E (CASP3/GSDME) can further trigger 
the activation of host immune system,[10] which stimulates a 
“cold” tumor microenvironment to be an immunogenic “hot” 
tumor microenvironment,[8] and showed significant inhibi-
tory effects on multiple tumors, such as breast cancer, mela-
noma, gastric cancer, lung cancer, hepatocellular carcinoma, 
etc.[11,12] And lots of effort have been done to utilize the pyrop-
tosis pathway as target for cancer therapy. For example, many 
chemotherapeutic drugs, such as doxorubicin and cisplatin 
have been shown to have the potential to induce pyroptosis. 
However, the drug-related side effects and drug resistance are 
still the main problems. Therefore, the finding of new novel 
pyroptosis activator still has a promising contribution for GBM 
immunotherapy.

Aloe-emodin (AE), an anthraquinone derivative extracted 
from a variety of natural plants has aroused increased attention 
for cancer therapy during recent years because of its wide range 
of pharmacological effects, which include antiviral, antibacte-
rial, antiallergic, antiosteoporosis, antidiabetic, neuroprotective, 
and antitumors by induction of DNA damage, cell cycle arrest, 
and inhibit cell migration.[13,14] In this work, we found that AE 
suppressed GBM cells in a time- and concentration-dependent 
manner, and the mechanism studies investigated that this 
antitumor effect may arise from the activation of the CASP3/
GSDME pyroptosis pathway. Thus, AE may act as a pyrop-
tosis booster for GBM therapy. Moreover, our analyzing results 
from the Cancer Genome Atlas (TCGA) database showed that 
GSDME, which is a key modulator for pyroptosis is highly 
expressed in GBM relative to adjacent tissues (Figure  2F,G). 
Therefore, targeting GSDME by AE might serve as a good 
strategy for GBM treatment via immunotherapy.

However, similar to other fat soluble drugs, poor water 
solubility, as well as BBB penetration, and nonselection 
remain the main obstacles to applying AE in GBM treatment. 
In recent years, multiple strategies have been reported to 
improve BBB penetration or tumor targeting, such as poly-
meric nanoparticles, nanoemulsions, liposomes, micelles, 
and exosomes,[15] such strategies partially improved BBB 
penetration or tumor targeting. But as an intracranial tumor, 
GBM treatment faces the dual challenges of BBB and tumor 
targeting. Notably, GSDME is also expressed in normal brain, 
and nonselective activation of GSDME have the risk of normal 
brain injury, thus an ideal drug delivery carrier for intracra-
nial tumors needs to have both BBB penetration, tumor tar-
geting, and tumor acid microenvironment (TAM) controlled 
release ability. To meet the requirements, we first biominer-
alized AE with zeolitic imidazolate framework nanoparticles 
(ZIF-8 NPs), which are zinc ions and dimethylimidazole 
composed metal–organic framework (MOF) based NPs and 
have been widely used for biomolecular intracellular delivery 

owing to their easy preparation, good biocompatibility, and 
acidic microenvironments responsive degradation.[16] There-
fore, ZIF-8 NPs may sever as a good method for improving 
the solubility and tumor targeting of AE. Moreover, since Zn2+ 
is a positive regulator for both innate immunity and adaptive 
immunity,[17] we supposed that the released Zn2+ during ZIF-8 
NPs degradation in GBM cancer cells is also a good factor 
for improving the suppressed immune microenvironment. 
Thereby, the immune response induced by pyroptosis of GBM 
cells will be enhanced.

It was reported that Poly (lactic-co-glycolic acid) (PLGA) 
polymer is with good biocompatibility, biodegradability, and 
no toxicity,[18] thus is widely used to improve BBB permeability 
both in vitro and in vivo, however, they are readily cleared by 
the reticuloendothelial system (RES) through protease-medi-
ated phagocytosis.[19] But the remarkable thing is that PLGA 
modified with polyethylene glycol (PEG) prolongs circulation 
time in vivo and improves water solubility and stability.[20,21] 
Therefore, to increase the blood circulation time, BBB penetra-
tion ability, as well as minimize the none-selected cytoxicity of 
AE loaded ZIF-8 NPs (AE@ZIF-8 NPs), we further coated AE@
ZIF-8 NPs with transferrin (Tf) modified PEG-PLGA polymer 
(Tf-PEG-PLGA). Tf is a ligand of Tf receptor (TfR),which is 
highly expressed in the endothelium of brain capillaries and 
tumor tissue.[22,23] Thus, by targeting the TfR of brain capil-
laries endothelium cells and tumor cells, we expect that the AE- 
NPs will first across the BBB and enter the brain in an efficient 
active transport mode,[23] and then realizing the enrichment 
in GBM tumor cells. On the whole, ZIF-8 NPs can provide 
a good solution for in vivo administration of AE and also act 
as a immuno response regulator, and Tf-PEG-PLGA polymer 
coating enable the AE-NPs across the BBB and finally accumu-
lating in the GBM tumor cells.

Our data demonstrated that, AE induced GBM tumor cells 
death in a time and concentration dependent manner by acti-
vation of CASP3/GSDME pyroptosis pathway. By loading AE 
in ZIF-8 NPs, TAM targeted AE release was realized. And 
the Tf-PEG-PLGA polymer coating significantly increased the 
intracranial distribution and tumor enrichment, therefore, 
boosted pyroptosis in the tumor cells and enhanced antitumor 
effects of AE@ZIF-8 NPs. Furthermore, AE-NPs also enhanced 
microglia GBM infiltration and M1 subtype polarization, 
increased CD8+ T cell expression, prolonged the survival rate 
of tumor-bearing mice, and reduced AE-related hepatotoxicity 
and nephrotoxicity. In summary, our work offers a new strate-
gies for GBM targeted therapy, and the newly constructed AE 
loaded Tf-PEG-PLGA coated ZIF-8 nanoparticles(AE@ZIF-8/
Tf-PEG-PLGA NPs, AE-NPs) can be served as an effective, safe, 
and BBB penetrative pyroptosis booster for intracranial tumor 
therapy.

2. Results

2.1. AE Inhibited Proliferation and Induced Pyroptosis  
in GBM Cells

Previous studies have shown that AE is a natural monomeric 
compound with antitumor effects (Figure  1A).[24] However, 
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its role in antiglioma is currently not very clear. To explore 
the potential anti-GBM activity, we administered AE to GBM 
human cell line U87MG and GBM mouse cell line GL261. 
Cell Counting Kit 8 (CCK-8) assay showed that AE sup-
pressed GBM cells in a time- and concentration-dependent 
manner (Figure  1B; and Figure S1, Supporting Informa-
tion), and the morphology of AE-treated GBM cells showed 
pyroptosis-specific features, such as cell membrane swelling 
and blebbing (Figure  1C), suggesting that AE may induced 
GBM cells pyroptosis. Because pyroptosis is accompanied 
with lactate dehydrogenase (LDH) extracellular release,[25] to 
further confirm AE-induced pyroptosis, we next measured 
LDH release from AE treated U87MG cells, and showed 
that LDH release was increased with the increasing of AE 
concentration (Figure  1D). These results indicated that, AE 
inhibited cell proliferation and induced pyroptosis in GBM 
cells.

2.2. AE Activated the CASP3/GSDME Pyroptosis Pathway in 
GBM Cells

Pyroptosis is mainly activated through the caspase-1/gas-
dermin D (CASP1/GSDMD) pathway or CASP3/GSDME 
pathway.[26] To clarify the mechanism of AE-mediated pyrop-
tosis, AE-GBM network pharmacology analysis was per-
formed. A Venn diagram with the overlapping targets related 
to AE and GBM identified 44 promising targets for GBM 
treatment of AE (Figure  2A). The network of these 44 tar-
gets was analyzed with the STRING database (Figure  2B), 
and the PPI network showed 44 nodes and 473 edges. We 

next analyzed each node and screened out the first 20 targets 
with node degrees greater than 23. These targets included 
AKT1, ALOX5, AKT2, BCL2L1, CASP3, CASP9, CDK2, and 
CDK6. Among them, CASP3 is one of the core intersec-
tion targets (Figure  2C). Since CASP3 is the key protein of 
CASP3/GSDME pyroptosis pathway, we speculated that AE 
may induce GBM pyroptosis through the CASP3/GSDME 
pathway. And this was confirmed by in vitro studies with AE 
inducing CASP3 and GSDME activation but not GSDMD 
(Figure  2D,E), which is similar to cisplatin, a classic pyrop-
tosis-inducer, and this activation can be inhibited by z-VAD-
FMK (Figure S2, Supporting Information). Furthermore, we 
found that AE increasing the expression of GSDME at mRNA 
(Figure S3, Supporting Information) and protein levels 
(Figure S4, Supporting Information).

A previous report showed that GSDME expression deter-
mines whether pyroptosis is dominant in the antitumor pro-
cess induced by chemotherapeutic drugs.[27] We next analyzed 
the expression of GSDME in GBM cell lines and tumor tissues 
by western blot (WB) and TCGA database. The analyzing result 
from the TCGA database (http://ualcan.path.uab.edu/index.
html) showed that, compared to other tumors and normal brain 
tissue, GSDME was higher expressed in GBM (Figure  2F,G). 
And the WB showed that GSDME was negatively expressed in 
HMO6 (human microglia cell line) cells, and higher expressed 
in human GBM cell lines U87MG, DBTRG, and then HepG2, 
Hela, A549, even in mouse cells. Most importantly, GSDME is 
higher expressed GBM cell line GL261 then microglia cell line 
BV2 (Figure  2H). These results suggesting that GSDME is a 
good target for anti-GBM therapy by activating of the CASP3/
GSDME pyroptosis pathway.

Small 2023, 19, 2207604

Figure 1. AE induced pyroptosis in GBM cells. A) Chemical structure of AE. B) Cell viability was tested by CCK-8 in AE-treated GL261 cells. All values 
are presented as mean ± SD (n = 4). C) Representative photographs of U87MG and GL261 cells treated with AE for 60 h. The white arrows indicate 
pyroptotic cells (scale bar: 200 µm). D) LDH release of U87MG cells treated with AE for 60 h. Data are presented as mean ± SD (n = 3); *P < 0.05, 
**P < 0.01, ***P < 0.001(one-way ANOVA and Bonferroni’s multiple comparisons test).
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2.3. Characterization and Acidic Microenvironment 
Responsiveness of AE-NPs

Previous studies have shown that lack of selectivity distribu-
tion and poor water solubility in vivo can lead to low efficacy 

and off-target side effects.[28,29] To improve the intracranial 
distribution and tumor enrichment of AE, AE-NPs were con-
structed by a two-step method (Scheme 1A). First, AE@ZIF-8 
nanoparticles were synthesized by encapsulating AE during 
the mineralization of zinc nitrate and 2-methylimidazole. Sub-

Small 2023, 19, 2207604

Figure 2. AE activated the CASP3/GSDME pyroptosis pathway in GBM cells. A) 44 intersection targets of AE and GBM illustrated by Venn diagram. 
B) Cytoscape-based PPI analysis construction (intensity of the node color is proportional to the amounts of linked proteins). C) Bar plot of the top 
20 targets in the PPI network. CASP3 is one of the core intersection targets. D) The expression of CASP3, cleaved caspase-3(C-CASP3), GSDME, and 
GSDME-N terminal (GSDME-N), GSDMD, GSDMD-N terminal (GSDMD-N), biomarkers of pyroptosis, was assayed by WB. E) Quantitatively ana-
lyzed CASP3, C-CASP3, GSDME, GSDME-N, GSDMD, GSDMD-N by the mean gray value. All the data are presented as the mean ± SD from three 
independent experiments (n = 3); * P < 0.05, (one-way ANOVA and Bonferroni’s multiple comparisons test). F) Expression of GSDME across TCGA 
cancers from TCGA database. G) Expression of GSDME in GBM and brain tissue from TCGA database (*P < 0.05). H) Expression of GSDME in dif-
ferent tumor cell lines and normal cell lines, tested by western blot.
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sequently, AE@ZIF-8 NPs were coated with Tf-PEG-PLGA 
polymer. The appearances of blank ZIF-8, AE@ZIF-8, and 
AE-NPs were shown in Figure  3A. During the formation of 
AE@ZIF-8, increasing AE dosage increased the particle size, 
and UV-absorption peak (255  nm) (Figure S5A,C, Supporting 
Information), while the average ζ potential was decreased 
(Figure S5B, Supporting Information). However, a stable UV-
absorption curve could not be formed with AE concentrations 
of 20  mg (Figure S5C, Supporting Information). Therefore, 
10 mg AE was selected for the final AE@ZIF-8 NPs formulation 
and subsequent experiments. The AE loading degree was 43.2%, 
AE encapsulation rate of AE@ZIF-8 is 32.6%, and the hydrody-
namic size of AE@ZIF-8 measured by dynamic light scattering 
(DLS) was 155.1 ± 42.41 nm (Figure 3B), while the size measured 
by transmission electron microscopy (TEM) was 38.87 ± 4.71 nm 
(Figure S8, Supporting Information), and the surface zeta poten-
tial was 20.3 ± 7.95 mV (Figure 3C) in methanol. Next, AE-NPs 
were prepared according to an established protocol, while the 
increased ratio of AE@ZIF-8 NPs to Tf-PEG-PLGA polymer 
decreased the particle size (Figure S6A, Supporting Informa-
tion), but the surface zeta potential, UV–vis absorption and AE 
loading degree were increased (Figure S6B–D, Supporting Infor-
mation). The transferrin conjunction degree decreased signifi-
cantly when the dosage ratio was higher than 7:3 (Figure S6E, 

Supporting Information), thus a volume ratio of 7:3 was chosen 
for final AE-NPs preparation and subsequent experiments. 
Then hydrodynamic size of AE-NPs measured by DLS was 199 
± 85 nm (Figure 3B), and remains stable for 96 h (Figure 3G), 
while the size measured in the TEM image was 46.52 ± 6.43 nm 
(Figure S8, Supporting Information), the surface zeta potential 
was 13.8 ± 6.49 nm (Figure 3C), the AE loading rate was 15.43% 
(Figure S6D, Supporting Information), AE encapsulation rate 
of AE-NPs is 22.5%. Because the normal brain interstitial 
space is 38–68 nm,[30] and the tumor tissue intercellular space 
is 7–100  nm,[31] these suggests that our prepared AE-NPs can 
freely pass through the brain interstitial and tumor cell space. In 
addition, characterization data were expanded in biological solu-
tions of normal saline containing 1% F127 (1% F127 NS) and 1% 
F127 NS with 10% FBS (1% F127 NS+10% FBS), in biological 
solutions, particles size are increased and zeta potential were 
decreased (Figure S7A–C, Supporting Information). This may 
be protein in biological solutions adsorbed on the nanoparticles’ 
surface changed the characterization.

When blank ZIF-8 NPs, AE@ZIF-8 NPs, and AE-NPs were 
detected by TEM, the surface of AE-NPs had a prominent 
Tf-PEG-PLGA coating (amaranth arrows in Figure  3E). The 
Fourier transform infrared (FTIR) spectrum of AE-NPs also 
revealed new absorption peaks between 1500 and 1700  cm−1 

Small 2023, 19, 2207604

Scheme 1. Preparation (A), in vivo delivery, and anti-GBM mechanism (B) schematic diagram of AE@ZIF-8/Tf-PEG-PLGA NPs (AE-NPs).
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compared with the spectrum of AE@ZIF-8 (Figure 3F). These 
may be resulted by the stretching vibration peak of CONH 
from the amide bonds of transferrin to PEG-PLGA, suggesting 
that AE-NPs were successfully prepared.

The acidic environment-responsive degradation ability makes 
ZIF-8 NPs are efficient carriers to target tumors and intracel-
lular environment.[16,32] To test whether the Tf-PEG-PLGA 
polymer coating could interfere the pH responsive properties 

Small 2023, 19, 2207604

Figure 3. Characterizations and acid-microenvironmental response of AE-NPs. A) Appearance. B) Size results from DLS. C) Zeta potential. D) UV–vis 
absorption spectra. E) TEM images (scale bar: 200 nm). F) FTIR spectra of AE@ZIF-8, TF-PEG-PLGA, and AE-NPs, arrow point to stretching vibration 
peak of CONH from the amide bonds of transferrin connect to PEG-PLGA and contained in Tf. G) Stability of different nanoparticles within 96 h. 
H) Morphology of AE-NPs in response to pH 7.4 and pH 5.5 for 48 and 96 h (Scale bar: 200 nm). I,J) Size of AE-NPs in pH 7.4 and pH 5.5 solutions 
at different time points. K) AE cumulative release profiles in 1% F127 NS, pH 7.4, and 5.5 from AE-NPs (n = 3).
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of ZIF-8 NPs, we further performed pH degradation assay. Our 
experiments showed that the AE-NPs were stable in a neutral 
environment (pH = 7.4) but degraded with AE released in an 
acidic environment (pH = 5.5) (Figure  3H–K). These results 
suggest that AE-NPs react with the acidic microenvironment.

2.4. NPs Elevated Intracellular Uptake and AE-Mediated GBM 
Pyroptosis In Vitro

To evaluate the cellular uptake of AE-NPs by GBM cells, we 
encapsulated the fluorescent dye indocyanine green in ZIF-8 
particle (ICG@ZIF-8) and Tf-PEG-PLGA polymer coated ZIF-8 
NPs (ICG-NPs) (Figure S9, Supporting Information). Flow 
cytometry analysis showed that ICG, ICG@ZIF-8, and ICG-
NPs (ICG concentration equilibrated to 3  µg mL−1) entered 
U87MG cells in a time-dependent manner (Figure  4A). The 
proportion of ICG positive cells and their fluorescence inten-
sity were significantly higher in ICG-NPs groups than ICG and 
ICG@ZIF-8 groups at each time point (Figure 4B). Therefore, 
we speculate that Tf-PEG-PLGA polymer coated ZIF-8 NPs 
increased intracellular uptake of ICG by U87MG cells. We next 
treated U87MG cells with ICG, ICG@ZIF-8, and ICG-NPs for 
6 h (ICG concentration equilibrated to 3 µg mL−1). Laser scan-
ning confocal microscopy (LSCM) showed that the fluorescence 
intensity of the ICG-NPs groups was significantly enhanced 
in ICG-NPs treated groups (Figure  4C), confirming increased 
uptake.

Since Tf-PEG-PLGA polymer coated ZIF-8 NPs increased the 
intracellular uptake of cargo, we were wondering if the anti-
tumor effect of AE was also enhanced by Tf-PEG-PLGA polymer 
coated ZIF-8 NPs. Therefore, we next treated U87 MG cells with 
AE and AE-NPs for 24  h and cell viability was measured. AE 
encapsulation with NPs exhibited a significantly higher inhibi-
tory effect (Figure 4D). To investigate whether elevated cellular 
uptake impacts the cell death mechanism, we next observed AE 
and AE-NPs treated U87MG cells with a confocal high-intensity 
imaging analysis system. The results showed that pyroptosis 
occurred within 24 h in the AE-NPs treated group but took over 
60  h in the AE group (Figure  4E), that was confirmed by the 
GSDME cleavage in AE-NPs group but not AE group in 24  h 
(Figure 4F). This suggests that the encapsulation of AE by Tf-
PEG-PLGA polymer coated ZIF-8 NPs further increased the 
anti-GBM cells effect via enhanced pyroptosis.

2.5. AE-NPs Increased Intracranial Distribution and Tumor 
Enrichment of AE In Vivo

The main challenge for chemotherapeutic drugs in GBM treat-
ment is BBB penetration and tumor targeting. Therefore, free 
ICG, ICG@ZIF-8, ICG-NPs were prepared as nanotracers to 
evaluate the biodistribution, BBB penetration, and tumor tar-
geting capability of Tf-PEG-PLGA coated ZIF-8 NPs in vivo. As 
scheduled, C57BL/6J mice were first treated with ICG, ICG@
ZIF-8, and ICG-NPs through the tail vein (ICG was normalized 
to 3 mg kg−1), and then optical live imaging was performed to 
detect the biodistribution of ICG in brain and main organs at 
each time points. The results showed that compared with ICG 

and ICG@ZIF-8, ICG-NPs had a superior intracranial enrich-
ment within 15 min and with obvious intracranial retention 
after 24  h (Figure  5A,B), liquid chromatography-mass spec-
trometry (LC-MS) quantification further confirmed there was a 
higher AE concentration in AE-NPs group in brain then other 
groups within 2  h (Figure  5D; and Figure S10, Supporting 
Information). Organ distribution showed that Tf-PEG-PLGA 
coated ZIF-8 NPs prolonged the retention time in the body. 
Our study also showed that, compared with free ICG, ICG@
ZIF-8 exhibited lower brain distribution in early time, but had a 
longer detention time (Figure 5A–C). These findings indicated 
that loading with Tf-PEG-PLGA coated ZIF-8 NPs enhanced 
the ability of the cargo enter into the brain, and prolonged resi-
dence time. Subsequently, to evaluate tumor targeting ability, 
cryosections of tumor bearing brain from ICG and ICG-NPs 
treated mice were prepared. The results showed that ICG-
NPs were remarkably enriched in tumor tissue (Figure  5E; 
and Figure S11, Supporting Information), LC-MS quantifica-
tion further confirmed that the tumor tissue of AE-NPs group 
had higher AE concentration (Figure 5D; and Figure S10, Sup-
porting Information). These findings suggested that Tf-PEG-
PLGA coated ZIF-8 NPs enhanced intracranial distribution and 
tumor targeting.

2.6. AE-NPs Enhanced AE-Mediated Antitumor Effects In Vivo

To further evaluate the antitumor effect of AE-NPs, in vivo assay 
on GL261 orthotopic GBM mouse model was performed. Upon 
inoculation and tumor establishment, animals were randomly 
divided into four groups, and 1% F127 NS, AE, Tf-PEG-PLGA 
polymer coated ZIF-8 NPs (NPs), AE@ZIF-8 AE-NPs were 
administered through the tail vein every 2 days. Body weight, 
tumor luciferase expression, and mental status were measured 
weekly (Figure 6A). The results showed that after 1 week admin-
istration, the fluorescence of GBM in the control (Con) group, 
NPs group, and AE group increased continuously, especially 
in the Con group. In contrast, it was decreased in the AE-NPs 
group (Figure  6B,C). Compared with the other three groups, 
AE-NPs showed a stronger effect on tumor volume and weight 
reduction. Furthermore, compared to the control group, NPs 
also reduced tumor volume and weight (Figure  6D,E), which 
may be attributed to the cytotoxic effect of ZIF-8 NPs.[16,33] 
Although NPs and AE have similar effects on tumor volume 
and weight reduction, the AE group showed increased tumor 
necrosis in histopathology (Figure 6F).

Finally, hematoxylin and eosin staining (HE), Ki-67 staining 
and WB assays were performed to clarify mechanism of AE-NPs 
act on GBM. HE staining showed that tumor necrosis was 
happened in all groups, but more obvious in AE, AE@ZIF-8, 
and AE-NPs groups (Figure 6F). Ki-67 staining is a biomarker 
of proliferation, immunohistochemical results showed that 
AE-NPs treated GBM tissue displayed lower Ki-67 expression 
(Figure  6G,H), and supporting inhibited proliferation. At the 
end of the administration, the terminal survival rate was better 
in the AE-NPs group than in the other 4 groups (Figure  6I). 
Together these results suggest that AE-NPs promote necrosis, 
inhibit of GBM growth, and ameliorated the prognosis. Sub-
sequently, to further confirm the antitumor mechanism at 

Small 2023, 19, 2207604
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Figure 4. AE-NPs enhanced intracellular uptake and AE-mediated GBM cell pyroptosis in vitro. A,B) ICG, ICG@ZIF-8, and ICG-NPs intracellular 
uptake by U87MG for 0.5, 1, and 1.5 h, ICG was normalized to 3 µg mL−1 assessed by flow cytometry, Data are presented as the mean ± SD from 
three independent experiments; * P < 0.05, ** P < 0.01 (one-way ANOVA and Bonferroni’s multiple comparisons test) (n = 3). C) Confocal micros-
copy images of ICG, ICG@ZIF-8, and ICG-NPs (ICG was normalized to 3 µg mL−1) intracellular uptake by U87MG cells for 6 h (scale bar: 200 µm).  
D) Cytotoxicity on U87MG of AE and AE-NPs for 24 h, test by CCK-8. All data are presented as the mean ± SD (n = 3), *P < 0.05, **P < 0.01 (two-tailed 
t-test). E) Confocal high-intensity imaging of U87MG cells treated with AE and AE-NPs (AE was normalized to 20 µm) at different time points. Green 
arrows indicate pyroptotic cells (scale bar: 200 µm). F) Expression of GSDME-N terminal in U87MG cells after AE and AE-NPs treated for 24 h (AE 
was normalized to 20 µm), tested by WB.
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Figure 5. AE-NPs improved the intracranial distribution and tumor enrichment in vivo. Optical live imaging detection (A) and quantification (B) of the intrac-
ranial distribution of ICG from ICG, ICG@ZIF-8, and ICG-NPs treated mice for 15 min, 6 h, and 12 h. ICG was normalized to 3 mg kg−1. Data are presented 
as the mean ± SD from three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001 (one-way ANOVA and Bonferroni’s multiple comparisons test). 
C) Organ distribution of ICG from ICG ICG@ZIF-8 and ICG-NP treated mice in different time point. D) Quantitation of AE concentration in brain and tumors 
from tumor bearing mice of different treatment by LC-MS. AE was normalized to 8 mg kg−1, Data are presented as the mean ± SD from three independent 
experiments; *P < 0.05, **P < 0.01(one-way ANOVA and Bonferroni’s multiple comparisons test). E) Brain distribution of ICG (red) from ICG, ICG@ZIF-8, 
and ICG-NP-treated GBM bearing mice for 6 h. ICG was normalized to 3 mg kg−1 and assayed by cryosection with confocal microscopy (scale bar: 200 µm).
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Figure 6. NPs enhanced the antitumor effects of AE in vivo. A) Administrative protocol in vivo. B) Fluorescent staining of GL261 tumor-bearing mice 
treated with 1% F127 NS (Con), NPs, AE, AE@ZIF-8, and AE-NPs at different time points, AE normalized to 8 mg kg−1. C) Quantitative analysis of 
tumor fluorescence. Data are presented as mean ± SD, 8 to 10 mice per group, *P < 0.05, **P < 0.01,***P < 0.001 (one-way ANOVA and Bonferroni’s 
multiple comparisons test). D) Photographs of tumors from different treatments. E) Change curves of tumor weight after different treatments, data 
are presented as mean ± SD, 8 to 10 mice per group, *P < 0.05, **P < 0.01,***P < 0.001 (one-way ANOVA and Bonferroni’s multiple comparisons 
test). F) H&E staining of tumor tissues after different treatments. G,H) The expression of Ki-67 was detected by IHC staining of tumor tissues after 
different treatments (scale bar: 100 µm), data in (H) are presented as mean ± SD, n = 3 mice, *P < 0.05, **P < 0.01 (one-way ANOVA and Bonferroni’s 
multiple comparisons test). I) Survival curves of mice after different treatments (n = 6 mice); Western blot (J) and quantitative analysis (K) of pyroptosis 
biomarkers CASP-3, C-CASP3, GSDME, and GSDME-N in tumor tissues from different treatments by mean gray value. Data in (K) are presented as 
mean ± SD, n = 3, *P < 0.05, **P < 0.01, ***P < 0.001 (one-way ANOVA and Bonferroni’s multiple comparisons test).
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molecular level, we measured the pyroptosis key biomarkers 
CASP3, C-CASP3, GSDME, and GSDME-N in tumor tissues 
from different treatments by western blotting. Compared with 
the other three groups, AE-NPs significantly enhanced the acti-
vation of CASP3 and GSDME (Figure 6J,K). At the same time, 
AE@ZIF-8 displayed pyroptosis activation ability, this might be 
induced by AE@ZIF-8 enrichment in tumor tissue.

2.7. AE-NPs Regulated GBM Immune Microenvironment

The above experiments confirmed that AE-NPs activated 
CASP3/GSDME pyroptosis pathway in vitro and in vivo. As 
an immunogenic death model, pyroptosis has the potential to 
activate intrinsic and adaptive immunity to amplify antitumor 
effect. Therefore, immune cells CD8+ T cells, CD4+ T cells, 
Treg cells (FoxP3+), macrophage, and their M1 subtype (anti-
inflammatory and antitumor subtype, CD86+) were examined 
by flow cytometry (FCM) and immunofluorescence. CD8+ T 
cell is critical immune cells in antitumor immunity. There-
fore, flow cytometry was performed to identify the infiltra-
tion level of CD8+ T cells in tumor tissues from different 
treatment. The results showed that compare with con group, 
CD8 expression levels were improved in AE, AE@ZIF-8, and 
AE-NPS group, especially in the AE-NPs group (the ratio of 
CD8+ T cells to CD3+ T cells is increased from 31% to 64%) 
(Figure 7A,E). Immunofluorescence also showed pronounced 
CD8+ T cells expression (Figure S13A, Supporting Informa-
tion). Since CD8+ T cells are main immune cells that per-
form tumor killing in vivo, their elevated expression suggest 
enhanced immune killing effect, but at the same time, the 
expression of PD-1 was elevated (Figure S13A, Supporting 
Information). The traditional view is that PD-1 expressed on 
CD8+ T cell act as an inhibitory receptor mediates immune 
tolerance, but it was also reported that PD-1 expressed during 
the early stage of CD8+ T cell activation after antigen stimu-
lation. Thus, the elevated PD-1 may come from CD8+ T cell 
activation,[34,35] but the exact role needs to be further explored. 
CD4+ T is an important immune cell, CD4+ T cells and their 
subtype Treg cells (FoxP3+, mediated immune tolerance) are 
also detect. Even immunofluorescence showed no significant 
differences in each group (Figure S13B, Supporting Informa-
tion), the FCM showed that compare with con group, the CD4+ 
T increased from 71.45% to 86.18% in AE-NPs group, and 
with no significant difference in Treg cells  (Figure  7B,E,F). 
The function of tumor-associated macrophages is complex, 
but M1 subtype (M1Φ) infiltration are conducive to their 
antitumor effects.[36] FCM showed the ratio of F4/80+ CD86+ 
cells to F4/80+ cell is increased from 54% in Con group to 
71% in AE-NPs group (Figure  7C,G). Immunofluorescence 
also showed more obvious Iba1+ and CD 86+ cell expression 
in tumor of AE-NPs group (Figure S13C, Supporting Infor-
mation), that suggests more macrophage infiltration and M1 
subtype expression. Furthermore antitumor immunity relate 
cytokines IFN-γ, HMGB1, TNF-α are also measured by qPCR, 
as shown in Figure  7HJ, compare with control group, the 
expression of IFN-γ, HMGB1, TNF-α mRNA are increased 
6–17 fold in AE-NPs group, this verified the activation of the 
immune microenvironment.

2.8. AE-NPs Relieved AE-Related Hepatotoxicity  
and Nephrotoxicity

Similar to many chemotherapeutics, hepatotoxic, and nephro-
toxic effects of high concentration AE have been previously 
reported.[28,37] Meanwhile, high concentrations and unmodified 
ZIF-8 NPs also has noticeable toxic reactions.[16,33] Therefore, it 
was necessary to evaluate the safety of the newly constructed 
AE-NPs. Thus, CCK-8 In vivo, body weight, blood biochemical, 
and histopathological assays on tumor bearing mouse were 
performed. Despite a noticeable GBM inhibitory effect with the 
blank NPs in vivo (Figure  6B,E,F), low dosage of zinc nitrate, 
2-methylimidazole, ZIF-8, Tf-PEG-PLGA, and blank NPs did 
not show noticeable cytotoxicity in vitro (Figure 8A). As the con-
centration continues to increase a certain concentration, zinc 
nitrate (above 40 µg mL−1), ZIF-8 (above 80 µg mL−1), and NPs 
(above 80 µg mL−1) all affected cell viability (Figure S15, Sup-
porting Information). Blood biochemical analysis showed that 
the liver injury biomarkers alanine aminotransferase (ALT), 
aspartate aminotransferase (AST) (Figure 8B,C), and the renal 
injury biomarker BUN (Figure  8E) were increased in the AE, 
AE@ZIF-8, and NPs treated groups, while γ-GT (Figure  8D) 
and CRE (Figure 8F) were unchanged. Surprisingly, no signifi-
cant changes in ALT, AST, or BUN were observed in AE-NPs-
treated mice. Moreover, the histopathology by HE staining 
showed that focal necrosis was detected in the liver from the AE 
treated group, but not in the NPs and AE-NPs treated groups 
(Figure 8G). These results indicated that liver and kidney injury 
caused by AE and NPs were significantly reduced by AE-NPs. 
This is likely the result of enhanced tumor targeting, which 
reduce drug-related off-target toxicity and side effects.[38] Within 
4 weeks, mice in control and NPs group had a body weight loss, 
but not obvious in AE@ZIF-8 and AE-NPs groups (Figure S12, 
Supporting Information). For health mice, within 4 weeks, 
NPs did not affect the body weight (Figure S16A, Supporting 
Information), organ pathology (Figure S16C, Supporting Infor-
mation). But there is a slight elevation of ALT on NPs group, 
and there is no statistic difference in AST, γ-GT, Cr, BUN 
(Figure S16B, Supporting Information). Moreover, no mouse 
death during the experiment, shown acceptable security.

3. Discussion

BBB permeability, tumor targeting, and drug toxicity are the 
main hurdles for chemotherapeutic drugs applied in GBM 
treatment. Using nanocarriers for drug delivery provides an 
opportunity to overcome these challenges. Herein, AE-NPs 
were generated and proven superior to AE alone by the fol-
lowing: 1) Improved BBB permeability; 2) Enhanced tumor tar-
geting and antitumor effects; 3) Reduced drug toxicity.

Improving BBB permeability is key in the treatment of 
intracranial diseases. The BBB refers to the barrier between the 
blood and brain formed by the capillary endothelium and glial 
cells, selectively allowing oxygen and nutrients to enter the cen-
tral nervous system (CNS), while preventing toxins, microor-
ganisms, and most drugs.[39,40] Although GBM may lead to the 
disruption of the BBB and enhanced permeability and reten-
tion effect (EPR), the barrier remains effective against drugs.[41] 
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As the tumor deteriorates and progresses, the tumor mem-
brane ruptures, and the structure of the BBB and its functions 
will also be changed,[42,43] eventually leading to 98% of small 

molecules and almost all macromolecules being insulated from 
the CNS.[44] These factors lead to the failure of most clinical 
drugs for the treatment of GBM. Significantly, in this work, our  

Figure 7. AE-NPs regulate GBM immune microenvironment. Flow cytometry assay of CD8+ T cell (A), CD4+ T and Treg cell (B), macrophage and M1 
subtype (C) infiltration in the tumor tissue after different treatments, n = 5 mice. D–G) Quantitative analysis of flow cytometry, Data are presented 
as mean ± SD, n = 5 mice, *P < 0.05, **P < 0.01,***P < 0.001 (one-way ANOVA and Bonferroni’s multiple comparisons test). H–J)The expression of 
IFN-γH), HMGB1 I), TNF-αJ) mRNA in GBM tissue after different treatment, assayed by qPCR. All data are represented as means ± SD (n = 5); *P < 
0.05, **P < 0.01, ***P < 0.001 compared with the control group (one-way ANOVA and Bonferroni’s multiple comparisons test).



www.advancedsciencenews.com www.small-journal.com

2207604 (13 of 17) © 2023 The Authors. Small published by Wiley-VCH GmbHSmall 2023, 19, 2207604

constructed AE-NPs improved the BBB penetration, which 
probably because the Tf-PEG-PLGA coating prolonged the 
blood circulation time and altered BBB penetration mode.

Enhanced tumor targeting is beneficial for antitumor effects 
and reducing drug-related toxicity and side effects.[38] Con-
structed AE-NPs achieved tumor targeting and enrichment 
(Figure  5D,E), likely related to TfR are highly expressed in 

tumor tissue, hence Tf can anchor the nanoparticles to tumor 
tissue and improve tumor enrichment. Furthermore, the ability 
of ZIF-8 NPs responded degradation in acidic tumor microen-
vironment also has a synergistic effect to improve the tumor 
targeting effect.[16]

In this study, we found that AE acts as a pyroptosis inducer. 
Additionally, we observed that AE at a concentration of IC50 

Figure 8. AE-NPs relieved hepatotoxicity and nephrotoxicity. A) Cytotoxicity of zinc nitrate, ZIF-8, Tf-PEG-PLGA, NPs, and AE-NPs on U87MG cells 
was measured by CCK-8 (n = 3); ALT (B), AST (C), γ-GT (D), CRE (E), and BUN (F) values in mouse serum after different treatments. All values are 
presented as mean ± SD, 4–6 mice per group, *P < 0.05, **P < 0.01 (one-way ANOVA and Bonferroni’s multiple comparisons test). G) HE staining of 
the pivotal organs after different treatments. The yellow arrow points to the lesion zone (scale bar: 100 µm).
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(48.7  µm, U87MG) significantly inhibited the activity of U87 
cells after 48 h (Figure  1B). However, there was no significant 
activation of CASP3 and GSDME (Figure  2D), suggesting 
that AE-induced pyroptosis may not be the only mechanism 
underlying its anti-GBM effects. Moreover, we found that AE-
induced pyroptosis in U87MG cells is concentration-dependent, 
with high doses inducing GBM pyroptosis but not low doses 
(Figure 2D).

Our research also shows that tumor-targeted delivery of 
AE-NPs enhances AE enrichment in GBM (Figure 5D,E). This 
concentration difference makes the induction of tumor tissue 
pyroptosis feasible (Figure 6J), while minimizing pyroptosis in 
normal brain tissue, which is considered one of the reasons for 
the side effects of chemotherapy drugs.[27] This advantage sup-
ports our decision to choose AE as a pyroptosis-inducing agent.

The materials used in this study have been shown to be safe 
in previous studies, but high concentrations and unmodified 
ZIF-8 NPs can have noticeable toxic reactions.[16,33] These are 
mainly derived from the rapid degradation of ZIF-8 NPs.[33] It 
was reported that unmodified ZIF-8 NPs could kill not only cells 
but also animals, however, such toxic reactions can be alleviated 
by appropriate modification.[33] We utilized ZIF-8 NPs as drug 
carriers in this study, and the coating of Tf-PEG-PLGA polymer 
did not show increased cytotoxicity on GBM cells (Figure 8A). 
Although ALT, AST, and BUN levels were elevated by NPs, the 
organ toxicity of AE-NPs was not obvious (Figure  8B,C,E). At 
the same time, the NPs showed an obvious inhibitory effect 
and necrosis-promoting effect on GBM cells (Figure 6F), mean-
while no pathological damage to the brain and vital organs 
was observed (Figure  8G). These results suggest that Tf-PEG-
PLGA coated ZIF-8 NPs suppress GBM without obvious toxic 
side effects, which likely attributed to the modification of Tf-
PEG-PLGA anchoring ZIF-8 NPs in tumor tissue. The acidic 
microenvironment promotes ZIF-8 NPs degradation, and the 
cytotoxic effect is restricted to tumor tissue.

Immunosuppressive tumor microenvironment, which sup-
press immune responses and support tumor growth is one 
of the biggest hurdles to effective therapy for GBM.[45] Pyrop-
tosis of the GSDME pathway has good prospects in antitumor 
therapy because it can mediate both cell death and antitumor 
immune activation. Couple with pyroptosis, intracellular anti-
gens (such HMGB1, IL-1β) released, promote DC maturation, 
initiate T-cell clone, enhance tumor killing effect, pyroptosis 
is considered as a new tumor immunotherapy.[46] At present, 
there are limited reports on anti-GBM by promote pyroptosis. 
Herein, the targeted delivery of AE by NPs to GBM enhanced 
AE-mediated GBM pyroptosis in vivo (Figure  6J,K). Further-
more, AE-NPs also enhanced CD8+ T cells, CD4+ T cells, 
macrophage M1 subtype GBM infiltration, and increased the 
expression of IFN-, HMGB1, TNF-αin mRNA level (Figure 7). 
Therefore, our research may offer a new strategies for GBM 
immunotherapy.

Despite the big advantages of Aloe-emodin for cancer 
therapy, the hepatotoxicity and nephrotoxicity brought by high 
concentration of AE are also main problems for its clinical 
application. It was reported that these defects were mainly 
caused by high concentration of AE induced FAS death, mito-
chondrial damage, endoplasmic reticulum stress provoking, 
and DNA damage.[37,47,48] Our study showed that AE signifi-

cantly inhibited GBM cells and GBM growth both in vitro and 
in vivo (Figures  1B,6B–E; and Figure S1, Supporting Infor-
mation), but it was accompanied by elevated liver and kidney 
injury serologic markers (ALT, AST, BUN) and histopatholog-
ical injury of the liver (Figure 8B,C,G). These observations are 
consistent with previous reports of hepatotoxicity and nephro-
toxicity. However, when AE was encapsulated by NPs, there 
were no significant differences in blood biochemical changes 
(Figure  8B,C,E) or histopathological (Figure  8G) injury com-
pared to control groups, indicating that NPs encapsulation 
effectively alleviated AE-related hepatotoxicity and nephrotox-
icity. This may be attributed to enhanced tumor targeting, but 
the in-depth mechanism needs further exploration.

4. Conclusion

In summary, AE was proved as a pyroptosis booster to suppress 
GBM through the CASP3/GSDME pathway both in vitro and 
in vivo. By loaded with a pH responsive and BBB penetrating 
nanocarrier, improved BBB penetration, tumor targeting, 
enhanced antitumor efficacy, and reduced toxicity effect were 
realized. In addition, AE-NPs have also been proved to enhance 
CD8+ T, CD4+T, macrophage M1 subtype GBM infiltration, pro-
long the survival rate of tumor-bearing mice. Overall, our study 
provides a new strategy for the treatment of GBM and provides 
a BBB-penetrating, tumor-targeting, high-efficiency, and attenu-
ated drug carrier for intracranial tumor therapy.

5. Experimental Section
Main Materials: Aloe-emodin (AE, 99%, Chengdu Alpha). Zinc 

nitrate hexahydrate (Zn (NO3)2·6H2O, 99.998%, Aladdin), N-hydroxy 
succinimide (NHS, 98%, Aladdin), N-(3-Dimethylaminopropyl)-
N′-ethylcarbodiimide hydrochloride (EDC·HCl, 98%, Aladdin), 
2-methylimidazole (C4H6N2, 98%, Aladdin), transferrin (95%, Aladdin). 
Indocyanine green (ICG, 75%, Macklin), PLGA20k-PEG5k-COOH was 
purchased from Xi“an Ruixi Biological Technology Co. Ltd. (Xi”an, 
China). Recombinant anticleaved caspase-3 antibody, recombinant 
anti-DFNA5/GSDME N-terminal antibody, anti-Iba1 antibody, Anti-CD4 
antibody (EPR19514), PD-1 antibody, and anti-Ki67 antibody were 
purchased from Abcam Plc Co., Ltd. (Cambridge, UK). CD86(B7-2(D-6)) 
antibody, CD8-α (D-9) were obtained from SantaCruz (Dallas, USA), 
PE antimouse CD8a were purchased from Biolegend (CA, USA). PE 
Rat Anti-Mouse F4/80(T45-2342), PE-Cy7 Rat Anti-Mouse CD86(GL1), 
APC-Cy7 Rat Anti-Mouse CD45(30-F11), PE-Cy7 Hamster Anti-Mouse 
CD3e(145-2C11), APC Rat Anti-Mouse CD4(RM4-5), PE Rat anti-Mouse 
Foxp3(R16-715), were purchased from BD Pharmingen (NJ, USA). FoxP3 
Monoclonal Antibody were purchased from eBioscience (CA, USA), 
Donkey anti-Goat IgG-AlexaFluor 488, Donkey anti-Rabbit IgG-Alexa 
Fluor 594 (Shanghai, China), β-Tubulin rabbit monoclonal antibody, 
FITC-labeled goat anti-rabbit IgG, horseradish peroxidase-labeled goat 
anti-rabbit IgG (H+L), and LDH Release Assay Kit were purchased 
from Beyotime Biotechnology Co., Ltd. (Shanghai, China). And alanine 
aminotransferase (ALT) assay kit, creatinine (CRE) assay kit, aspartate 
aminotransferase (AST) assay kit, blood urea nitrogen (BUN) assay kit, 
γ-glutamyl transferase (γ-GT) assay kit were purchased from Nanjing 
Jiancheng Bioengineering Research Institute Co., Ltd. (Nanjing, China).

Synthesis of AE@ZIF-8 NPs: AE-loaded ZIF-8 NPs (AE@ZIF-8 NPs) 
were prepared by a self-assembly method.[19,49] First, 75  mg of zinc 
nitrate was added to 2.5 mL of methanol and sonicated to dissolve with 
a 120 W ultrasonic bath for 2 min (solution A). Meanwhile, 165 mg of 
2-methylimidazole and aloe-emodin (0, 2, 6, 10, 20 mg) were dissolved in 
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5 mL of methanol and sonicated with a 120 W ultrasonic bath for 5 min 
(solution B). Subsequently, solution B was stirred for 5 min at 250 rpm 
under room temperature. Next, solution A was dropped into solution B 
under 250  rpm stirring condition. After that, the mixture was continue 
stirred in the dark at room temperature for 1 h, and then kept for another 
1 h at 4 °C. Finally, the mixture was centrifuged at 12 000 rpm for 10 min, 
washed with methanol three times to obtain AE@ZIF-8 nanoparticles, 
and resuspended in 5  mL methanol or normal saline (NS) containing 
1% poloxamer (F127) (1% F127 NS) for further experiments.

Preparation of Tf-PEG-PLGA: Tf was conjugated to PEG-PLGA by 
a two-step EDC/NHS coupling method.[50] With the catalysis of EDC/
NHS, the COOH of COOH-PEG-PLGA interacts with NH2 from 
Tf to generate amide bonds, thereby obtaining Tf-modified PEG-PLGA 
(Tf-PEG-PLGA) (Scheme  1A). Briefly, 10  mg COOH-PEG-PLGA was 
dissolved in 4.5 mL methanol in a 120 W ultrasonic bath for 5 min, then 
250 µL of EDC·HCl (1 mg mL−1) and 250 µL of NHS (1 mg mL−1) were 
added and magnetically stirred at room temperature for 4 h at 250 rpm. 
Then, 200  µL of transferrin aqueous solution (1  mg mL−1) was added 
dropwise, stirred in the dark for 2 h, and incubated for overnight at 4 °C.

Preparation of AE-NPs: The above AE@ZIF-8 NPs methanol solution 
was mixed with Tf-PEG-PLGA methanol solution in volume ratios of 
5:5, 6:4, 7:3, 8:2, and 9:1 at room temperature with magnetic stirring at 
250 rpm for 4 h in the dark. The samples were centrifuged at 12 000 rpm 
for 10 min, and the precipitate was taken to obtain the final AE-NPs 
product, which was washed twice with methanol. Then, the NPs were 
resuspended in 75% ethanol, soaked for 30 min to remove bacteria, and 
washed twice with 1% F127 NS.

Characterizations of ZIF-8 NPs, AE@ZIF-8 NPs, and AE-NPs: Dynamic 
light scattering (DLS) and transmission electron microscopy (TEM) were 
used to detect the size of nanoparticles. For detection nanoparticle size 
and zeta potential, the NPs were distributed in methanol, 1% F127NS, 
and 1% F127NS+10% FBS, respectively, and analyzed by a Malvern 
laser particle size analyzer (DTS1070, Malvern, UK). The stability of 
nanoparticles was evaluated by hydrodynamic particle size at 0, 12, 24, 
48, 72, and 96  h. The structure and morphology of blank ZIF-8 NPs, 
AE@ZIF-8 NPs, and AE-NPs were observed by TEM (HITACHI, Japan) 
with an accelerating voltage of 80  kV. TEM samples were tweezers 
held on carbon-coated copper grids (200 mesh; Ted Pella, Inc., USA), 
immersed in a particle solution, removed, and air-dried prior to imaging. 
The size from TEM was analyzed with ImageJ software. Each picture 
was marked with 100 nanoparticles, three pictures were recorded, and 
the detection results were imported to Origin 2021 software to obtain 
the size. Furthermore, the successful encapsulation of AE and ICG 
into Tf-PLGA-PEG coated ZIF-8 NPs was detected through remarkable 
absorption at 255 and 780 nm by UV–vis absorption spectroscopy (Puxi 
General Instrument Co., Ltd. China). The coating of Tf-PEG-PLGA on 
ZIF-8 NPs was confirmed by FTIR spectra and TEM images.

Drug Loading Degree and Efficiency Detection: The content of AE 
was detected by UV–vis absorption at 255  nm. A 200  µL sample was 
dropped into a cuvette containing 2.8 mL methanol solution with a pH 
of 1.5. According to the standard curve, the content of AE in the sample 
was calculated. AE loading degree (LD, %) = amount of encapsulated 
AE/weight of nanoparticles; AE encapsulation rate (%) = amount of 
encapsulated AE/total input amount of AE. the connection efficiency of 
transferrin was calculated by a BCA kit, Tf loading efficiency (LE, %) = 
weight of transferrin in nanoparticles/total input amount of transferrin.

In Vitro Release and pH-Responsive Analysis: AE-NPs were dispersed 
into 1.0  mL of 1% F127 NS (pH = 7.4; pH = 5.5) and shaken at 37  °C 
gently in dark. The solution was first centrifuged at 12 000 rpm for 10 min, 
and then 900  µL of supernatant was withdrawn and analyzed by a UV 
spectrophotometer at 255 nm at indicated time points. Then, 900 µL of 
fresh medium was added and sonicated until dispersed well. Calculate 
cumulative release rates at selected time intervals. The alternative 
sample disposal method is as above. At selected time intervals, the 
appearance of AE-NPs from different pH values was observed by TEM, 
and size was test by Malvern laser particle size analyzer.

Cells and Animals: U87MG, DBTRG, U251, HeLa, HepG2, A549, 
HMO6, BV2 cells were purchased from ATCC (American Type 

Culture Collection) and stored in the laboratory and cultured in 
DMEM containing 10% FBS, 1% penicillin–streptomycin solution, 
2  mm l-glutamine, and maintained at 37  °C with 5% CO2 humidity. 
GL261-Luc was purchased from Shanghai Yansheng Industrial Co., 
Ltd (Shanghai, China), and used as the transplanted tumor model. 
GL261-Luc cells were stored as recommended by ATCC, cultured and 
cryopreserved according to the manufacturer’s protocol. C57BL/6J mice 
were purchased from Laboratory Animal Center of Hubei University of 
Medicine (Hubei, China) and bred according to the Guide for the Care 
and Use of Laboratory Animals of the National Institutes of Health. 
The experimental protocol of this study was reviewed and approved 
by the Laboratory Animal Welfare Ethics Review Committee of Hubei 
University of Medicine (Hubei University of Medicine Animal (welfare) 
No. 2022-Experiment 015).

Cell Viability Assay: CCK-8 was used to detect the cell viability. U87MG 
and GL261 cells were seeded in 96-well plates at a density of 4000 cells 
per well. Twelve hours later, cell culture medium containing gradient 
concentrations of AE was administered and cocultured, 0.1% DMSO 
was used as the control (Con), and 10 µL of CCK-8 solution was added 
to each well at 24, 48, and 72 h and incubated in an incubator (37 °C, 
5% CO2) for 2  h. The absorbance at 450  nm was measured using a 
SpectraMax 190 microplate reader (Molecular Devices, USA).

Screening of AE-Related Targets: Swiss Target Prediction database was 
used to query AE targets and related target genes. Then, the Pharm 
Mapper database was applied to restrict the species to human, and the 
Target Net database was used to identify potential target genes. After 
merging the targets of each database, the duplicate data were deleted, 
and the aloe-emodin-related targets were uniformly transformed using 
the UniPort protein standardization database.

Collection of Targets of GBM: Using “Glioblastoma” as the keyword, 
the related targets were screened by the OMIM database, Gene Cards 
database, and TTD database. Targets were selected according to 
the principle of a Gene Cards database relevance score > 5, and the 
published literature was found to supplement the unscreened targets. 
After merging three disease database targets, the repeat values were 
deleted to obtain the final target for interaction with glioblastoma.

Construction of the AE-GBM Target Protein–Protein Interaction (PPI) 
Network: After merging and compiling the search results from the 
database, duplicate targets were removed. The intersection between 
the predicted targets of AE active ingredients and the retrieval results 
of glioblastoma-related target genes was determined, and the common 
targets were screened as possible targets of AE in GBM. The Venny 2.1.0 
to map GBM-related targets and active ingredient targets in the form of 
Venn diagrams was applied. The intersection targets were uploaded to 
the STRING database (version 11.5) to construct the PPI network, and 
the key targets were subsequently screened and analyzed subsequently, 
the scoring condition was set to >0.40, and the selected target proteins 
were limited to “Homo sapiens.” Then, the key protein targets were 
visually analyzed by Cytoscape3.7.2 software. The function of the plug-in 
“Analysis Network” was used for analysis, and the key targets were 
sorted by “Degree.” In the PPI network, the edges represent protein–
protein associations, more lines suggesting greater correlation.[51] 
Databases and software used in the network pharmacology analysis 
were list at Table S1 (Supporting Information).

LDH Release: LDH release was detected by an LDH Release Assay Kit. 
U87 cells were first seeded into 96-well plate at the density of 5000 cells 
per well and incubated for 24 h. After that, a gradient concentration of 
AE was added into the cells and coincubated for 48 h. The supernatant 
from each well was collected into a new 96-well plate to detect the level 
of LDH release by the LDH Release Assay Kit, and the absorbance at 
490 nm of the supernatant was detected by a SpectraMax 190 microplate 
reader (Molecular Devices, USA).

qPCR Assay: Total RNA was extracted from AE treated U87MG, 
GL261 cells and tumor tissue after different treatment by Trizol, using 
an ABScript II Reverse Transcriptase kit (RK21400, ABclonal, China) to 
reverse-transcribe and synthesize cDNA. The obtained cDNA was used 
as a template for subsequent qPCR experiments. Primer sequences used 
in this work were listed in Table S2 (Supporting Information).
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Confocal High-Content Imaging: U87MG cells were seeded into 24-well 
plates, 3000 cells per well. Then, the cells were treated with AE and 
AE-NPS, the AE concentrations were equilibrated to 50 µm, 0.2% DMSO 
was used as a control, and the Operetta CLS confocal high-content 
imaging analysis system (Perkin Elmer, USA) was used for detection. 
There were 8 detection views in each well, taking pictures once per hour 
(200X), and observing for 72 h.

Body Distribution: ICG-NPs were prepared as nanotrackers, and the 
distribution of NPs in vivo was analyzed by optical live imaging and 
cryosections. C57BL/6J mice were treated with ICG and ICG-NPs through 
the tail vein, and the dosage of ICG was normalized to 3  mg kg−1. At 
selected time intervals, the mice were anesthetized and sacrificed. The 
fluorescence expression of the brain and vital organs was examined 
under a fluorescence imaging system (Calliper, USA). For cryosections, 
tumor-bearing mice were administered and treated in the same way 
as above, brain (with tumor) were taken for cryosections (10  µm), the 
nuclei were stained with DAPI after fixation, and the drug distribution 
was observed under a fluorescence microscope (Leica DMI6000B, Leica, 
Germany). The distribution of AE in brain and tumor was detected by 
liquid chromatography-mass spectrometry (LC-MS): Tumor bearing mice 
were injected with AE, AE@ZIF-8, and AE-NPs (the amount of AE was 
balanced to 8  mg kg−1) through tail vein, and the tumor bearing brain 
tissue was obtained in 2  h, then brain and tumor were separated and 
weighed, Homogenized in normal saline, 1, 8-dihydroxy-anthraquinone 
was used as the internal standard, methanol was added, and all 
supernatants were dried with nitrogen. The precipitation was redissolved 
with the initial mobile phase (10% methanol +90% 2  mm ammonium 
acetate), vortexed for 5  min, centrifuged, and 5 µL supernatant was 
taken for detection. Calibration standards and quality control (QC) 
samples were prepared and extracted same as the samples. The analysis 
was performed using a Waters ACQUITY UPLC system (Waters, Milford, 
MA) and a Micromass Quattro Micro API mass spectrometer (Waters, 
Milford, MA).Chromatographic separation was performed on an 
ACQUITY UPLC BEH C18 Column (2.1 × 100 mm; 1.7 µm), maintained 
at 45 °C. The flow rate was maintained at 300 µL min−1. The initial flow 
conditions were 90% solvent A (2  mm ammonium acetate) and 10% 
solvent B (methanol). The gradient elution program was as follows: 
0–0.5 min, 10% B; 0.5–1.2 min, 10–35% B;1.2–3.5 min, 35–70% B; 3.5–
4.2 min, 70–90% B;4.2–5.2 min, 90% B; 5.2–5.5 min, 90–10% B; and 5.5–
6.0  min, 10% B. The mass spectrometer was operated under multiple 
reaction monitoring (MRM) mode with negative electrospray ionization. 
Mass spectrometer was operated using the following parameters: 
Electrospray ion source, gas temperature, 400  °C; gas flow, 800 L h−1; 
capillary 3 Kv.

Blood Biochemical Examination: Blood was collected by cardiac 
puncture after anesthesia at the end of the treatment, and serum was 
collected by centrifugation. ALT, AST, Cr, γ-GT, and BUN assay kits were 
used to assay ALT, AST, Cr, γ-GT, and BUN.

HE Staining and Immunohistochemistry: Paraffin sections from tumor 
tissue and vital organs (brain, heart, spleen, liver, lung, and kidney) were 
dewaxed, rehydrated, and antigen repaired. The paraffin sections were 
stained with eosin and hematoxylin for HE. For IHC staining, the paraffin 
sections were incubated in 3% hydrogen peroxide for 12  min at room 
temperature. And then blocked with 5% BSA for 40  min, stained with 
1:200 anti-Ki67 antibody (ab15580, Abcam, USA) overnight at 4 °C, and 
secondary antibody were incubated for 1 h at 37 °C, Diaminobenzidine 
was applied for coloration for 3 min at room temperature, the nucleus 
was stained by hematoxylin.

Flow Cytometry: The tumors were harvested from the GBM-bearing 
mice after different treatment. Then homogenized in DMEM containing 
collagenase IV at 37  °C. The tumor-infiltrating immune cells were 
collected by centrifugation (3000 rpm,15 min), and resuspended in PBS 
containing 2% FBS and nonspecific antibody binding was blocked with 
CD16/CD32. After strain with FIXABLE VIABILITY DYE EF506. CD8+T 
cells were labeled with CD45, CD3, and CD8 antibodies, CD4+T cells were 
labeled with CD45, CD3, and CD4 antibodies, and Treg cells were further 
labeled with FoxP3 antibody base on CD4+ T cells. M1Φ was labeled 
with CD45, F4/80, and CD86 antibodies, FoxP3 were stained using a 

Transcription Factor Buffer Set. Gating strategy for flow cytometry were 
showed in Figure S14 (Supporting Information).The cells were measured 
with a flow cytometer (Sony 3800, Japan) and analyzed using SA3800 
Software Version 2.0.4.14073.

Statistical Analysis: All experiments were repeated at least three 
independent times, and data were expressed as the mean ± SD. 
Statistical analysis was performed using a 2-tailed Student’s t-test or 
one-way ANOVA and Bonferroni’s multiple comparisons test when 
multiple groups were evaluated. P values < 0.05 were considered 
significant differences.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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