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1.1 Cancer theranostics 

Cancer theranostics, which combines diagnostic and therapeutic approaches, have gained 

significant attention for their ability to provide real-time monitoring and targeted cancer 

interventions. One of the key aspects of cancer theranostics is the development of targeted 

therapies that can specifically identify and attack cancer cells while minimizing damage to 

healthy tissues (Yordanova et al., 2017). Unlike traditional cancer therapy, where monitoring 

and treatment are separate processes, theranostics allows for simultaneous imaging and 

treatment through the integration of advanced imaging techniques and targeted therapies 

(McNerney et al., 2021). The real-time feedback can be used to adjust the application of drugs, 

track patient prognosis, and improve overall treatment outcomes. This approach has shown 

promise in improving treatment outcomes and patient quality of life (Turner, 2018). One 

pioneering example is the integration of supramolecular chemistry and nanotechnology to 

create a promising platform for cancer theranostics, offering high therapeutic performance and 

negligible long-term immunotoxicity (G. Yu et al., 2018). Additionally, bio-inspired 

nanoparticles have been explored for their theranostic applications in cancer, showcasing the 

diverse and evolving nature of cancer theranostics (Madamsetty et al., 2019). The ongoing 

advancement of protein-based nanoformulations for cancer theranostics in recent years has 

further expanded the scope of theranostic approaches (Gou et al., 2018). Moreover, the 

increasing employment of nano-based approaches in theranostics has contributed to the 

development of advanced strategies to treat cancer (Evangelopoulos et al., 2018). 
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The progress of nanotechnology has significantly contributed to faster, safer, and more 

effective cancer therapy (Alshehri et al., 2021). Nanomaterials, such as bismuth sulfide 

nanorods and two-dimensional nanomaterials, have been explored for their potential in 

multimodal imaging and guided photothermal therapy of tumors (J. Liu et al., 2015; Raja et 

al., 2020). Furthermore, the functionalization of nanoparticles with aptamers has enabled 

cancer-specific recognition and sequential photodynamic-chemo theranostics, highlighting the 

versatility of nanomedicine in cancer treatment (Jin et al., 2021). Various types of theranostic 

polymer and metal nanoparticles have been explored for their roles in cancer therapy and 

imaging, highlighting their potential for future applications in dendritic cell cancer vaccination, 

gene delivery, T cell activation, and immune modulation (Nabil et al., 2019). Moreover, 

metallic, polymeric, and lipid-based systems have emerged as efficient and safer alternatives 

in cancer management, demonstrating the diverse range of materials being investigated for 

cancer theranostics (Silva et al., 2019). Nanotheranostic approaches, such as polymeric 

micelles, are being explored as promising approaches in personalized medicine for cancer 

offering real-time molecular imaging (Domingues et al., 2019). Advances in cancer 

theranostics have also been driven by the development of novel sensitizers for phototherapy 

with disease-activated signals for imaging-guided therapy (Turner, 2018). The clinical practice 

of theranostics in oncology has gained substantial attention, particularly in the context of 

personalized medicine, and the preclinical research in the development and application of 

theranostic systems has significantly contributed to the advancement of cancer theranostics 

emphasizing the growing significance of theranostics in cancer management (Johnson et al., 

2021; Turner, 2018). 

Despite the progress in cancer theranostics, there are challenges that need to be addressed. 

The clinical applicability of these materials for cancer theranostics is currently limited to a 

small subset of cancer types, highlighting the need for broader applications across different 
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cancer types (van der Heide & Dalm, 2022). Although the development of multifunctional 

nanoparticle-based theranostics has shown promise, there is a need to bridge the gap between 

proof-of-concept research and clinical translation. Additionally, to achieve efficient in vivo 

monitoring, the imaging agents should be confined within the delivery platform to prevent 

premature loss of the imaging signal. Therefore, a well-designed delivery platform with 

improved loading capacity and manufacturing ease is crucial for the development of cancer 

theranostics. 

To create an effective cancer theranostics system, the engineering of a versatile delivery 

platform is essential. The ideal platform should be nanosized, biocompatible, highly porous for 

efficient drug loading, easily manufacturable, and possess a modifiable surface 

(Hapuarachchige & Artemov, 2020). To address these issues, many metal nanoparticles, 

liposomes and polymeric micelles platforms are developed (C. Liang et al., 2016; J. Yang & 

Yang, 2020). Moreover, researchers are focusing on mesoporous silica nanoparticles as 

promising candidates for drug delivery due to their high loading capacity. (Kumar et al., 2018). 

However, these currently used drug delivery systems for cancer theranostics are still imperfect 

due to the drug loading efficiency, imaging capability, complexity, stability, and 

biocompatibility. Furthermore, a platform that facilitates in situ synthesis of transitional metal 

nanoparticles would greatly enhance the application of photothermal therapy (PTT) and 

photodynamic therapy (PDT) as pinpoint therapies in cancer theranostics. Hence, there are still 

needs for developing novel platforms for cancer theranostics. The success of cancer 

theranostics relies on three key components: effective pin-point cancer interventions, suitable 

monitoring approaches, and versatile delivery platforms (Figure 1.1). An emerging porous 

material: metal-organic frameworks (MOFs) is drawing attention for their applications in 

cancer theranostics because of its versatile characteristics (Munawar et al., 2023). Furthermore, 

MOFs distinguish themselves from currently developed materials through the intrinsic MRI 



5 

capability and reactivity by the metals within their structures (P. Horcajada et al., 2010). 

Therefore, the nanoparticles with porous structure, various imaging techniques, and ease of 

modification such as MOFs will be favorable to make as the versatile delivery platforms for 

cancer theranostics. 

 

 

Figure 1.1 The principles of successful cancer theranostics. 
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1.2 Metal organic frameworks (MOFs) 

Metal-organic frameworks (MOFs) are a class of porous materials that have garnered 

significant attention due to their diverse applications in various fields. MOFs are hybrid 

inorganic-organic materials, consisting of metal clusters or ions (nodes) connected by organic 

ligands (linkers) to form a three-dimensional porous framework (J. Yang & Yang, 2020). These 

materials possess high surface area (1,000~14,000 m2 g−1), tunable porosity, and ordered 

crystal frameworks, making them ideal for applications in chemical sensors, catalysis, and 

hydrogen storage (Garai & Yavuz, 2021; J. Yang & Yang, 2020). Additionally, MOFs exhibit 

cage-like structures and high porosities, which have shown promising applications in 

biomedical applications (J. Yang & Yang, 2020). These characteristics make MOFs an ideal 

platform for drug delivery systems, as they provide excellent loading capacities, easy body 

clearance, and low toxicity (Yin et al., 2021). Furthermore, MOFs can be tailored to exhibit 

controlled drug release, prolonged blood circulation, and accurate bioimaging as the contrast 

enhancing agents, making them advantageous for cancer theranostics (Xu et al., 2021). 

MOFs have garnered significant attention in the field of cancer theranostics due to their 

unique properties including the modifiable surface, high porosity, intrinsic capability for MRI 

imaging and the ordered crystal structure as the versatile platforms. Especially, nanoscale 

MOFs have shown potential in various biomedical applications, owing to their ability to 

mediate radical therapy and enhance cancer immunotherapy (Ni et al., 2020). Furthermore, the 

development of mixed-ligand MOFs has multiplied their properties and improved their 

versatility for theranostic applications, including controlled drug delivery and enhanced 

photodynamic therapy (H. Zhang & Yin, 2022). The structural and functional versatility of 

MOFs has also been harnessed for imaging-guided photo-chemotherapy, demonstrating their 

potential as multifunctional theranostic platforms (Yuan et al., 2022). For example, a copper-

based MOF exhibited dual functionalities of MRI-guided photothermal therapy (PTT) and 
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photodynamic therapy (PDT) in tumor bearing mice as a cancer theranostics agent (B. Li et al., 

2018). Due to their high porosity, MOFs offer the ability to simultaneously load multiple drugs. 

Moreover, the rigid and fixed-sized pores within MOF materials enable them to serve as 

scaffolds for controlling the size of nanoparticles formed within. For example, MOFs have 

been explored to incorporate with the bioactive molecules such as enzyme and even bacteria 

(W.-H. Chen et al., 2018; J. W. Wang et al., 2021). These biological reactive MOFs are small-

sized bio-factories in the cells that can provide desire functionalities. In addition to 

biomolecules, the metal nanoparticles such as some transitional metal-based photothermal 

agents can be directly synthesized with the help of well-defined crystal structure within MOFs 

served as the scaffold resulting in a highly biocompatible photothermal agent (J. Yu et al., 

2017). This also allows for facile in situ synthesis of transitional metal nanoparticles. Another 

advantage of MOFs is their ease of surface modification. The remaining functional groups from 

the organic linkers and metal ions on the MOF surface can be used for further conjugations or 

modifications. Thus, nanosized MOFs hold great promise as versatile delivery platforms for 

cancer theranostics. 

Among all the MOFs such as zinc-, copper-, and iron-based MOFs, the MIL-100(Fe) 

(MIL: Materials Institute Lavoisier), which is constructed from [Fe3O(OH-)(H2O)2]6+ clusters 

and trimesic acid (BTC), exhibited one of the highest biocompatibilities (Patricia Horcajada et 

al., 2007). Its rigid zeotype structure creates two distinct cavities: one measuring 25 Å and the 

other 29 Å, accessible through windows sized at 5.5 Å and 8.6 Å, respectively (Figure 1.2) 

(Patricia Horcajada et al., 2007). Additionally, the porous, cage-like structure, and the easily 

modifiable surface render MIL-100(Fe) into a promising versatile platform for cancer 

theranostic (Figure 1.2). From the previous reports of the lethal doss 50 (LD50) indicating the 

concentration of killing 50% of the testing animals, the constituents of MIL-100(Fe) including 

Fe, and BTC show high LD50 values implying low toxicity (Table 1.1) (Egorova & Ananikov, 
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2017; Q. Yang et al., 2016). Because of the favorable biocompatibility, MIL-100(Fe) has 

emerged as an attractive candidate for drug delivery and biomedical applications. Research 

studies have demonstrated the potential of MIL-100(Fe) as a drug delivery platform for various 

drugs, including flurbiprofen, isoniazid, and chloroquine (Al Haydar et al., 2017; B. T. Le et 

al., 2023; Simon et al., 2019). The high drug loading capacity and controlled release properties 

of MIL-100(Fe) make it suitable for delivering a wide range of drugs, including poorly soluble 

drugs like norfloxacin (Yadav et al., 2023). Furthermore, MIL-100(Fe) has been utilized in 

theranostic applications, enabling simultaneous tracking and combating of breast cancer 

(Mokhtarian et al., 2022). Its potential in cancer therapy and as a carrier for anticancer drugs 

has been highlighted, showcasing its versatility in biomedical applications. 

Although MIL-100(Fe) is reported to be highly stable in water, the exposed surface of 

MIL-100(Fe) makes it easily aggregated (Gao et al., 2019; Simon-Yarza et al., 2016). One of 

the main challenges in implementing MOFs such as MIL-100(Fe) in biomedical applications 

is the release of metal ions and the reactive surface, which can lead to instability under 

physiological conditions (Simon-Yarza et al., 2016). MIL-100(Fe) with high drug loading 

capability and biocompatibility holds promise for therapeutic applications. However, its 

bioactive surface hinders its applications. A previous study showed that MIL-100(Fe) quickly 

aggregated in physiological conditions. Additionally, MIL-100(Fe) after systemic injection is 

cleared from blood within an hour (Simon-Yarza et al., 2016). It is said that MIL-100(Fe) binds 

with plasma proteins forming the protective protein corona (Kush et al., 2020). However, the 

high deposit of MIL-100(Fe) is found in the liver and spleen indicating its low in vivo serum 

stability (Simon-Yarza et al., 2016). MIL-100(Fe) is a promising drug delivery system, but its 

poor pharmacokinetics limits its biomedical applications. Other MOFs and nanoparticles such 

as carbon-coated FeCo nanoparticles require surface stabilization to improve biodistribution 

(Song et al., 2020). Therefore, it is essential to stabilize the surface of MIL-100(Fe) in order to 



9 

render it into practical drug delivery system. By implementing appropriate surface protection 

on MIL-100(Fe), we can enhance its colloidal and chemical stability in physiological 

conditions, resulting in increased bioactivity and facilitating in vivo drug delivery (Bunzen, 

2021). Only the MIL-100(Fe) with appropriate surface stabilization can lead to the versatile 

cancer theranostic platforms. 
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Table 1.1 LD50 of the common component (metal and organic linkers) of MOFs. 

Metals LD
50

 (mg/kg) Organic linkers LD
50

 (mg/kg) Other materials LD
50

 (mg/kg) 

Fe 30000 Trimesic acid (BTC) 8400 PEG12K 22000 

Mg 8100 Terephthalic acid (BDC) 5000 Poly(vinylalcohol) 5000 

Ca 1000 Isonicotinic acid 5000 Aspartic acid 9000 

Zn 0.35 2-methylimidazole 1400 Liposomes 5-20 

 
 
 

 
Figure 1.2 The structure and key points of MIL-100(Fe) 
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1.3 Strategies for surface stabilization 

Many nanoparticles, especially metal nanoparticles or MOFs, have the challenge of 

preventing aggregation in the physiological conditions (Simon-Yarza et al., 2016; Song et al., 

2020). Hence, the surface coating of nanoparticles plays a crucial role in cancer treatments, 

particularly in targeted drug delivery and therapy since the coating not only improves the 

stability and biocompatibility, but also provides the enhanced tumor targeting efficacy (Dai et 

al., 2018). Targeting ligands such as small organic molecules, peptides, antibodies, and nucleic 

acids have been added to the surface of nanoparticles to specifically target cancerous cells 

through selective binding to the receptors overexpressed on their surface (Sun et al., 2014). 

Additionally, after coating of the surface by polymers, it is reported to be versatile as the 

polymers can serve as additional layer for functionalization (Budijono et al., 2010). With the 

ability of fostering the biodistribution, pharmacokinetic and potential of adding additional 

functions, the proper surface protection by biocompatible materials such as poly(ethylene 

glycol) (PEG) polymers is crucial for the application of nanoparticles on cancer theranostic. 

Similarly, while MOFs offer promising properties for various applications, their stability 

in physiological media and the tendency of aggregation have been areas of concern 

(Christodoulou et al., 2021). The stability of MOFs in physiological conditions is crucial for 

their potential biomedical applications, such as drug delivery and biological imaging. The 

aggregation of MOFs in physiological conditions has been observed in various studies, 

highlighting the need for improved stability and dispersion of MOFs to fully utilize the 

potential of MOFs in biomedical applications (B. Chen et al., 2022; Malonzo et al., 2018). 

Furthermore, the instability of MOFs in physiological media has been a significant challenge, 

particularly in the context of targeted drug release and biocompatibility (Poryvaev et al., 2021). 

Efforts have been made to address this issue by surface stabilization with polymers (Shi et al., 

2020).  
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The surface coating of nanoparticles with polymers is a critical aspect of their 

functionalization for various applications, including drug delivery and cancer therapy. The use 

of polymers such as PEG as coatings on nanoparticles has been shown to influence cellular 

uptake, cytotoxicity, and biocompatibility. Additionally, the surface charge of nanoparticles 

coated with polymers has been found to influence cell localization and cytotoxicity, 

highlighting the significance of polymer coatings in cellular interactions (Asati et al., 2010). 

Furthermore, the use of polydopamine, heparosan polysaccharide and PEG as a surface coating 

on nanoparticles such as MOFs has been reported to reduce serum protein adsorption and 

enhance cellular uptake, demonstrating the potential of polymer coatings in improving 

nanoparticle interactions with biological systems (Shi et al., 2021; W. Yang et al., 2022). 

To deal with the issue of aggregation of MOFs such as MIL-100(Fe) in physiological 

conditions, the surface coating by the biocompatible polymers holds promise for enhancing the 

biodistribution (Shi et al., 2021; Z. Zhang et al., 2015). The combination of MOFs with highly 

biocompatible polymer, PEG, has been extensively explored, leading to the development of 

advanced composites and tailored architectures (Kalaj et al., 2020). These hybrid materials 

offer unique properties arising from MOFs and polymer composite systems (MOF/polymer 

hybrids), making them suitable for biomedical applications (Giliopoulos et al., 2020). The 

utilization of MOF/polymer hybrids in biomedical applications has been widely studied due to 

their improved biodistribution and the versatility of MOFs for cancer theranostic (Giliopoulos 

et al., 2020). 

The synthesis of MOF-polymer hybrids involves various techniques such as grafting, 

post-synthetic polymerization, templating, bottom-up assembly and complexation, which have 

been developed to achieve favorable interfacial interactions and enhance the properties of the 

resulting materials (Giliopoulos et al., 2020; Hansson et al., 2013; Troyano & Maspoch, 2023; 

Vrtovec et al., 2023). Covalent bonding between MOFs and polymers has been explored to 
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improve the compatibility and catalytic activity of the hybrid materials (Kalaj et al., 2020; 

Nunes et al., 1982). Additionally, the use of complexation between the exposed metal ions on 

the surface of MOFs and the polymer functional groups such as carboxylates or catechol has 

been considered as one of the most promising approaches because of the flexibility and stability 

(Porter et al., 2010). The interface between MOFs and polymers plays a crucial role in 

determining the properties of the resulting hybrid materials. The design of MOF-polymer 

interfaces is shown to have a significant impact on selectivity, highlighting the importance of 

engineering the interface for specific applications (Kalaj et al., 2020; Pander et al., 2023; 

Schmitt et al., 2016). Therefore, the surface coating with polymers helps nanoparticles such as 

MOFs to unleash their full potential on biomedical applications as the versatile cancer 

theranostic platforms for incorporating pinpoint therapy and imaging capability. 
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1.4 Pinpoint therapy 

Pinpoint therapy in cancer treatment aims to tailor medical treatment to maximize the 

specificity to tumors while minimize the damage to normal tissues (Yau, 2019). This approach 

involves the identification of molecular and tumor microenvironment patterns, which can then 

be targeted with therapies, thereby revolutionizing oncology (Friedman et al., 2015). Pinpoint 

therapy utilizes biomarkers, including proteins and genes, to guide targeted therapy in various 

types of cancer, such as lung cancer and ovarian cancer (Imaoka et al., 2021). In the context of 

cancer treatment, it also plays a crucial role in overcoming resistance to targeted therapies. A 

previous study demonstrates the potential of targeting molecular changes in plasma specific to 

anti-PD-1 therapy, showcasing the application of pinpoint therapy by immunotherapy for 

metastatic cutaneous melanoma (Babacic et al., 2020). 

Another approach of pinpoint therapy involves the use of precisely controlled high 

energy beam such as radiation and concentrated near-infrared (NIR) light to achieve tumor 

ablation. Photothermal therapy (PTT), photodynamic therapy (PDT), and radiotherapy are 

promising modalities in pinpoint cancer treatment. PTT utilizes light-absorbing agents to 

generate heat and induce tumor cell death via hyperthermia, while PDT involves the activation 

of photosensitizing agents to produce cytotoxic reactive oxygen species (ROS) upon light 

exposure (X. S. Li et al., 2020). Radiotherapy, on the other hand, employs ionizing radiation 

to damage the DNA of cancer cells. These approaches have shown potential in precision cancer 

therapeutics, especially when combined with nanoparticle-based drug delivery systems such as 

MOFs, liposomes, and polymeric micelles (Qin et al., 2023). 

Nanoparticles have been extensively explored in PDT, with their ability to enhance the 

efficacy of photosensitizing agents and enable targeted delivery (Lucky et al., 2015). PDT 

involves the administration of a photosensitizing agent, which accumulates in the tumor, 
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followed by irradiation with light of a specific wavelength, leading to the activation of the 

photosensitizer and the generation of ROS, ultimately causing cancer cell apoptosis and 

necrosis (Correia et al., 2021; X. S. Li et al., 2020). This approach has shown potential in 

various types of cancer, including bladder cancer (Inoue, 2017), nasopharyngeal cancer 

(Wildeman et al., 2009), and breast cancer (Y. Yu et al., 2023). The use of nanoscale MOFs has 

been explored to overcome hypoxia for PDT-primed cancer immunotherapy, demonstrating the 

ability of PDT to alter the tumor microenvironment and enhance the efficacy of immune 

checkpoint blockade therapy (Lan et al., 2018). The PDT holds great promise as a non-invasive 

and selective cancer therapeutic treatment. 

The wavelength of light used in photothermal therapy (PTT) is crucial, primarily due to 

its limited penetration into the skin. Shorter wavelength light carries higher energy but 

penetrates less deeply, typically reaching depths of less than 3 mm. Conversely, longer 

wavelengths, such as near-infrared (NIR), can penetrate deeper, reaching over 6 mm into the 

skin—twice the depth of shorter wavelengths (J. Li et al., 2021). Hence, scientists are directing 

their attention toward leveraging NIR light-absorbing agents such as transitional metal 

nanoparticles (Au, and Pd) or organic dyes (indocyanine green), which convert optical energy 

into heat (Guo et al., 2023; J. Li et al., 2021). This conversion process results in thermal 

ablation of cancer cells, making NIR a promising tool in cancer treatment (Shirata et al., 2017). 

This approach has gained attention due to its potential for targeted cancer therapy, with the 

ability to selectively kill cancer cells while minimizing damage to surrounding healthy tissue 

(J. Wang et al., 2018). PTT has advantages over traditional treatment methods because of its 

non-invasiveness, targeted therapy, and minimal side effects. 

Additionally, the combination of PTT and PDT which is usually not able to separate has 

demonstrated synergistic effects in antibacterial and cancer therapy, offering a dual-modal 

approach for enhanced treatment outcomes (Overchuk et al., 2023; Shirata et al., 2017). The 
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combination of PTT or PDT with chemotherapy is shown as an auspicious approach for 

pinpoint therapy (X. S. Li et al., 2020). Moreover, the combination of PTT and PDT with 

radiotherapy has been proposed as a multi-targeted approach in cancer treatment, aiming to 

sensitize tumors to radiotherapy and enhance the efficiency of phototherapeutic regimens 

(Kenny & Marmion, 2019). This combination therapy has the potential to overcome the 

limitations of each individual modality and improve overall treatment efficacy. 

The development of nanoplatforms for dual-modal imaging and combination of PTT and 

PDT has paved the road for cancer theranostics, offering both diagnostic and therapeutic 

functionalities (Fu et al., 2022). The combination of PTT and PDT with advanced imaging 

techniques holds promise for precise and spatiotemporal destruction of tumor tissues, with 

minimal harm to normal tissues and reduced drug resistance. Recently, MOFs with the high 

drug loading capacity and the versatility have been developed as the promising nanoplatforms 

for combining PTT and PDT with imaging technologies (Zheng et al., 2021). MOFs have been 

explored for their ability to enhance the anticancer efficacy of PTT, PDT, and drug delivery 

(Zheng et al., 2021). The incorporation of photothermal agents into MOFs with the irradiation 

of NIR light shows PTT and PDT improving their performance for cancer therapy (Ye et al., 

2022; Zheng et al., 2021). Furthermore, with regards to the imaging-guided therapy, MOFs 

have also been utilized to encapsulate drugs and photothermal agents, enabling tumor-targeted 

and fluorescence imaging-guided chemo-photothermal therapy (Huiyuan Zhang et al., 2018). 

It is clear that MOFs are promising theranostic nanoplatforms with magnetic resonance and 

fluorescent imaging for synergistic phototherapy of cancers, showcasing their multifunctional 

capabilities in pinpoint cancer treatment (B. Li et al., 2018). 
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To maximize the potential of the pinpoint therapy such as PTT and PDT, a versatile 

nanoplatform such as MOFs is favorable. The combination of PTT and PDT with advanced 

imaging technology such as MRI or fluorescence in a single platform further increase the 

efficacy and precision of the pinpoint therapy (Figure 1.3). 

 

 
Figure 1.3 The scheme of fluorescence- or MRI-guided pinpoint therapy with PTT and PDT. 
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1.5 Imaging of tumor 

Tumor imaging techniques have indeed showed significant advancements, encompassing 

various modalities and technologies. Especially, magnetic resonance imaging (MRI) has been 

at the forefront of these developments, playing a crucial role in tumor imaging, offering various 

techniques for tumor detection, characterization, and monitoring. To enhance the imaging of 

tumor, MRI contrast agents are essential for distinguishing tumors from nearby healthy tissues 

and improving visibility of certain structures or tissues in MRI images. Gadolinium-based 

nanoparticles (Gd-NPs) are widely used as T1 agents, as they have been extensively employed 

as clinical MRI contrast agents (Na et al., 2009). These contrast agents are crucial for 

improving the sensitivity and resolution of MRI by accelerating the relaxation times of 

surrounding water protons. However, MRI contrast agents have limitations, including toxicity, 

short retention time and fast vascular extravasation due to their low molecular weight. 

Furthermore, safety concerns are associated with the use of contrast agents such as Gd-NPs in 

MRI, such as the risk of nephrogenic systemic fibrosis (Ishiguchi & Takahashi, 2010). 

Therefore, while MRI contrast agents offer significant advantages in improving image quality 

and diagnostic efficiency, their limitations and safety considerations must be carefully 

addressed in clinical practice. 

In addition to MRI, fluorescence imaging has emerged as a valuable tool for 

intraoperative tumor detection and image-guided surgery, providing real-time visualization of 

molecular alterations in tumors (K. Wang et al., 2023). The clinical introduction of 

intraoperative NIR fluorescence imaging has shown promise in increasing the number of 

complete tumor resections in breast cancer patients undergoing surgery. The rapid development 

of fluorescence molecular imaging has enabled the specific detection of solid tumors, 

contributing to improved cancer diagnosis and surgical interventions (K. Wang et al., 2023). 

The development of fluorescence-guided surgery has been a significant breakthrough, 
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marginally improving outcomes in brain tumor surgery, highlighting its potential to enhance 

surgical precision and patient outcomes (Charalampaki et al., 2019). Fluorescence imaging has 

shown great promise in the specific detection of tumors and image-guided surgery, offering 

real-time visualization of molecular alterations in tumors. However, similar to MRI contrast 

agents, it is important to note that most current tracers in both MRI- and fluorescence-based 

imaging possess some degree of safety concerns, highlighting the need for proper delivery 

system. 

The emerging versatile nanoplatform such as MOFs has been investigated for its imaging 

capabilities (Munawar et al., 2023). For example, lanthanide europium MOF nanocomposites 

have been identified as a theranostic nanoplatform for microwave thermo-chemotherapy and 

fluorescence imaging, offering high quantum efficiency and characteristic emission peak 

positions for precise tumor imaging (Zhao et al., 2022). Additionally, the use of folic acid-

nanoscale gadolinium-porphyrin MOFs has demonstrated dual-modality imaging capabilities, 

combining fluorescence and MRI for hepatocellular carcinoma (Y. Chen et al., 2019). In this 

regard, MOFs have been explored for their potential in multimodal imaging-guided synergistic 

photo-immunotherapy, offering a multifunctional platform for imaging-guided tumor treatment 

(Fan et al., 2021). The highly biocompatible MIL-100(Fe) has also been reported to exhibit 

significant MRI contrast effects indicating the intrinsic imaging capability of MIL-100(Fe) (P. 

Horcajada et al., 2010). Similarly, the NIR-absorbing dye, indocyanine green, is loaded into 

hyaluronic acid coated MIL-100(Fe) exhibiting not only favorable PTT and PDT effects, but 

also the clear imaging for tumor through the fluorescence of indocyanine green (H. Liu et al., 

2022). Overall, the implementation of versatile nanoplatform such as MIL-100(Fe), can 

provide the combination of PTT and PDT with advanced imaging technologies via MRI and 

fluorescence. With additional surface protection with PEG polymers on MIL-100(Fe), such 

multifaceted nanoplatform hold promise for the cancer theranostics.  



20 

1.6 Overview of this dissertation 

Despite their promising drug loading and imaging capability, previously developed MOF 

systems are not ideal theranostic platforms due to their poor serum stability (P. Horcajada et 

al., 2010). In order to develop a versatile and stable nanoplatform for cancer theranostics, this 

research aims to design a MIL-100(Fe) based MOF/polymer hybrid. Taking the advantage of 

effective pinpoint therapy from PTT, we incorporate the palladium nanoparticles (Pd-NPs), 

which has the highest photothermal conversion efficiency at over 90%, into MIL-100(Fe) 

(Pd@MIL-100(Fe)) (P. Singh et al., 2023). A distinctive block copolymer, poly(ethylene 

glycol)-poly(L-aspartic acid) modified with dopamine (PEG-p(Asp-Dopa)), was developed to 

tackle the surface stabilization of MIL-100(Fe). The stability, biodistribution, PTT efficacy 

against melanoma, and various imaging approaches for Pd-NPs loaded MIL-100(Fe)/polymer 

hybrids were demonstrated in this research (Figure 1.4). 

 

 
Figure 1.4 The scheme of the photothermal therapy conveyed by Pd@MIL-100(Fe)/PEG-

p(Asp-Dopa). The figure was adopted from S. W. Li et al. (2023) with the permission. 
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Chapter 2 delves into the exploration and optimization of various synthesis methods for 

Pd@MIL-100(Fe), alongside the foundational characterization of this compound. Chapter 3 

focuses on the synthesis of PEG-p(Asp) and PEG-p(Asp-Dopa) block copolymers, providing 

an in-depth characterization of the resulting Pd@MIL-100(Fe)/polymer hybrids, including 

aspects like morphology, stability, and photothermal conversion efficiency. In Chapter 4, the 

biodistribution and circulation dynamics of this hybrid system are investigated shedding light 

on its behavior within the body. This chapter also includes assessments of the system's efficacy 

in photothermal therapy through in vitro experiments on B16F10 cells and in vivo antitumor 

experiments in melanoma-bearing mice, offering insights into the therapeutic potential of 

Pd@MIL-100(Fe)/polymer hybrids. Chapter 5 introduces three imaging approaches—loading 

and conjugation of fluorescent dye, as well as MRI—to showcase the versatility of Pd@MIL-

100(Fe)/polymer hybrids as a cancer theranostic platform. Finally, Chapter 6 offers a 

comprehensive conclusion, outlining future prospects for the application of block copolymers 

and MOF/polymer hybrid systems. In this chapter, the remaining challenges and suggests 

avenues for further enhancements in the current system was addressed. 
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Synthesis of Pd-nanoparticles-loaded MOFs 
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2.1 Introduction 

The conventional synthesis of MOFs, such as MIL-100(Fe), involved solvothermal 

processes using organic solvents at high temperatures and pressures (Patricia Horcajada et al., 

2007). However, for biomedical applications, a biocompatible MIL-100(Fe) has been 

developed through synthesis in aqueous conditions from iron clusters and BTC organic linkers. 

Previous studies have successfully demonstrated the facile synthesis of MIL-100(Fe) in water 

via hydrothermal methods (Simon et al., 2019). Nonetheless, the production of nano-sized 

MIL-100(Fe) requires microwave-assisted synthesis (Marquez et al., 2012). Alongside MIL-

100(Fe), research has revealed that Pd-NPs can be prepared by reducing Pd ions with the 

presence of surfactants or within a scaffold to precisely control their size (R. W. Liang et al., 

2015). This indicates that the well-defined porous structure of MIL-100(Fe) could effectively 

serve as a scaffold for synthesizing Pd-NPs. 

In this chapter, we investigated two distinct approaches for synthesizing MIL-100(Fe), 

employing both microwave-assisted and hydrothermal methods. Furthermore, we explored two 

strategies for the preparation of Pd-NPs: de novo (one-pot) and in situ (within MIL-100(Fe)) 

synthesis. Our focus was on achieving nano-sized Pd-NPs loaded MIL-100(Fe) (Pd@MIL-

100(Fe)), necessitating the optimization of parameters in microwave-assisted synthesis. 

Additionally, we investigated the varying weight ratios between MIL-100(Fe) and Pd to 

ascertain the optimal photothermal capability of Pd@MIL-100(Fe). Finally, we characterized 

the resulting Pd@MIL-100(Fe) using powder X-ray diffraction (XRD) and dynamic light 

scattering (DLS) analyses.  
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2.2 Materials and methods 

2.2.1 Materials 

Trimesic acid (H3BTC) was obtained from Sigma Aldrich (Missouri, USA). Potassium 

tetrachloropalladate (II) (K2PdCl4) was purchased from ThermoFisher Scientific (Waltham, 

USA). Finally, iron (III) chloride hexahydrate (FeCl3·6H2O) was provided from Merck (New 

Jersey, USA). L-ascorbic acid was obtained from Tokyo Chemical Industry Co. Ltd. (Tokyo, 

Japan). 

 

2.2.2 Preparation of MIL-100(Fe) MOFs 

The MIL-100(Fe) was prepared with two methods: the water phase synthesis and the 

microwave-assisted synthesis. Both methods were used and examined to determine the optimal 

synthesis protocol and parameters. First the facile water phase synthesis was implemented 

based on the previous synthetization protocol (Simon et al., 2019). In a typical procedure: two 

different aqueous solutions were prepared: Solution 1 containing 2.5 mmol H3BTC dissolved 

in 7.5 mL (1 M) NaOH, and solution 2 containing 3.75 mmol FeCl2·4H2O dissolved in 32.24 

mL deionized water. Solution 1 was added dropwise to Solution 2 under stirring. The molar 

ratio of Fe:H3BTC:NaOH is 1.5:1.0:3.0 and the mixture was stirred for 4 h at 35°C. The light-

brown solid was recovered by centrifugation at 12,000 x g for 5 minutes and the MIL-100(Fe) 

was washed once with ethanol and two times by deionized water. The resulting product was 

stored in deionized water, and a 1 mL sample was oven-dried to ascertain its concentration. 

The second method of MIL-100(Fe) preparation was microwave-assisted synthesis 

which is based on the previous study with major modifications to achieve nano-sized MIL-

100(Fe) (Marquez et al., 2012). To synthesize MIL-100(Fe), the Biotage microwave reactor 

(Biotage Initiator+, Uppsala, Sweden) was used. A 20 mL Biotage microwave reaction vial 
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contained the solution of FeCl3·6H2O (0.5, 0.6, 2.0, 4.0 mmol) and H3BTC (0.3, 0.4, 1.3, or 

2.6 mmol) in 20 mL of deionized water. The solution was heated to 130°C and maintained for 

2, 3, 4, or 6 min, then quickly cooled down. The centrifugation at 12,000 x g for 5 minutes 

yielded the orange-colored MIL-100(Fe). The product underwent two washes with water. The 

MIL-100(Fe) was preserved in a 20 mL water suspension, and the concentration was 

determined by oven-drying 1 mL of the product. 

 

Figure 2.1 Preparation of MIL-100(Fe) via microwave-assisted synthesis. 

 

2.2.3 Synthesis of Pd-NPs inside MIL-100 (Pd@MIL-100) MOFs 

The preparation of Pd-NPs loaded MIL-100(Fe) (Pd@MIL-100(Fe)) was accomplished 

by two methods: the de novo synthesis and the in situ synthesis. In the de novo synthesis, Pd-

NPs was synthesized simultaneously with MIL-100(Fe). Briefly, in a 20 mL Biotage 

microwave reaction vial, FeCl3·6H2O (4 mmol), H3BTC (2.6 mmol), and potassium 

tetrachloropalladate (K2PdCl4, 100 mM) were dissolved in 20 mL of deionized water. The 

solution was heated to 130°C and maintained for 2 min, then quickly cooled down. After 

washing for 2 times with water, 1 mL of 0.1 M L-ascorbic acid was added dropwise to the 

solution with stirring. The black solid Pd@MIL-100(Fe) was obtained by centrifugation at 

12,000 x g for 5 min. The product was washed with ethanol once followed by water twice. 
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Another protocol that is adopted from previous research with modifications included the 

in situ synthetization of Pd-NPs in the MIL-100(Fe) porous structure (R. W. Liang et al., 2015). 

The following steps were taken to synthesize Pd@MIL-100(Fe) with a mass ratio MIL-

100(Fe):Pd of 1:0.0005, 1:0.005, 1:0.05, 1:0.125, and 1:0.25. Initially, 10 mL of the MIL-

100(Fe) suspension (10 mg/mL), obtained in the preceding step, was introduced into a 200 mL 

round bottom flask. Then, 0.01, 0.1, 1, 2.5, and 5 mL of 100 mM potassium tetrachloropalladate 

(K2PdCl4) aqueous solution and 10 mL of water were mixed with the MIL-100(Fe) suspension. 

The mixture was stirred for 15 min and then 6 mL of ethanol was added. Subsequently, the 

flask was heated to 90°C and refluxed for 3 h. The product, which had a dark gray color, was 

washed twice with ethanol and water. The product was stored in 20 mL water. The 

concentration of the particles was measured by oven-drying 1 mL of the product. 

 

Figure 2.2 Preparation of Pd@MIL-100(Fe) with in situ synthesis 
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2.2.4 Crystallinity characterization with powder X-ray diffraction 

The crystallinity of MIL-100(Fe) and Pd@MIL-100(Fe) was validated using powder X-

ray diffraction (XRD) conducted with a MiniFlex600/PTN instrument (Rigaku, Tokyo, Japan). 

The final products of MIL-100(Fe) and Pd@MIL-100(Fe) were oven-dried and put onto the 

sample holder for XRD. The power of X-ray was set to 40 kV and 15 mA. The scanning mode 

was 2θ/θ and the degree of scanning was 2° to 90° with the step size of 0.01°. The XRD raw 

data was process by Mercury (2021.3, CCDC, Boston, USA). The standard XRD patterns of 

MIL-100(Fe) (ID: 7102029) was obtained from Crystallography Open Database and Pd-NPs 

(ID: mp-2) were obtained from The Materials Project (Patricia Horcajada et al., 2007; Jain et 

al., 2013). 

 

2.2.5 Characterization of particle size 

The hydrodynamic diameter of MIL-100(Fe), and Pd@MIL-100(Fe) was determined by 

dynamic light scattering (DLS) with the Zetasizer Nano-ZS (Malvern Panalytical, 

Worcestershire, UK). The final product of MIL-100(Fe) and Pd@MIL-100(Fe) were suspended 

in deionized water at the concentration of about 0.1 mg/mL and loaded into the low-volume 

quartz cuvette (ZEN2112). Measurements were performed at 25 °C with a 50 mW frequency 

doubled DPSS Nd:YAG laser (λ=532 nm) at a detection angle of 173°. The average diameter 

and polydispersity index (PDI) were calculated with cumulant method to represent the 

characteristics of particle size of MIL-100(Fe) and Pd@MIL-100(Fe). 
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2.2.6 Optimization of Pd-NPs loading ratio 

Pd@MIL-100(Fe) were prepared with a mass ratio MIL-100(Fe):Pd of 1:0.0005, 1:0.005, 

1:0.05, 1:0.125, and 1:0.25. The favorable loading ratio of Pd-NPs was determined by the 

photothermal capability of the Pd@MIL-100(Fe). Both MIL-100(Fe) and Pd@MIL-100(Fe) 

were diluted to the concentration of 0.5 mg/mL with deionized water. The particle suspensions 

were transferred to 1.5 mL tubes with 1 mL each. A near infrared (NIR) laser 808 nm was 

applied at the energy density of 0.6 W/cm2. The temperature variations were monitored using 

a digital thermometer (TM-947SD, Lutron, Taipei, Taiwan) connected to a small Pt-100 

thermo-resistor positioned inside the tube. 

 

2.2.7 Pd-NPs loading rate 

The Pd-NPs loading rate was examined via the determination of Pd level with inductively 

coupled plasma mass spectrometry (ICP-MS, 7900, Agilent, California, USA). The weight of 

both MIL-100(Fe) and Pd@MIL-100(Fe) were quantified. Pd@MIL-100(Fe) was diluted to 

the concentration of 0.5 mg/mL and digested with the aqua regia at 200°C. Subsequently, the 

digested Pd@MIL-100(Fe) was dissolved with 1% aqua regia and subjected to the ICP-MS 

analysis to determine the Pd abundance. Indium (In) was used as the internal control during 

the ICP-MS analysis (Vojtek et al., 2020). 
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2.3 Results and discussions 

2.3.1 Synthetization and characterization of Pd@MIL-100(Fe) 

To prepare the nano sized Pd@MIL-100(Fe), we tired different approaches. First, the 

hydrothermal synthesis, which is the well-established method for synthesizing various MOFs 

including MIL-100, was implemented (Simon et al., 2019). The de novo synthesis concept was 

incorporated to easily make Pd@MIL-100(Fe) in one pot. The various initial molar ratio of 

Fe:Pd was investigated. After hydrothermal synthesis, the Pd@MIL-100(Fe) particles were 

examined with DLS. In Figure 2.3, all molar ratios tested here exhibited large diameter of over 

300 nm and high PDI indicating the hydrothermal synthesis was not suitable for making nano 

sized MIL-100(Fe) for biomedical applications. 

 
Figure 2.3 The particle size and PDI of Pd@MIL-100(Fe) prepared by hydrothermal synthesis 

with various Fe:Pd molar ratio. The diameter is shown in bar graph and the PDI in red line. 
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According to the precious study, the shorter time yet high temperature and high pressure 

for the growing of MOFs crystal structure is needed to further decrease the particle size of 

Pd@MIL-100(Fe) (Marquez et al., 2012). Microwave-assisted synthesis was used to achieve 

rapid heating with the high temperature and high-pressure condition. Similar to the 

hydrothermal synthesis, we tested for the various molar ratio of Fe:Pd. Interestingly, the results 

showed that the higher initial amount of Pd was, the smaller particle size was (Figure 2.4A). 

With the microwave-assisted, the particle size can reach to below 200 nm and PDI less than 

0.2 indicating more uniform particle distribution (Figure 2.4A) compared to hydrothermal 

synthesis (Figure 2.3). However, the powder XRD results indicated that although the MIL-

100(Fe) was successfully made, the loading of Pd-NPs was very low. The highest initial Pd 

amount gave the poorest MIL-100(Fe) crystallinity and no observable peak for palladium 

nanoparticles (Pd-NPs) indicating that Pd ions might interfere the formation of MIL-100(Fe) 

and probably making free Pd-NPs (Figure 2.4B). The findings from a previous study support 

this hypothesis showing that Pd-NPs can be formed with microwave-assisted synthesis 

(Siamaki et al., 2011). Therefore, for preparation of Pd-NPs loaded MIL-100(Fe), the concept 

of de novo synthesis of Pd@MIL-100(Fe) might not be suitable. 
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Figure 2.4 Characterization of Pd@MIL-100(Fe) prepared by microwave-assisted synthesis 

with various Fe:Pd molar ratio. (A) Particle size and PDI of Pd@MIL-100(Fe). The diameter 

is shown in bar graph and the PDI in red line. (B) Powder XRD peaks of Pd@MIL-100(Fe) 

with various Fe:Pd molar ratio. The reference peaks for MIL-100(Fe) are shown in red and the 

reference peaks for Pd are shown in black.  
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To tackle the issue of low Pd-NPs loading, we separate the synthetization into two steps: 

synthesis of MIL-100(Fe) and the loading of Pd-NPs. In the previous studies, the porous 

structure of MOFs such as MIL-100(Fe) was used as the scaffold for the synthesis of biological 

active nanoparticles and metal nanoparticles (W.-H. Chen et al., 2018; J. W. Wang et al., 2021). 

The cage-like structure inside the MOFs can not only control the particle size but also capture 

the synthesized NPs from leaking (J. Yu et al., 2017). Hence, we adopted the in situ synthesis 

concept of making Pd-NPs inside the MIL-100(Fe). We combined the microwave-assisted 

synthesis for MIL-100(Fe) preparation and the in situ synthesis of Pd-NPs inside of MIL-

100(Fe). First, the parameters of microwave-assisted synthesis were optimized for making 

nano sized MIL-100(Fe). In the microwave-assisted synthesis for MOFs, the particle size 

depends on the concentration of initial reactants and the reaction time for the growth of crystal 

structure (Marquez et al., 2012). Here, we tested four different concentrations including 1, 1/2, 

1/6, and 1/8 times of the original concentration (4 mmol of FeCl3·6H2O and 2.6 mmol of BTC 

in 20 mL water). The results showed that the1/2 times of the original concentration has the 

lowest particle size and PDI (Figure 2.5A). Therefore, we selected the1/2 times of the original 

concentration for the further examinations. Next, various reaction time was also tested 

including 1, 2, 3, 4, and 6 min. The Figure 2.5B indicated a trend of decreasing in particle size 

as the reaction time became shorter. The smallest particle size around 200 nm was reached in 

1, 2, and 3 min of reaction time. Considering the particle size, PDI, and synthesis time, 2 min 

of reaction time was chosen for further experiments. Based on the initial findings from DLS, 

we selected the optimized synthesis parameters for the production of MIL-100(Fe) as half of 

the original concentration (2 mmol of FeCl3·6H2O and 1.3 mmol of BTC in 20 mL water) and 

a reaction time of 2 minutes for further exploration. 

  



33 

Subsequently, the Pd-NPs was loaded by the in situ synthesis inside of MIL-100(Fe). In 

Figure 2.5C, the in situ synthesis of Pd-NPs inside of MIL-100(Fe) did not significantly alter 

the particle size and PDI. To confirm the synthesis of MIL-100(Fe) crystal structure and the 

loading of Pd-NPs, powder XRD was implemented. Comparing to the reference peaks of MIL-

100(Fe) in XRD, the MIL-100(Fe) and Pd@MIL-100(Fe) synthesized in this research showed 

the similar peaks around 2°-15° confirming the successful synthetization of MIL-100(Fe) 

(Figure 2.5D). Additionally, by comparing the reference peaks of Pd-NPs in XRD, Pd@MIL-

100(Fe) exhibited the similar XRD pattern at approximately 40°, 46°, 66°, 80°, and 85° 

indicating the successful loading of Pd-NPs inside of the MIL-100(Fe) (Figure 2.5D). 

Furthermore, the height of the Pd-NPs peaks in Pd@MIL-100 was higher (Figure 2.5D) 

compared to that of the Pd@MIL-100(Fe) prepared by the de novo synthesis (Figure 2.4B). 

These results indicated the successful preparation of nano sized Pd@MIL-100(Fe) by the two-

step preparation developed in this research by the optimized parameters for Pd@MIL-100(Fe) 

with microwave-assisted synthesis and the concept of in situ synthesis. Considering the low 

particle size, PDI and short synthesis time, this two-step synthesis protocol for Pd@MIL-

100(Fe) was adopted throughout this study for the further experiments. 
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Figure 2.5 Characterization of Pd@MIL-100(Fe) prepared by two-step synthesis. Particle size 

and PDI of MIL-100(Fe) with various dilution factors (A) and different reaction time (B). (C) 

Particle size and PDI of MIL-100(Fe) and Pd@MIL-100(Fe). The diameter is shown in bar 

graph and the PDI in red line. (D) Powder XRD peaks of MIL-100 and Pd@MIL-100(Fe). The 

reference peaks for MIL-100(Fe) are shown in red and the reference peaks for Pd are shown in 

black. 
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2.3.2 Optimization of Pd loading amount 

For preparing the Pd@MIL-100(Fe) with best photothermal effect, the initial Pd amount 

during the in situ synthesis was optimized. We tested the different weight ratio of MIL-

100(Fe):Pd during the in situ synthesis of Pd-NPs inside of MIL-100(Fe). After synthetization, 

the photothermal capability of the Pd@MIL-100(Fe) was examined. Without the loading of 

Pd-NPs, MIL-100(Fe) showed minimal temperature increases after irradiation of NIR 808 nm 

light. Similarly, the lowest Pd weight ratio exhibited the negligible photothermal response. 

There is an increasing trend in photothermal capability as the Pd weight ratio increases (Figure 

2.6). However, comparing the weight ratio MIL-100(Fe):Pd, 1:0.125 and 1:0.25, the 

improvement of photothermal effect by increasing the initial Pd amount reached the plateau 

(Figure 2.6). With the highest photothermal capability, we chose the weight ratio MIL-

100(Fe):Pd of 1:0.25 to be used in the following experiments. In the Pd@MIL-100(Fe) 

synthesized with weight ratio MIL-100(Fe):Pd of 1:0.25, the temperature reached over 25°C 

of changes after 5 min of NIR 808 nm light irradiation and the temperature was maintained 

until the end of the irradiation. This result indicated that Pd@MIL-100(Fe) exhibited favorable 

photothermal effects with the irradiation of NIR 808 nm light. 

 
Figure 2.6 Photothermal effects of Pd@MIL-100(Fe) synthesized with different initial weight 

ratio of MIL-100(Fe):Pd. MIL-100(Fe) was shown with 0. The particles were suspended in 1 

mL water with the irradiation of NIR 808 nm light at the energy density of 0.6 W/cm2. The 

figure was adopted from S. W. Li et al. (2023) with the permission.  
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To understand the actual Pd loading rate inside of Pd@MIL-100(Fe), ICP-MS was 

applied to quantify the Pd level of Pd@MIL-100(Fe). The mass of Pd@MIL-100(Fe) denoted 

as 𝑴𝑴𝑷𝑷𝑷𝑷@𝑴𝑴𝑴𝑴𝑴𝑴−𝟏𝟏𝟏𝟏𝟏𝟏(𝑭𝑭𝑭𝑭)  was measured by oven dried the particles. Subsequently, the particles 

underwent digestion with aqua regia, and the Pd concentration was determined through ICP-

MS. The Pd mass was computed utilizing the atomic mass of Pd = 106.42. The mass of Pd 

inside the Pd@MIL-100(Fe) was represented as 𝑴𝑴𝑷𝑷𝑷𝑷 while the initially added Pd mass was 

shown as 𝑴𝑴𝑷𝑷𝑷𝑷 𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂. The results showed that about 17.7% the mass of Pd@MIL-100(Fe) was 

composed of Pd-NPs. After in situ synthesis of Pd-NPs inside of MIL-100(Fe), about 85.9% 

the mass of initially added Pd was successfully loaded and captured inside the MIL-100(Fe). 

In accordance with the results in XRD shown in Figure 2.5D, the results in Table 2.1 also 

confirm the successful loading of Pd-NPs. The Pd-NPs inside of Pd@MIL-100(Fe) provided 

significant photothermal effects enabling the potential for biomedical applications in the 

following studies. 

 

Table 2.1 Percentage of Pd loading in MIL-100(Fe). 

𝑴𝑴𝑷𝑷𝑷𝑷

𝑴𝑴𝑷𝑷𝑷𝑷@𝑴𝑴𝑴𝑴𝑴𝑴−𝟏𝟏𝟏𝟏𝟏𝟏(𝑭𝑭𝑭𝑭)
 

𝑴𝑴𝑷𝑷𝑷𝑷

𝑴𝑴𝑷𝑷𝑷𝑷 𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂
 

17.7% 85.9% 
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2.4 Summary 

The preparation of Pd@MIL-100(Fe) was accomplished in the two-step process 

including the microwave-assisted synthesis for nano sized MIL-100(Fe), and followed by the 

in situ synthesis for making Pd-NPs inside of MIL-100(Fe) porous structure. The parameters 

for microwave-assisted synthesis were optimized as half of the original concentration (2 mmol 

of FeCl3·6H2O and 1.3 mmol of BTC in 20 mL water) with 2 min of reaction time to achieve 

the 200 nm-sized MIL-100(Fe) with great crystallinity. Additionally, the high loading of Pd-

NPs was confirmed with both XRD and ICP-MS. The significant photothermal capability was 

observed with the as-synthesized Pd@MIL-100(Fe) reaching over 25°C of temperature 

changes after 5 min of NIR 808 nm light irradiation indicating the sufficient quality and 

potential for the subsequent experiments. 
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Preparation of Pd@MIL-100/polymer hybrids 
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3.1 Introduction 

One of the main challenges in utilizing MOFs in vivo revolves around the release of metal 

ions and the reactive nature of their surface, leading to potential instability under physiological 

conditions (P. Horcajada et al., 2010). MIL-100(Fe) stands out as one of the biocompatible 

MOFs investigated for drug delivery systems. However, its bioactive surface and propensity 

for aggregation in physiological environments have limited its application. To overcome this 

challenge, a solution lies in employing a poly(ethylene glycol) (PEG) polymer-based coating, 

known for its stabilizing effect on surfaces. The application of polymeric coatings presents an 

appealing avenue to enhance stability (Cabral et al., 2018). 

In this chapter, we proposed a PEG-poly(aspartic acid) (PEG-p(Asp))-based block 

copolymer system to stabilize the surface of MIL-100(Fe), forming MOF/polymer hybrids. 

The carboxylates present on the side chain of PEG-p(Asp) are capable of complexing with Fe 

found on the MIL-100(Fe) surface (Figure 3.1) (S. Wang et al., 2021). To enhance this 

complexation, we partially modified the carboxylates with dopamine (Dopa), which contains 

catechol groups that establish a stronger interaction with Fe on the MIL-100(Fe) surface 

(Figure 3.1) (Porter et al., 2010). Furthermore, we demonstrated the application of the MIL-

100/polymer hybrid as a synthesis scaffold for palladium nanoparticles (Pd-NPs) in 

photothermal therapy, serving as a model delivery platform for cancer theranostics. The 

synthesis of Pd-NPs loaded MIL-100(Fe) MOF/polymer hybrids involved coating with both 

PEG-p(Asp) and dopamine-modified PEG-p(Asp) (PEG-p(Asp-Dopa)). Characterization of 

the resulting hybrids, namely Pd@MIL-100(Fe)/PEG-p(Asp) and Pd@MIL-100(Fe)/PEG-

p(Asp-Dopa), was performed using powder XRD, DLS, and transmission electron microscopy 

(TEM). Additionally, tests were conducted to evaluate the serum stability of Pd@MIL-

100(Fe)/polymer hybrids. Finally, the photothermal conversion efficiency and photothermal 

stability of both Pd@MIL-100(Fe) and its polymer hybrids was determined.  
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Figure 3.1 The design of Pd@MIL-100(Fe)/polymer hybrids. The figure was adopted from S. 

W. Li et al. (2023) with the permission. 
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3.2 Materials and methods 

3.2.1 Materials 

Sigma Aldrich (Missouri, USA) provided dopamine hydrochloride, while NOF 

Corporation (Tokyo, Japan) supplied 𝛼𝛼-methoxy-𝜔𝜔-amino-poly(ethylene glycol) (MeO-PEG-

NH2; Mw = 12,000 g mol−1) and β-benzyl L-aspartic acid N-carboxyanhydride (BLA-NCA). 

Tokyo Chemical Industry Co. Ltd. (Tokyo, Japan) supplied dichloromethane (CH2Cl2) and 4-

(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride (DMTMM). Additionally, 

ThermoFisher Scientific (Waltham, USA) provided phosphate-buffered saline (PBS). 

 

3.2.2 Synthesis of poly(ethylene glycol)-poly(L-aspartic acid) 

The synthesis of poly(ethylene glycol)-poly(L-aspartic acid) (PEG-p(Asp)) was 

conducted with a modified procedure based on previously established methods (P. W. Chen et 

al., 2023). PEG-p(Asp) was synthesized through the ring-opening polymerization of BLA-

NCA in an aqueous environment (Grazon et al., 2020). Initially, MeO-PEG-NH2 (500 mg, Mw 

= 12,000) was dissolved in 10 mL 50 mM NaHCO3 solution (pH = 8.5). Since the targeting 

degree of polymerization is set to 40, to this solution, BLA-NCA (500 mg) was added while 

stirring vigorously within an ice bath. The reaction mixture underwent a 12-hour incubation 

period, after which dialysis (molecular weight cut-off (MWCO) = 6,000-8,000) against water 

was performed before lyophilization. The lyophilized material was reconstituted in 

dichloromethane and precipitated using diethyl ether to obtain purified PEG-poly(benzyl-L-

aspartate) (PEG-pBLA). The resulting precipitate was vacuum-dried for 3 hours. Verification 

of the polymerization process was conducted using proton nuclear magnetic resonance (1H 

NMR) (JNM ECS-400, JEOL Ltd., Tokyo, Japan) in DMSO-d6 at 80°C. Subsequently, PEG-

pBLA was dissolved in a 10 mL 0.5 N NaOH solution and stirred for 1 hour in a 37°C water 

bath to remove the benzyl protection group. The resulting mixture underwent purification by 
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dialysis (MWCO = 6,000-8,000) against pure water, followed by lyophilization to yield PEG-

p(Asp) in the form of a white, fluffy powder. Characterization of PEG-p(Asp) was conducted 

using 1H-NMR in D2O at room temperature. The synthesis scheme is illustrated in Figure 3.2. 

 

3.2.3 Modification of dopamine on PEG-p(Asp) 

By coupling with DMTMM, the modification of PEG-p(Asp) with dopamine (Dopa) was 

achieved (D'Este et al., 2014). Oxygen-free water, prepared by subjecting water to low-

pressure sonication for 10 minutes, was employed to prevent the self-polymerization of 

dopamine. Dopamine hydrochloride was subsequently added to 20 mL of oxygen-free water at 

3 equivalents to p(Asp), and an excess of DMTMM coupling reagent was introduced to the 

p(Asp). The resulting mixture underwent stirring for 6 hours and was then purified by dialysis 

(MWCO = 6,000-8,000) against oxygen-free water. Following lyophilization, PEG-p(Asp-

Dopa) was obtained as a white fluffy powder. Successful coupling was confirmed through 1H-

NMR analysis in both DMSO-d6 and D2O. The synthesis scheme is illustrated in Figure 3.2. 

 

 
Figure 3.2 The synthesis scheme of PEG-p(Asp) and PEG-p(Asp-Dopa) block copolymers. 

The figure was adopted from S. W. Li et al. (2023) with the permission. 
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3.2.4 Synthesis of Pd@MIL-100(Fe)/polymer hybrids 

Pd@MIL-100(Fe)/polymer hybrids, comprising Pd@MIL-100(Fe)/PEG-p(Asp) and 

Pd@MIL-100(Fe)/PEG-p(Asp-Dopa), were synthesized through a refluxing process. Each 

polymer was dissolved in 10 mL of a 70% ethanol aqueous solution. Subsequently, Pd@MIL-

100(Fe) with a concentration of 1 mg/mL was blended with the respective polymer solutions. 

The Pd@MIL-100(Fe) and polymers were mixed at weight ratio Pd@MIL-100(Fe):polymers 

of 1:2. After stirring for 5 min, the mixture was subjected to refluxing at 80°C for 12 h. 

Subsequently, the Pd@MIL-100(Fe)/polymer hybrids were obtained by centrifugation at 

16,000 x g and washed once with ethanol followed by water twice. The final Pd@MIL-

100(Fe)/polymer hybrids products were obtained as black-colored solutions. 

 

3.2.5 Crystallinity characterization with powder X-ray diffraction 

The crystalline structure of Pd@MIL-100(Fe), Pd@MIL-100(Fe)/PEG-p(Asp), and 

Pd@MIL-100(Fe)/PEG-p(Asp-Dopa) was verified using powder X-ray diffraction (XRD) with 

a MiniFlex600/PTN instrument (Rigaku, Tokyo, Japan). The final products of Pd@MIL-

100(Fe) and Pd@MIL-100(Fe)/polymer hybrids underwent oven-drying and were then placed 

onto the sample holder for XRD analysis. The X-ray settings were 40 kV and 15 mA. The 

scanning mode employed was 2θ/θ, with a scanning range from 2° to 90° and a step size of 

0.01°. The raw XRD data were processed using Mercury software (2021.3, CCDC, Boston, 

USA). The standard XRD patterns of MIL-100(Fe) (ID: 7102029) was obtained from 

Crystallography Open Database and Pd-NPs (ID: mp-2) were obtained from The Materials 

Project (Patricia Horcajada et al., 2007; Jain et al., 2013). 
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3.2.6 Characterization of particle size 

The hydrodynamic diameter of Pd@MIL-100(Fe)/PEG-p(Asp) and Pd@MIL-

100(Fe)/PEG-p(Asp-Dopa) was determined using dynamic light scattering (DLS) with the 

Zetasizer Nano-ZS instrument (Malvern Panalytical, Worcestershire, UK). The final products 

of Pd@MIL-100(Fe)/polymer hybrids were dispersed in deionized water at an approximate 

concentration of 0.1 mg/mL and introduced into a low-volume quartz cuvette (ZEN2112). 

Measurements were conducted at 25°C with a 50 mW frequency doubled DPSS Nd:YAG laser 

(λ=532 nm) at a detection angle of 173°. The average diameter and Polydispersity Index (PDI) 

were calculated using the cumulant method to describe the particle size characteristics of 

Pd@MIL-100(Fe)/PEG-p(Asp) and Pd@MIL-100(Fe)/PEG-p(Asp-Dopa). 

 
3.2.7 Characterization of surface charge 

The surface charge of MIL-100(Fe), Pd@MIL-100(Fe), and Pd@MIL-100(Fe)/polymer 

hybrids was assessed through ζ-potential measurements using a Zetasizer Nano-ZS instrument 

(Malvern Panalytical, Worcestershire, UK). The particles were diluted to a concentration of 0.1 

mg/mL in deionized water and introduced into folded capillary zeta cells (DTS1070) with a 

volume of 1 mL. The ζ-potential was recorded at 25°C with default settings. 

 

3.2.8 Characterization with transmission electron microscopy 

The morphology of Pd@MIL-100(Fe)/polymer hybrids was examined using 

transmission electron microscopy (TEM). Before the TEM analysis, both Pd@MIL-

100(Fe)/PEG-p(Asp) and Pd@MIL-100(Fe)/PEG-p(Asp-Dopa) were washed once with water 

and then diluted to a concentration of approximately 0.05 mg/mL with deionized water. The 

resulting solution was deposited onto a 400-mesh copper grid. TEM images were captured 

using JEM-1400 (JEOL, Tokyo, Japan).  
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3.2.9 Characterization with energy dispersive spectroscopy 

Elemental mapping analysis of Pd@MIL-100(Fe)/polymer hybrids was conducted using 

energy dispersive spectroscopy (EDS). Prior to the EDS analysis, both Pd@MIL-

100(Fe)/PEG-p(Asp) and Pd@MIL-100(Fe)/PEG-p(Asp-Dopa) were washed once with water 

and then diluted to a concentration of approximately 0.05 mg/mL with deionized water. The 

resulting solution was deposited onto a 400-mesh copper grid. EDS analysis was carried out 

using JEM-2100F (JEOL Ltd., Tokyo, Japan). 

 
3.2.10 Composition examination 

To analyze the composition of Pd@MIL-100(Fe) and Pd@MIL-100(Fe)/polymer 

hybrids, thermogravimetric analysis (TGA) was performed using the EXSTAR TG/DTA 6200 

thermogravimetric analyzer (Hitachi High-Tech Science, Tokyo, Japan) under a nitrogen 

atmosphere. The TGA procedure involved heating from 30°C to 550°C at a rate of 5°C/min 

with smart temperature ramping. 

 

3.2.11 Analysis of Photothermal capability 

Solutions containing Pd@MIL-100(Fe) and Pd@MIL-100(Fe)/polymer hybrids (0.5 

mg/mL) were prepared and loaded into 2.0 mL PE microtubes with 1 mL of each solution. The 

solutions were exposed to NIR 808 nm light with a power of 1.5 J/s for 600 s, followed by 

natural cooling. Temperature variations were monitored using a digital thermometer (TM-

947SD, Lutron, Taipei, Taiwan) connected to a small Pt-100 thermo-resistor inside the tube. 

The photothermal conversion efficiency (η) was determined using a macroscopic model that 

accounts for the heating of the system, including particles, solution, and container (Breitenborn 

et al., 2019). The model includes the heat generation and the dissipation. The change of 

temperature during NIR irradiation is represented by the energy balance equation (Equation 
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3.1): 

∑ 𝑚𝑚𝑖𝑖𝐶𝐶𝑖𝑖𝑖𝑖
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎 − 𝐸𝐸𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙  (3.1) 

where 𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎  is the heat generation by the Pd-NPs in the MIL-100(Fe), 𝐸𝐸𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙  is the heat 

dissipation, 𝑇𝑇 is the temperature, and 𝑡𝑡 is the time. Additionally, 𝑚𝑚𝑖𝑖 and 𝐶𝐶𝑖𝑖 are the mass 

and specific heat capacity of each component 𝑖𝑖  in the system (i.e., Pd@MIL-100(Fe) or 

Pd@MIL-100(Fe)/polymer hybrids, deionized water, and 2.0 mL PE micro tubes). To represent 

the 𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎 and 𝐸𝐸𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙, the energy absorption and dissipation in Equation 3.1 can be expressed 

as follows: 

𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎 = 𝑃𝑃(1 − 10−𝐴𝐴λ)η (3.2) 

𝐸𝐸𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = ℎ𝑆𝑆[𝑇𝑇(𝑡𝑡) − 𝑇𝑇0] (3.3) 

where 𝑃𝑃 is the NIR laser power, 𝐴𝐴λ is the absorbance of the solution at the laser wavelength, 

η  is the photothermal conversion efficiency, ℎ  is the heat transfer coefficient, 𝑆𝑆  is the 

surface area of the solution, and 𝑇𝑇0  is the ambient temperature. By substitution 𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎  and 

𝐸𝐸𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 into Equation 3.1, it can be rewritten as follows: 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝑃𝑃(1−10−𝐴𝐴λ)η
∑ 𝑚𝑚𝑖𝑖𝐶𝐶𝑖𝑖𝑖𝑖

− ℎ𝑆𝑆
∑ 𝑚𝑚𝑖𝑖𝐶𝐶𝑖𝑖𝑖𝑖

[𝑇𝑇(𝑡𝑡) − 𝑇𝑇0] (3.4) 

Here we define the two constant A and B as follow: 

𝐴𝐴 = 𝑃𝑃(1−10−𝐴𝐴λ)η
∑ 𝑚𝑚𝑖𝑖𝐶𝐶𝑖𝑖𝑖𝑖

 (3.5) 

𝐵𝐵 = ℎ𝑆𝑆
∑ 𝑚𝑚𝑖𝑖𝐶𝐶𝑖𝑖𝑖𝑖

 (3.6) 

where A represents the rate of energy absorption while B indicates the rate of heat dissipation. 

By substituting 𝐴𝐴 and 𝐵𝐵 into Equation 3.4, the equation can be rewritten as: 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝐴𝐴 − B[𝑇𝑇(𝑡𝑡) − 𝑇𝑇0] (3.7) 
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By integrating the Equation 3.7 over time (from 0 to t), the temperature changes from an 

arbitrary initial temperature value 𝑇𝑇𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 can be represented as follows: 

𝑇𝑇(𝑡𝑡) = 𝑇𝑇0 + 𝐴𝐴
𝐵𝐵

(1 − 𝑒𝑒−𝐵𝐵𝐵𝐵) + (𝑇𝑇𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 − 𝑇𝑇0)𝑒𝑒−𝐵𝐵𝐵𝐵 (3.8) 

To calculate the photothermal conversion efficiency, time constant method was used 

(Breitenborn et al., 2019). The value of B, heat dissipation rate, was obtained by fitting 

Equation 3.8 to the cooling phase curve with 𝐴𝐴 = 0  and 𝑇𝑇𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 𝑇𝑇𝑀𝑀𝑀𝑀𝑀𝑀  as constraints, 

where 𝑇𝑇𝑀𝑀𝑀𝑀𝑀𝑀 is the highest temperature measured just after the NIR 808 nm laser irradiation. 

Then, the value of A, energy absorption rate, was acquired by fitting Equation 3.8 to the curve 

of heating phase with 𝐵𝐵 and 𝑇𝑇𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 𝑇𝑇0 as constants where 𝑇𝑇0 is the temperature measured 

before NIR 808 nm laser irradiation. For the three solutions including Pd@MIL-100(Fe), and 

two Pd@MIL-100(Fe)/polymer hybrids examined in this research, the mass of MOF particles 

was neglectable compared to that of the PE tube and water. The heat capacity of water (4.18 

Jg−1 K−1) is much higher than that of PE (1.33 Jg−1 K−1). Therefore, the mass and heat capacity 

of the entire solutions can be assumed as water. Furthermore, the absorbance values (Aλ) at the 

NIR laser wavelength (808 nm) were measured using a multi-well plate reader (Spark, Tecan, 

Männedorf, Switzerland) with the following values: 0.274 for Pd@MIL-100(Fe), 0.294 for 

Pd@MIL-100(Fe)/PEG-p(Asp), and 0.285 for Pd@MIL-100(Fe)/PEG-p(Asp-Dopa). The 

photothermal conversion efficiency (η) can be calculated using the following equation: 

η = 𝐴𝐴∑ 𝑚𝑚𝑖𝑖𝐶𝐶𝑖𝑖𝑖𝑖
𝑃𝑃(1−10−𝐴𝐴λ)

 (3.9) 

The photothermal performance of the MOF/polymer hybrids at varying concentrations 

was assessed by dispersing them in 100 µL of water at concentrations of 0.1, 0.3, and 0.5 

mg/mL. An 808 nm NIR laser was employed at an energy density of 0.6 W/cm2, and the 

temperature was recorded every 5 seconds for a duration of 10 minutes using an automated 

digital thermometer (TM-947SD, Lutron, Taipei, Taiwan).  
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3.2.12 Photothermal stability analysis 

The photothermal stability of the MOF/polymer hybrids was evaluated by examining 

their ability to consistently heat the solution through 5 cycles. Pd@MIL-100(Fe) and 

MOF/polymer hybrids were suspended in 2 mL of water at a concentration of 0.5 mg/mL in 2 

mL microtubes. Temperature changes were recorded every 5 seconds using a digital 

thermometer (TM-947SD, Lutron, Taipei, Taiwan) attached to a small Pt-100 thermo-resistor 

inside the tube. Subsequently, the MOF solutions were exposed to NIR 808 nm light (0.6 

W/cm2) for 5 minutes and allowed to cool naturally for 10 minutes. This heating and cooling 

cycle was repeated 5 times, and the photothermal stability was confirmed by assessing the 

photothermal capability after the 5 repeated cycles. 

 

3.2.13 Aqueous stability analysis 

The stability of MIL-100(Fe) and Pd@MIL-100(Fe)/polymer hybrids was assessed based 

on average hydrodynamic diameter and PDI using dynamic light scattering (DLS). Initially, 

short-term stability under various solvent conditions was investigated. The particles were 

washed once with water and then resuspended at a concentration of 0.5 mg/mL in water, PBS 

with 35 mg/mL BSA, or DMEM containing 10% FBS. The suspensions were incubated in a 

37°C incubator for 6 hours, and hydrodynamic diameter and PDI were monitored at 0 hours, 1 

hour, 2 hours, 3 hours, and 6 hours. Additionally, long-term stability analysis of MIL-100(Fe) 

and Pd@MIL-100(Fe)/polymer hybrids was conducted in PBS with 10% FBS over 7 days. 

After washing with water, the particles were resuspended at a concentration of 0.5 mg/mL in 

PBS with 10% FBS and incubated at 37°C for 7 days. Both size and PDI were monitored using 

DLS to assess stability.  
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3.3 Results and discussions 

3.3.1 Preparation of polymer 

To provide the ability to complex with MIL-100(Fe), PEG-p(Asp) block copolymer was 

designed. The carboxylate on the aspartic acid can complex with the free Fe on the surface of 

MIL-100(Fe). To prepare the PEG-p(Asp), first the PEG-pBLA was synthesized with ring 

opening polymerization in aqueous phase according to the previous study (Grazon et al., 2020). 

The degree of polymerization of PEG-pBLA was assessed with 1H-NMR in DMSO-d6. The 

NMR peaks in the range of 7-8 ppm indicted the protons on the benzyl protection groups while 

the peaks at about 3.5 ppm represented the protons in the PEG (Figure 3.3A). By normalization 

of the peak area between benzyl protection groups and PEG, we can calculate that about 40 

units of BLA was presented per PEG molecule. After deprotection, PEG-p(Asp) was obtained. 

PEG-p(Asp) is not soluble in DMSO, but it dissolved easily in water. Hence, the PEG-p(Asp) 

was examined with 1H-NMR in D2O. The peaks for the protection groups (7-8 ppm) 

disappeared in PEG-p(Asp) indicating the successful removal of the benzyl protection groups 

(Figure 3.3B). In order to enhance the bonding strength between the polymer and MOFs, PEG-

p(Asp) was modified by incorporating dopamine, which possesses catechol groups capable of 

forming strong complexes with Fe ions (Porter et al., 2010). The dopamine was conjugated to 

the carboxyl groups of aspartic acid. The yielding PEG-p(Asp-Dopa) was examined with 1H-

NMR in both DMSO-d6 and D2O. The peaks shown around 7-8 ppm represented the protons 

on the catechol groups of dopamine indicating the successful conjugation of PEG-p(Asp-Dopa) 

(Figure 3.3C and D). After integrating the peak, about 24 units of Dopa were presented per 

PEG indicating that about 60% of carboxylate was conjugated with Dopa. The synthesized 

PEG-p(Asp) and PEG-p(Asp-Dopa) were utilized in the fabrication of Pd@MIL-

100(Fe)/polymer hybrids.  
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Figure 3.3 The 1H-NMR spectrum for (A) PEG-pBLA measured in DMSO-d6 at 80°C, (B) 

PEG-p(Asp) measured in D2O at 25°C, (C) PEG-p(Asp-Dopa) measured in D2O at 25°C, and 

(D) PEG-p(Asp-Dopa) measured in DMSO-d6 at 80°C. The figure was adopted from S. W. Li 

et al. (2023) with the permission. 
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3.3.2 Characterization of Pd@MIL-100/polymer hybrids 

The Pd@MIL-100(Fe)/polymer hybrids were prepared with refluxing. To analyze the 

crystallinity of the MOFs and MOFs/polymer hybrids that synthesized here, we implemented 

powder XRD. In Figure 3.4, all the MOFs that we synthesized presented the similar pattern 

with the MIL-100(Fe) reference peaks indicating that both loading of Pd-NPs and the formation 

of polymer hybrids did not alter the crystal structure of MIL-100(Fe). Additionally, the 

reference peaks of Pd-NPs were also observed in both Pd@MIL-100 and Pd@MIL-

100/polymer hybrids indicating the successful loading of Pd-NPs. The coating of polymers 

onto Pd@MIL-100(Fe) did not affect the structure of Pd@MIL-100(Fe) indicating the 

suitability for the subsequent experiments. 

 
Figure 3.4 The powder X-ray diffraction (XRD) patterns of MIL-100(Fe), Pd@MIL-100(Fe), 

Pd@MIL-100(Fe)/PEG-p(Asp), and Pd@MIL-100(Fe)/PEG-p(Asp-Dopa). The reference 

peaks corresponding to Pd nanoparticles (Pd-NPs) and MIL-100(Fe) are indicated in the 

bottom two lines for comparison. The figure was adopted from S. W. Li et al. (2023) with the 

permission. 
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For a comprehensive understanding of MOFs and MOF/polymer hybrids, we conducted 

particle size distribution analysis using DLS first on different length of p(Asp) and PEG. The 

results showed that both 40 and 60 units of Asp exhibited a similar size distribution (Figure 

3.5A). Therefore, we chose 40 units of Asp for the following experiments. Additionally, the 

various lengths of PEG, including 12K and 20K, with 40 units of Asp, also showed a similar 

size distribution. Hence, we chose 40 units of Asp with a PEG length of 12K for the following 

experiments (Figure 3.5B). Subsequently, an analysis of the size distribution of MIL-100(Fe), 

Pd@MIL-100(Fe), and Pd@MIL-100(Fe)/polymer hybrids, revealed smaller size distributions 

in the Pd@MIL-100(Fe)/polymer hybrids (Figure 3.6). While the loading of Pd-NPs had no 

impact on the diameter, the formation of Pd@MIL-100(Fe)/polymer hybrids notably reduced 

particle size (Figure 3.7). Particularly, Pd@MIL-100/PEG-p(Asp-Dopa) exhibited the smallest 

particle size. Accordingly, previous research has indicated that MIL-100(Fe) is prone to 

aggregation and larger sizes in the absence of surface protection (P. Horcajada et al., 2010). 

The sizes of the two hybrids including Pd@MIL-100(Fe)/PEG-p(Asp) and Pd@MIL-

100(Fe)/PEG-p(Asp-Dopa) measured at 170 ± 7 nm and 153 ± 6 nm, respectively, were smaller 

compared to Pd@MIL-100(Fe) at 209 ± 5 nm (Table 3.1). The observed decrease in 

hydrodynamic diameters can be attributed to the formation of a PEG shield, effectively 

impeding inter-particle aggregation (Akbarzadehlaleh et al., 2021). 

To verify the surface protection conferred by PEG block copolymers, we conducted the 

measurements of the surface charge, known as zeta (ζ)-potential. The ζ-potential distributions 

revealed a clear shift towards the positive direction (right) for the Pd@MIL-100(Fe)/polymer 

hybrids compared to Pd@MIL-100(Fe) (Figure 3.8). The surface charge of MIL-100(Fe) and 

Pd@MIL-100(Fe) was approximately -39.2 ± 0.7 mV and -28.3 ± 0.7 mV, respectively, 

suggesting that the in situ synthesis of Pd-NPs influenced the surface charge of MIL-100(Fe) 

(Table 3.1). In contrast, both hybrids including Pd@MIL-100(Fe)/PEG-p(Asp) and Pd@MIL-
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100(Fe)/PEG-p(Asp-Dopa) exhibited a ζ-potential of -17.0 ± 0.4 mV and -17.3 ± 0.4 mV, 

respectively, which are even lower than that of Pd@MIL-100(Fe) (Table 3.1). The reduced ζ-

potential in Pd@MIL-100(Fe)/polymer hybrids compared to Pd@MIL-100(Fe) indicates the 

presence of a PEG shielding effect (Shi et al., 2021). 

 

 

Figure 3.5 The size distribution of Pd@MIL-100(Fe)/polymer hybrids coated with different 

length of (A) p(Asp) and (B) PEG. 
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Figure 3.6 The size distribution of MIL-100(Fe), Pd@MIL-100(Fe), Pd@MIL-100(Fe)/PEG-

p(Asp), and Pd@MIL-100(Fe)/PEG-p(Asp-Dopa). The data was sown as intensity percentage. 

The figure was adopted from S. W. Li et al. (2023) with the permission. 

 

 
Figure 3.7 The hydrodynamic diameter and PDI of MIL-100(Fe), Pd@MIL-100(Fe), 

Pd@MIL-100(Fe)/PEG-p(Asp), and Pd@MIL-100(Fe)/PEG-p(Asp-Dopa). The diameter is 

shown in bar graph and the PDI in red line. 
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Figure 3.8 The ζ-potential distribution of MIL-100(Fe), Pd@MIL-100(Fe), Pd@MIL-

100(Fe)/PEG-p(Asp), and Pd@MIL-100(Fe)/PEG-p(Asp-Dopa). 

 

Table 3.1 Size and ζ-potential of MIL-100(Fe), Pd@MIL-100(Fe), Pd@MIL-100(Fe)/PEG-

p(Asp), and Pd@MIL-100(Fe)/PEG-p(Asp-Dopa) (n = 3). The table was adopted from S. W. 

Li et al. (2023) with the permission. 

Particles Diameter (nm) ± SD PDI ± SD ζ-Potential (mV) ± SD 

MIL-100(Fe) 210 ± 8 0.139 ± 0.02 -39.2 ± 0.7 

Pd@MIL-100(Fe) 209 ± 5 0.211 ± 0.04 -28.3 ± 0.7 

Pd@MIL-100(Fe)/PEG-p(Asp) 170 ± 7 0.177 ± 0.05 -17.0 ± 0.4 

Pd@MIL-100(Fe)/PEG-p(Asp-Dopa) 153 ± 6 0.188 ± 0.04 -17.3 ± 0.4 
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With the data from hydrodynamic diameter and ζ-potential, it was known that the surface 

protection of Pd@MIL-100(Fe) by polymers can decrease the particle size by forming the PEG 

shielding. However, it was still unknown that the reason why PEG shielding could decrease 

the particle size of Pd@MIL-100(Fe). Here, TEM was used to reveal the morphology of these 

MOF and MOF/polymer hybrid particles to gain insights into the morphological changes after 

surface protection. Figure 3.9 showed that in consistent to the previous research, Pd@MIL-

100(Fe) exhibited a highly aggregated morphology (P. Horcajada et al., 2010). After surface 

protection by PEG-p(Asp) and PEG-p(Asp-Dopa) the degree of aggregation was significantly 

reduced. The size of Pd@MIL-100(Fe)/polymer hybrids shown in Figure 3.9 exhibited the 

similar particle size measured with DLS in aqueous condition while the Pd@MIL-100(Fe) 

formed larger clumps in TEM images indicating that PEG shielding provided by the PEG-

p(Asp) and PEG-p(Asp-Dopa) has the potential to prevent the aggregation. Furthermore, to 

examine the composition of the Pd@MIL-100(Fe)/polymer hybrids, we implemented TEM-

EDS method to perform element mapping analysis. The results showed that the C, O, and Fe 

elements were colocalized indicating the structure of MIL-100(Fe) and polymers (Figure 3.10). 

The Pd element was found to concentrate inside of Fe element confirming the successful 

loading of Pd-NPs that was in accordance with the XRD results (Figure 3.4 and Figure 3.10). 

 
Figure 3.9 Representative TEM images of Pd@MIL-100(Fe), Pd@MIL-100(Fe)/PEG-p(Asp), 

and Pd@MIL-100(Fe)/PEG-p(Asp-Dopa) taken with the scale at 500 nm. The figure was 

adopted from S. W. Li et al. (2023) with the permission.  
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Figure 3.10 TEM-EDS element mapping analysis of Pd@MIL-100(Fe)/PEG-p(Asp), and 

Pd@MIL-100(Fe)/PEG-p(Asp-Dopa) for C, O, Fe, and Pd elements. C is shown in pruple, O 

in blue, Fe in red, and Pd in green. The figure was adopted from S. W. Li et al. (2023) with the 

permission.  
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To gain a thorough understanding of the composition of both Pd@MIL-100(Fe) and the 

MOF/polymer hybrids, we utilized thermal gravimetric analysis (TGA). The findings from 

Table 2.1 by ICP-MS unveiled a Pd content of 17% within Pd@MIL-100(Fe) relative to its 

weight, constituting approximately 86% of the initial feeding amount. This data confirmed the 

efficient incorporation of Pd-NPs within the MOF structure. Furthermore, our TGA results 

demonstrated a similarity between the TGA curve of our microwave-assisted synthesized MIL-

100(Fe) and the conventionally prepared MIL-100(Fe). The curve displayed the first drop 

around 300°C, indicating structural decay of the MOF, followed by a subsequent drop at 400°C, 

attributed to the iron reduction (Simon et al., 2019). The introduction of Pd-NPs within the 

MIL-100(Fe) slightly altered its TGA curve, presenting a decay at a lower temperature. This 

shift could be attributed to potential interference caused by the Pd-NPs within the MOF 

structure, affecting the degradation process (Figure 3.11A). Upon comparing the observed 

weight loss in the TGA curves of MIL-100(Fe) and Pd@MIL-100(Fe), the Pd content was 

estimated to be approximately 12%, which closely aligns with the Pd content quantified by 

ICP-MS. This consistency across analytical techniques confirms the accuracy of the Pd content 

determination. Furthermore, the TGA analysis revealed that the weight loss attributed to the 

polymer coating of both Pd@MIL-100(Fe)/polymer hybrids approximated 8% in weight within 

the Pd@MIL-100(Fe)/polymer hybrids. (Figure 3.11A). In Figure 3.11B, BTC showed a huge 

drop of weight at about 300°C. While the PEG started to decay at about 380°C, the decay of 

p(Asp) and p(Asp-Dopa) appeared at early stage of heating around 200°C and 270°C, 

respectively (Figure 3.11B). This data corroborates the presence and proportion of the polymer 

coating on the hybrid structures.  
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The successful preparation of Pd@MIL-100(Fe) and Pd@MIL-100(Fe)/polymer hybrids 

has been verified through a range of analytical methods. These analyses, including XRD, DLS, 

ζ-potential, and elemental mapping, highlight their robust crystalline structure and effective 

loading of Pd-NPs. TEM imaging has provided compelling visual evidence, revealing notable 

enhancements in particle morphology. This improvement signifies a reduced level of 

aggregation, a positive outcome following the implementation of protective surface measures. 

Furthermore, the TGA results serve as a dual confirmation, affirming the successful synthesis 

of Pd@MIL-100(Fe)/polymer hybrids. These results provided the understanding of the 

particles' morphology and composition. Such validation lays a groundwork for subsequent 

experiments. 

 
Figure 3.11 The TGA of (A) MIL-100(Fe), Pd@MIL-100(Fe), Pd@MIL-100(Fe)/PEG-p(Asp), 

and Pd@MIL-100(Fe)/PEG-p(Asp-Dopa), (B) BTC, PEG-p(Asp), and PEG-p(Asp-Dopa). 

The figure was adopted from S. W. Li et al. (2023) with the permission. 
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3.3.3 Photothermal capability of Pd@MIL-100(Fe)/polymer hybrids 

Following the characterization of particle morphology and composition, our attention 

turned to elucidating the photothermal capability of Pd@MIL-100(Fe) and Pd@MIL-

100(Fe)/polymer hybrids. To comprehensively explore and characterize the photothermal 

capability of both Pd@MIL-100(Fe) and Pd@MIL-100(Fe)/polymer hybrids, the photothermal 

conversion efficiency (η) was determined through the application of the time constant method. 

The results, as illustrated in Figure 3.12, depicted a consistent heating and cooling profile 

across all particles. The determined photothermal conversion efficiencies (η) for Pd@MIL-

100(Fe), Pd@MIL-100(Fe)/PEG-p(Asp), and Pd@MIL-100(Fe)/PEG-p(Asp-Dopa) were 

87.0%, 88.7%, and 88.8%, respectively (Figure 3.12). These comparable values indicate that 

the incorporation of MOF/polymer hybrids does not undermine the intrinsic photothermal 

capabilities of Pd@MIL-100(Fe). 

A significant observation emerges when contrasting our Pd@MIL-100(Fe)/PEG-p(Asp-

Dopa) with a photothermal conversion efficiency of 88.8% to previously documented porous 

Pd-NPs with an efficiency of 93.4% (Xiao et al., 2014). The congruence in performance 

underscores that the incorporation of Pd-NPs into MIL-100(Fe) and the consequent formation 

of MOF/polymer hybrids have negligible effects on the photothermal capacity of Pd-NPs. 

Moreover, the nanoparticles engineered in this study, encompassing Pd@MIL-100(Fe) and 

Pd@MIL-100(Fe)/polymer hybrids, exhibited a remarkable photothermal conversion 

efficiency surpassing 85%, outperforming other reported nanoparticles, such as their carbon-

based counterparts (H. Liu et al., 2020). This high photothermal efficiency, as revealed in 

Figure 3.12, solidifies the potential of Pd@MIL-100(Fe) and its hybrids as effective 

photothermal agents.  
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Figure 3.12 Determination of the photothermal conversion efficiency (η) for Pd@MIL-

100(Fe), Pd@MIL-100(Fe)/PEG-p(Asp), and Pd@MIL-100(Fe)/PEG-p(Asp-Dopa). The 

photothermal effects, encompassing both the heating and cooling phases, were depicted. The 

NIR 808 nm laser, emitting at a power of 1.5 J/s, was administered for a duration of 600 seconds, 

after which the solution was allowed to cool naturally. Parameter A was derived by fitting non-

linear regression to the heating stage curve, while parameter B was obtained from fitting the 

curve of the cooling stage. The figure was adopted from S. W. Li et al. (2023) with the 

permission. 
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Pd-NPs have been shown to be an excellent photothermal agent due to their high 

efficiency and stability in converting light into heat (P. Singh et al., 2023). They can retain their 

photothermal effects after repeated heating and cooling cycles. Pd@MIL-100(Fe) and 

Pd@MIL-100(Fe)/polymer hybrids also exhibit high photothermal stability that is similar to 

Pd-NPs. They can consistently increase the temperature by more than 25°C even after five 

cycles of heating and cooling (Figure 3.13). These results indicate that Pd@MIL-100(Fe) and 

Pd@MIL-100(Fe)/polymer hybrids are suitable candidates for photothermal applications, as 

they have comparable performance and stability to Pd-NPs. 

To delve deeper into the photothermal capabilities of Pd@MIL-100(Fe) and Pd@MIL-

100(Fe)/polymer hybrids, varying concentrations of these nanoparticles suspended in water 

were scrutinized, with MIL-100(Fe) lacking Pd serving as a control. All Pd-containing MIL-

100(Fe) particles exhibited comparable photothermal responses under NIR 808 nm light 

exposure for 10 minutes at an energy density of 0.6 W/cm2, aligning with the findings from the 

photothermal conversion efficiency assessment (Figure 3.12 and Figure 3.14). Previous 

studies have shown that temperatures above 42°C, or 5°C higher than the normal body 

temperature (37°C), can induce hyperthermia and cause cell death (Horseman et al., 2022; X. 

S. Li et al., 2020). Our findings reveal that even at the lowest concentration of 0.1 mg/mL, all 

Pd-containing MIL-100(Fe) particles achieve a 5°C temperature increase within 3 minutes. 

It has been reported that Pd-NPs are excellent photothermal agents with high efficiency, 

stability and biocompatibility (Rubio-Ruiz et al., 2018; Xiao et al., 2014). Consistent with these 

reports, our Pd@MIL-100(Fe)/polymer hybrids showed high photothermal potential, with the 

ability to heat up by more than 20°C making them not only suitable as photothermal agents but 

also showing the potential for therapeutic applications. 
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Figure 3.13 Photothermal stability of Pd@MIL-100(Fe), Pd@MIL-100(Fe)/PEG-p(Asp), and 

Pd@MIL-100(Fe)/PEG-p(Asp-Dopa). The particles were heated with NIR 808 nm light with 

the energy density of 0.6 W/cm2 for 5 min and cooled naturally for 10 min. The heating and 

cooling cycle was conducted for 5 times. 

 

 
Figure 3.14 Photothermal capability of Pd@MIL-100(Fe), Pd@MIL-100(Fe)/PEG-p(Asp), 

and Pd@MIL-100(Fe)/PEG-p(Asp-Dopa) at various concentrations (0.1. 0.3, and 0.5 mg/mL). 

The particles were heated with NIR 808 nm light with the energy density of 0.6 W/cm2. The 

control group shown in black line was 0.5 mg/mL MIL-100(Fe). The figure was adopted from 

S. W. Li et al. (2023) with the permission. 
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3.3.4 Stability of Pd@MIL-100/polymer hybrids 

Prior studies have noted the propensity of MIL-100(Fe) particles to aggregate in aqueous 

solutions; however, in biological environments, they may adsorb proteins, leading to the 

formation of a protective protein corona (Kush et al., 2020; Simon-Yarza et al., 2016). To be 

useful as the therapeutic application, beside the photothermal capability, the aqueous stability, 

especially in physiological condition, of the nanoparticles is crucial. Therefore, the short-term 

(6 hours) and long-term (7 days) stability of MOF and MOF/polymer hybrids in physiological 

condition was tested. First the short-term stability was tested in water and phosphate-buffered 

saline (PBS) with 35 mg/mL bovine serum albumin (BSA), which mimics biological conditions. 

The hydrodynamic diameter and PDI were monitored for 6 h. Notably, Pd@MIL-100(Fe) 

particles exhibited a tendency to aggregate in both water and PBS with BSA, as evidenced by 

an increase in size and PDI (Figure 3.15A). While Pd@MIL-100(Fe)/PEG-p(Asp) also 

displayed signs of aggregation, the extent was less pronounced compared to Pd@MIL-100(Fe) 

(Figure 3.15A). In contrast, Pd@MIL-100(Fe)/PEG-p(Asp-Dopa) demonstrated robust 

stability, remaining dispersed in both water and PBS with BSA, as reflected by consistent size 

and low PDI (Figure 3.15A). Notably, Pd@MIL-100(Fe)/PEG-p(Asp-Dopa) maintained 

stability even in media containing serum, further affirming its suitability for physiological 

applications (Figure 3.15A). 

To delve deeper into the analysis of physiological stability, we implemented a long-term 

stability assessment last for 7 days under PBS with 10% FBS at 37°C. Within a mere 2 days of 

incubation, Pd@MIL-100(Fe) exhibited swift aggregation, resulting in an average diameter 

exceeding 400 nm and a polydispersity index (PDI) surpassing 0.8 (Figure 3.15B). In contrast, 

Pd@MIL-100(Fe)/PEG-p(Asp) exhibited improved stability compared to Pd@MIL-100(Fe), 

maintaining a relatively consistent average diameter around 170 nm (Figure 3.15B). 

Nevertheless, its PDI gradually increased over time, surpassing 0.6 after 5 days. Remarkably, 
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Pd@MIL-100(Fe)/PEG-p(Asp-Dopa) maintained both its average diameter at approximately 

155 nm and a PDI around 0.3, even after the full 7-day duration (Figure 3.15B). The noticeable 

outcome underscored the substantial improvement in stability achieved by incorporating PEG-

p(Asp-Dopa) onto Pd@MIL-100(Fe), demonstrating minimal fluctuations in size and PDI over 

the entire 7-day timeframe compared to Pd@MIL-100(Fe) and Pd@MIL-100(Fe)/PEG-p(Asp). 

These findings provide compelling evidence of the robust serum stability of Pd@MIL-

100(Fe)/PEG-p(Asp-Dopa) within a PBS solution containing 10% FBS over the 7-day 

evaluation period. 

The observation of Pd@MIL-100(Fe) without surface stabilization revealed a tendency 

for aggregation in the aqueous environment, which is highlighted in the stability analysis 

(Figure 3.15). Accordingly, the TEM images presented in Figure 3.9 visually emphasized this 

phenomenon. Additionally, in physiological conditions, various metal ions, including Fe, Zn, 

Cu, Ca, Na, etc., are presented. MIL-100(Fe) is composed of Fe and BTC organic linkers 

through coordination. The presence of other metal ions may replace the Fe in MIL-100(Fe) 

through ligand exchange, ultimately leading to its decomposition (Ding et al., 2019). Previous 

research indicates that water molecules can also attack the coordination between Fe and BTC, 

resulting in the gradual destabilization (T. N.-M. Le et al., 2021). Furthermore, in the 

physiological environment, proteins can adsorb onto the surface of MIL-100(Fe), leading to 

destabilization and clearance from blood circulation. In our research, engineered PEG block 

copolymers effectively and stably protect the surface of MIL-100(Fe) (Figure 3.15). Steric 

stabilization through the long PEG chain shields the surface of MIL-100(Fe) from easy attack 

by other metal ions in the serum. Furthermore, the polymer coatings can modulate the 

formation of a protein corona, preventing capture by the liver or reticuloendothelial system 

(Cabral et al., 2023). Therefore, the surface stabilization of Pd@MIL-100(Fe) by PEG-p(Asp-

Dopa) effectively safeguards the surface, ensuring particle stabilization. 
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Figure 3.15 The aqueous stability of Pd@MIL-100(Fe), Pd@MIL-100(Fe)/PEG-p(Asp), and 

Pd@MIL-100(Fe)/PEG-p(Asp-Dopa) tested in (A) short term for 6 h in various aqueous 

conditions and (B) long term for 7 days in PBS with 10% FBS. The diameters were shown in 

black lines and PDI in red lines. The figure was adopted from S. W. Li et al. (2023) with the 

permission. 
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3.4 Summary 

Two distinct surface protection strategies were explored for Pd@MIL-100(Fe): 

employing a PEG-p(Asp) block copolymer and its modification with dopamine to create a 

PEG-p(Asp-Dopa) derivative. PEG-p(Asp) was intricately designed with carboxylates on the 

aspartic acid side chain to form the complex with Fe ions, while PEG-p(Asp-Dopa) was 

engineered with a catechol group on the dopamine side chain to enhance the complexation with 

Fe ions. The rationale behind these polymers was to augment stability and shield the surface 

by the PEG block. Both polymers were integrated with Pd@MIL-100(Fe) to protect the surface, 

resulting in the Pd@MIL-100(Fe)/polymer hybrids. These hybrids exhibited reduced diameter 

and as confirmed by TEM images, displayed a superiorly dispersed morphology after the 

surface stabilization via the block copolymers. Moreover, their aqueous and serum stability 

was confirmed, demonstrating enhanced stability in both short-term and long-term tests. 

Particularly noteworthy was the remarkable serum stability of Pd@MIL-100(Fe)/PEG-p(Asp-

Dopa), maintaining a consistent diameter of approximately 155 nm and a low PDI of about 0.3 

over a 7-day period. The photothermal conversion efficiency (η) of Pd@MIL-100 and 

Pd@MIL-100(Fe)/polymer hybrids achieved 85%, closely matching that of Pd-NPs. 

Furthermore, these hybrids showcased robust photothermal stability and capability, even at low 

concentrations (0.1 mg/mL). Demonstrating a temperature increase of over 5°C in less than 3 

min at the 0.1 mg/mL concentration, combined with their favorable serum stability, the 

Pd@MIL-100(Fe)/polymer hybrids emerged not only as potent photothermal agents but also 

as promising candidates for cancer therapeutics. 
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Chapter 4.  

Biological evaluation of Pd@MIL-100/polymer 

hybrids 
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4.1 Introduction 

Among the non-invasive targeted cancer therapies, PTT stands out for its potential to 

eradicate cancer while minimizing harm to surrounding healthy tissues. Transition metal 

nanoparticles exhibit a notably high photothermal conversion rate (Lv et al., 2021), with 

palladium nanoparticles (Pd-NPs) demonstrating exceptional performance in converting NIR 

light into heat (Bian et al., 2021; Peng et al., 2022). Furthermore, the synthesis of Pd-NPs 

within MOF structures from palladium ions using alcohol as a reductive agent has been 

proposed, making Pd-NPs an ideal candidate to explore the capability of MIL-100(Fe) as a 

platform for generating and delivering photothermal nanoparticles (Y. Li et al., 2022). 

The skin cancers such as melanoma that usually appear near the surface of the skin are 

readily reachable by NIR light. In the context of melanoma, intrinsic and acquired resistance 

remains a major obstacle in curative treatment (La et al., 2020). Furthermore, the management 

of patients with metastatic melanoma, refractory to initial therapy, remains challenging with 

poor overall prognosis and limited therapeutic options (Schwab et al., 2016). Due to the unmet 

medical needs and the suitability for PTT, melanoma, particularly B16F10 melanoma cancer 

cell line, was chosen in this study for assessing the therapeutic efficacy of Pd@MIL-

100(Fe)/polymer hybrids both in vivo and in vitro. 

In this chapter, initially, the cellular uptake of Pd@MIL-100(Fe) and its polymer hybrids 

was commenced using ICP-MS followed by the biocompatibility assay and photothermal 

killing assay through the cellular viability tests. Moreover, the dynamics of blood circulation 

and biodistribution of these nanoparticles were investigated with ICP-MS. B16F10 melanoma-

bearing mice were employed to assess the therapeutic efficacy of Pd@MIL-100(Fe)/PEG-

p(Asp-Dopa). Following this, toxicity assessments were conducted by quantifying serum 

biomarkers.  
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4.2 Materials and methods 

4.2.1 Materials 

Phosphate buffered saline (PBS), trypsine/EDTA solution, CM-H2DCFDA, and 

Hoechst® 33342 solution were obtained from ThermoFisher Scientific (Waltham, USA). High 

glucose Dulbecco's Modified Eagle's Medium (DMEM) was acquired from Sigma-Aldrich (St. 

Louis, MO, USA). Penicillin/streptomycin stock solution was purchased from Fujifilm Wako 

(Osaka, Japan). Cell counting kit-8 (CCK8) was purchased from Dojindo Laboratory 

(Kumamoto, Japan). CellBanker was acquired from Takara (Kyoto, Japan). Isofluorane was 

purchased from Pfizer (New York, NY, USA). 

 

4.2.2 Cell lines and animal model 

The melanoma cancer cell line, B16F10, was obtained from Cell Bank, Riken 

BioResource Center (Kyoto, Japan). The B16F10 cells were cultured under high glucose 

DMEM (4500 mg/L glucose, L-glutamine, sodium pyruvate, and sodium bicarbonate) 

supplemented with 10% FBS and 100 U/mL penicillin-streptomycin in 37°C incubator with 

95% air, and 5% CO2. The passage of the cells was performed with trypsine/EDTA solution 

(0.025% trypsin and 0.01% EDTA in PBS) every 3-4 days whenever the cells reached about 

80% confluency. The frozen stock of the cell lines was prepared with CellBanker. The in vivo 

animal experiments were performed on 5-week-old female black mouse, C57BL/6j which were 

purchased from The Jackson Laboratory (Kanagawa, Japan). All animal experiments 

conducted during this research were authorized by The University of Tokyo adhering to the 

Guidelines for the Care and Use of Laboratory Animals (approval number: A2023E005-01). 
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4.2.3 Determination of cellular uptake with ICP-MS 

Melanoma cancer cells, B16F10, were selected as the model for both in vitro and in vivo 

investigations of photothermal therapy (PTT). Cellular uptake of the hybrid materials was 

assessed through the quantification of Pd abundance using Inductively Coupled Plasma Mass 

Spectrometry (ICP-MS) with indium (In) serving as the internal standard. In 6-well plates, 

B16F10 cells were seeded at a density of 2 × 105 cells per well in DMEM with 10% FBS and 

allowed to grow overnight at 37°C. Following an 18-hour incubation, cells were washed three 

times with PBS, and the cell pellet was collected through trypsinization. Subsequently, 

Pd@MIL-100(Fe) and Pd@MIL-100(Fe)/polymer hybrids were added to the wells at 

concentrations of 0.1 and 0.5 mg/mL. The cell pellets were then digested with aqua regia at 

200°C, and the extent of cellular uptake was determined by measuring Pd abundance via ICP-

MS (Vojtek et al., 2020). 

 

4.2.4 In vitro cytotoxicity assessment 

Cell viability was assessed using the CCK-8 assay to determine cytotoxicity. B16F10 

melanoma cancer cells were seeded in a 96-well plate at a density of 9,000 cells per well. 

Various concentrations (ranging from 0.003 to 1 mg/mL) of Pd@MIL-100(Fe), Pd@MIL-

100(Fe)/PEG-p(Asp), and Pd@MIL-100(Fe)/PEG-p(Asp-Dopa) were added, with PBS 

serving as the control. Following a 24-hour incubation at 37°C, CCK-8 solution was introduced 

into each well and incubated for an additional hour. Cellular viability was assessed by 

measuring the absorbance at 450 nm using a multi-well plate reader (Spark, Tecan, Männedorf, 

Switzerland). 

The photothermal killing assay was conducted similarly. B16F10 cells were seeded in a 

96-well plate at a density of 9,000 cells per well. Various concentrations (ranging from 0.003 

to 1 mg/mL) of Pd@MIL-100(Fe), Pd@MIL-100(Fe)/PEG-p(Asp), and Pd@MIL-
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100(Fe)/PEG-p(Asp-Dopa) were introduced to the wells. After 24 hours, an NIR 808 nm laser 

was applied to each well at an energy density of 0.6 W/cm2 for 10 minutes, maintaining the 

initial cell temperature at around 30°C using a thermal plate. Subsequently, CCK-8 was added 

to each well and incubated for 1 hour. Cellular viability was determined by measuring the 

absorbance at 450 nm using a multi-well plate reader (Spark, Tecan, Männedorf, Switzerland). 

 

4.2.5 Intracellular reactive species analysis 

The B16F10 melanoma cancer cells were initially seeded onto a glass-bottom 8-well 

chamber slide at a density of 50,000 cells per well. After cell attachment, Pd@MIL-100(Fe) 

was introduced into the wells at a concentration of 0.5 mg/mL. To serve as controls, PBS was 

included as a negative control, while a 10 mM H2O2 solution was utilized as a positive control. 

Twenty-four hours post-incubation, the cells were washed with PBS twice. Before staining 

with CM-H2DCFDA according to the manufacturer's guidelines, an NIR 808 nm laser was 

applied to each well at an energy density of 0.6 W/cm2 for 10 minutes. The nucleus was stained 

with Hoechst® 33342. Images of the cellular components were captured using confocal laser 

scanning microscopy (LSM-780, Zeiss, Oberkochen, Germany). The images were taken using 

an excitation wavelength of 405 nm and an emission wavelength of 450 nm to visualize the 

cell nuclei. Additionally, an excitation wavelength of 488 nm and an emission wavelength of 

520 nm were employed to visualize the CM-H2DCFDA, indicating the intracellular reactive 

oxygen species (ROS). 
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4.2.6 Plasma clearance and tumor accumulation in mouse model 

Hello, this is Bing. I can help you with rewriting and revising your text. Here is a possible 

version: 

Using a 29G needle, we injected 50 µL of B16F10 melanoma cells (1 × 106 cells/mouse) 

subcutaneously into C57BL/6j black mice. After about a week, the tumor volume reached over 

50 mm3. We then injected Pd@MIL-100(Fe), Pd@MIL-100(Fe)/PEG-p(Asp), or Pd@MIL-

100(Fe)/PEG-p(Asp-Dopa) intravenously through the tail vein at a Pd dose of 2.5 mg/kg. We 

anesthetized the mice with isoflurane 24 h later and collected blood samples from the orbital 

sinus at 0, 1, 2, 3, 6, 12, and 24 h. We euthanized the mice after 24 h and harvested and weighed 

the tumor, kidney, liver, and spleen tissues. We digested all the tissues with aqua regia at 200°C 

and dissolved them in 1% aqua regia. We measured the Pd concentration in each sample by 

ICP-MS (7900, Agilent, California, USA) using In as the internal standard (Vojtek et al., 2020). 

The half-life of Pd@MIL-100(Fe)/PEG-p(Asp-Dopa) was estimated with the 2-phase 

exponential decay. The first phase (fast-decaying phase, 𝑆𝑆𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹) was represented as Equation 

4.1: 

𝑆𝑆𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 =  (𝑌𝑌0 − 𝑃𝑃) × 𝐹𝐹 × 0.01 (4.1) 

where 𝑌𝑌0 is the 𝑌𝑌 value when time is zero, 𝑃𝑃 is the 𝑌𝑌 value at infinite times, and F is the 

fraction of the span (from 𝑌𝑌0  to 𝑃𝑃 ). The second phase (slow-decaying phase, 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 ) was 

depicted as Equation 4.2 and the 2-phase decaying curve was shown as Equation 4.3: 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 =  (𝑌𝑌0 − 𝑃𝑃) × (100 − 𝐹𝐹) × 0.01 (4.2) 

𝑌𝑌 =  𝑃𝑃 + 𝑆𝑆𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 × 𝑒𝑒−𝛼𝛼𝛼𝛼 + 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 × 𝑒𝑒−𝛽𝛽𝛽𝛽 (4.3) 

where 𝑡𝑡 is time, 𝛼𝛼 is rate constant for the fast-decaying phase while 𝛽𝛽 is rate constant for the 

slow decaying phase. The half-life of two phases was obtained by curve fitting to Equation 

4.3.  
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4.2.7 In vivo antitumor efficacy 

We used C57BL/6j black mice and B16F10 melanoma cells to evaluate the antitumor 

effect of Pd@MIL-100(Fe)/PEG-p(Asp-Dopa) in vivo. Figure 4.1 shows the design of the 

animal experiments. We injected 50 µL of 1 × 106 cells/mouse subcutaneously with a 29G 

needle. After about a week, the tumor volume grew over 50 mm3. We then randomly assigned 

the mice to four groups of five mice each. Two groups received intravenous injections of PBS 

or Pd@MIL-100(Fe)/PEG-p(Asp-Dopa) at a Pd concentration of 25 mg/kg, without NIR 808 

nm laser irradiation. The other two groups received the same injections and were irradiated 

with NIR 808 nm laser at 1 W/cm2 for 30 min, 24 h after injection. We measured the tumor 

temperature every 5 seconds with a digital thermometer (TM-947SD, Lutron, Taipei, Taiwan) 

and a small Pt-100 thermo-resistor. We also took thermal images at 0, 1, and 5 min during 

irradiation with a thermal camera (FLIR ONE Gen 3, Teledyne FLIR, Oregon, USA). We 

recorded the tumor volume, body weight, and survival of the mice every 2 days for 25 days. 

Tumor volume was calculated using Equation 4.4: 

𝑉𝑉 =  1
2
𝐿𝐿 × 𝑊𝑊2 (4.4) 

where 𝑉𝑉 is the size, 𝐿𝐿 is the length, and 𝑊𝑊 is the width of the tumor. 

 
Figure 4.1 The design and timeline of animal experiments.  
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4.2.8 Analysis of serum biomarkers 

We evaluated the biocompatibility of Pd@MIL-100(Fe)/PEG-p(Asp-Dopa) in vivo using 

C57BL/6j black mice. We randomly assigned the mice to two groups of three mice each and 

injected them intravenously with PBS or Pd@MIL-100(Fe)/PEG-p(Asp-Dopa) at a Pd dose of 

25 mg/kg through the tail vein. We anesthetized the mice with isoflurane and collected 200 µL 

of blood from the orbital sinus 24 h later. We incubated the blood samples at room temperature 

for 10 min and centrifuged them at 1,500 x g for 10 min at 4°C to obtain the serum from the 

supernatant. We then measured the serum levels of alanine aminotransferase (ALT), aspartate 

aminotransferase (AST), creatinine (CRE), blood urea nitrogen (BUN), and total protein (TP) 

using 10 µL of serum and Fuji DRI-CHEM slides (Fujifilm, Tokyo, Japan) with DRI-CHEM 

NX700 (Fujifilm, Tokyo, Japan). 

 

4.2.9 Statistics analysis 

The results are presented as mean ± standard deviation (SD). Statistical analyses and non-

linear regressions were performed using GraphPad Prism 9 (Dotmatics, Massachusetts, USA). 

To determine statistical significance, we used the one-way analysis of variance (ANOVA) with 

Tukey's post-hoc test, unless otherwise specified. Kaplan-Meier survival analysis was utilized 

to assess the survival curve in the anti-tumor experiments. A p-value below 0.05 was deemed 

statistically significant. 
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4.3 Results and discussions 

4.3.1 Cellular uptake of Pd@MIL-100/polymer hybrids in melanoma 

The choice of a suitable cancer model is crucial for assessing the photothermal 

therapeutic efficacy of our Pd@MIL-100(Fe)/polymer hybrid system. Skin cancers, 

particularly those located on the skin's surface, were identified as an ideal target, as they are 

readily accessible to NIR light, making photothermal therapy effective (Huang et al., 2021). 

Melanoma, a highly aggressive skin cancer, was specifically selected for our study due to its 

surface location and clinical significance. The B16F10 melanoma cancer cell line derived from 

C57BL/6j mice served as the in vitro and in vivo model for evaluating the therapeutic potential 

of Pd@MIL-100(Fe)/polymer hybrids. 

Prior to initiating any in vitro and in vivo experiments, it is imperative to examine whether 

the nanoparticles can effectively enter the cells. Therefore, the cellular uptake of Pd@MIL-

100(Fe) and Pd@MIL-100(Fe)/polymer hybrids was investigated in B16F10 cells to evaluate 

their intracellular delivery capability. The findings indicated that all MOFs particles exhibited 

uptake to a certain extent, suggesting their potential applicability in photothermal therapy 

(Figure 4.2). Notably, the introduction of surface protection via PEG-p(Asp-Dopa) led to a 

significant two-fold increase in cellular uptake (Figure 4.2). The cellular uptake of 

nanoparticles is commonly facilitated through various mechanisms, including endocytosis, 

macro-pinocytosis, phagocytosis, etc. The preferred route depends largely on the particle size, 

with endocytosis typically accommodating particles up to about 150-200 nm, while larger 

particles (more than 200 nm) often enter cells through macro-pinocytosis and phagocytosis, 

processes commonly observed in macrophages (Figueiredo Borgognoni et al., 2018). 

In our chosen melanoma model cell line, B16F10, macro-pinocytosis and phagocytosis 

capabilities are limited. Therefore, when particle aggregation results in sizes exceeding 200 nm, 

cellular uptake may be impeded. As illustrated in the stability results (Figure 3.15), both 
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Pd@MIL-100(Fe) and Pd@MIL-100(Fe)/PEG-p(Asp) experienced rapid destabilization and 

aggregation beyond 200 nm within 4 hours. In contrast, due to the steric stabilization imparted 

by PEG, Pd@MIL-100(Fe)/PEG-p(Asp-Dopa) remained stable at sizes between 150-160 nm 

over 6 hours. Hence, the increased internalization of PEG-p(Asp-Dopa)-modified Pd@MIL-

100(Fe)/polymer hybrids by B16F10 cells can be ascribed to their enhanced stability and 

diminished particle size. This underscores the significance of surface protection in optimizing 

cellular uptake for potential applications in photothermal therapy. 
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Figure 4.2 Determination of cellular uptake in B16F10 for Pd@MIL-100(Fe) and Pd@MIL-

100(Fe)/polymer hybrids as Pd level with ICP-MS. The figure was adopted from S. W. Li et al. 

(2023) with the permission. (Data are presented as mean ± SD; n = 3; ns indicated not 

significant; * indicated p < 0.05) 
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4.3.2 Cytotoxicity of Pd@MIL-100/polymer hybrids in melanoma 

In the previous section, we established that both Pd@MIL-100(Fe) and Pd@MIL-

100(Fe)/polymer hybrids can efficiently accumulate within cells, presenting potential for 

photothermal therapy (PTT). However, this raises concerns regarding cytotoxicity and 

biocompatibility. To address these concerns, we conducted an assessment of cytotoxicity and 

the photothermal killing effect in vitro through a cell viability study. Initially, the materials 

were examined without NIR 808 nm irradiation. The results indicated that Pd@MIL-100(Fe) 

and Pd@MIL-100(Fe)/hybrids exhibited no significant toxic effects, maintaining cell viability 

over 80%, even at the highest concentration (1 mg/mL) without irradiation. This underscores 

their excellent biocompatibility (Figure 4.3A), consistent with prior reports highlighting the 

biocompatibility of MIL-100(Fe) and Pd materials (Czarnomysy et al., 2021; P. Horcajada et 

al., 2010). 

To assess the photothermal killing effects, NIR 808 nm irradiation was administered at 

an energy density of 0.6 W/cm2 for 10 minutes. The temperature of Pd@MIL-100(Fe) and 

Pd@MIL-100(Fe)/polymer hybrids increased in a dose-dependent manner for all tested 

systems, encompassing naked Pd@MIL-100(Fe), Pd@MIL-100(Fe)/PEG-p(Asp), and 

Pd@MIL-100(Fe)/PEG-p(Asp-Dopa) (Figure 4.3B). The achieved temperatures correspond to 

different hyperthermia categories: 40-41°C (long-term low-temperature hyperthermia) at 0.03 

mg/mL, 45-50°C (moderate-temperature hyperthermia) at 0.1 mg/mL, and temperatures 

exceeding 50°C (thermal ablation) starting at 0.5 mg/mL (Figure 4.3B) (Overchuk et al., 2023).  

As a result, cell viability experienced a significant decrease from 0.1 mg/mL 

(representing moderate-temperature hyperthermia), reaching complete cell death in cancer 

cells at 0.5 mg/mL (indicating thermal ablation) for all particles (Figure 4.3A). Both Pd@MIL-

100(Fe) and Pd@MIL-100(Fe)/polymer hybrids exhibited notable resilience in cells, 

accompanied by substantial photothermal killing effects (Figure 4.3A). These findings align 



81 

with reported photothermal therapy (PTT) efficacy for Pd-NPs, underscoring their potential for 

substantial cancer cell ablation (Phan et al., 2020; Xiao et al., 2014). 

 

 
Figure 4.3 Cellular viability of B16F10 after treatment of Pd@MIL-100(Fe) and Pd@MIL-

100(Fe)/polymer hybrids at various concentrations. (A)The viability of cells treated solely with 

MOFs, without exposure to NIR 808 nm light irradiation, is depicted in the black line. 

Meanwhile, the red line represents the viability of cells treated with MOFs and subjected to 

NIR 808 nm light irradiation. (B) The temperature changes during NIR irradiation of Pd@MIL-

100(Fe) and Pd@MIL-100(Fe)/polymer hybrids at various concentrations. The figure was 

adopted from S. W. Li et al. (2023) with the permission. (Data are presented as mean ± SD; n 

= 6) 
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The use of NIR 808 nm light to activate Pd-NPs is recognized for inducing photothermal 

effects, but the contribution of photodynamic effects is equally significant (Y. Liu et al., 2020). 

During the irradiation of Pd-NPs, the production of reactive oxygen species (ROS) 

accompanies the heat generation, forming a dual-action mechanism (W. Zhang et al., 2023). 

This combined effect of heat and ROS can effectively impede the proliferation of cancer cells. 

In our investigation, Pd@MIL-100(Fe) exhibited robust photothermal effects capable of 

restraining cancer cell growth (Figure 4.3). Additionally, the generation of intracellular ROS 

of Pd@MIL-100(Fe) after NIR 808 nm light irradiation was confirmed in the preliminary data 

(Figure 4.4). According to the previous research, the anticancer properties observed in both 

Pd@MIL-100(Fe) and Pd@MIL-100(Fe)/polymer hybrids potentially originate from a blend 

of photothermal and photodynamic effects (Overchuk et al., 2023). These effects tend to act 

synergistically and are challenging to segregate due to their simultaneous occurrence. Our 

findings affirm that the photothermal effect of Pd-NPs remains intact following their 

encapsulation within MIL-100(Fe) and subsequent surface coating with polymers. These 

promising in vitro outcomes serve as a strong foundation, warranting further exploration of 

Pd@MIL-100(Fe)/polymer hybrids for potential PTT in mouse models. 

 
Figure 4.4 The intracellular ROS in B16F10 cell stained with H2DCFDA. H2O2 (10 mM) was 

used as positive control. Pd@MIL-100(Fe) was treated at 0.5 mg/mL.  
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4.3.3 Biodistribution of Pd@MIL-100/polymer hybrids 

Before evaluating the anti-tumor potential of Pd@MIL-100(Fe)/polymer hybrids in a 

mouse model, it was crucial to investigate the pharmacokinetics of both Pd@MIL-100(Fe) and 

Pd@MIL-100(Fe)/polymer hybrids. Initially, we examined the plasma clearance of Pd@MIL-

100(Fe)/polymer hybrids following intravenous injection. In this study, B16F10 tumor-bearing 

mice were administered an intravenous injection of Pd@MIL-100(Fe)/polymer hybrids at a 

concentration of 2.5 mg/kg based on Pd content. The experiment involved quantifying Pd levels 

in the plasma using ICP-MS at 1, 2, 3, 6, 12, and 24 hours post-injection. Remarkably, the Pd 

levels in the blood for Pd@MIL-100(Fe) dropped to below 3% of the injected dose (ID) per 

milliliter of plasma just 1 hour after injection (Figure 4.5A). While the incorporation of PEG-

p(Asp) on Pd@MIL-100(Fe) slightly enhanced the Pd levels in plasma, suggesting partial 

protection, it was insufficient for prolonging blood circulation (Figure 4.5A). In contrast, the 

incorporation of Dopa moieties in Pd@MIL-100(Fe)/PEG-p(Asp-Dopa) substantially 

prolonged circulation compared to both Pd@MIL-100(Fe) and Pd@MIL-100(Fe)/PEG-p(Asp) 

(Figure 4.5A). The half-life of Pd@MIL-100(Fe)/PEG-p(Asp-Dopa) in the bloodstream was 

determined by fitting the pharmacokinetic data to an exponential decay curve. In this study, we 

utilized a two-phase exponential decay function for curve fitting. This model assumes two 

distinct phases during the drug circulation following administration (Zuna & Holt, 2017). The 

initial phase, referred to as the α phase, represents the distribution of drugs into tissues, while 

the subsequent β phase indicates the removal of drugs after reaching equilibrium (Cabral et al., 

2023). As a result, there are 2 half-lives, the first half-life (fast-decaying phase) corresponds to 

the first drop in the plasma concentration and was estimated to be approximately 48 minutes. 

Moreover, the second half-life (slow-decaying phase) is around 12.5 h. The goodness of fit, as 

indicated by the coefficient of determination (R squared), is approximately 0.88. The longer 

circulation could be attributed to the surface stabilization by PEG-p(Asp-Dopa) on Pd@MIL-
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100(Fe). 

Upon the injection of MOF/polymer hybrids, particles accumulated in tissues such as the 

liver, spleen, tumor, and kidneys, while also being scavenged by the reticuloendothelial system, 

leading to the initial decline in blood levels of the hybrids. Upon reaching equilibrium, 

characterized by factors like tissue saturation or the formation of a protein corona reducing the 

uptake rate, the uptake of MOF/polymer hybrids decreased. Consequently, the hybrids were 

gradually taken up by tissues and eliminated from the body, representing the second, more 

prolonged phase of decay compared to the initial phase (Cabral et al., 2023). Our blood 

circulation results, as depicted in this study, highlight that the MOF/polymer hybrids undergo 

rapid distribution to tissues within a short timeframe, exhibiting a first half-life of 48 minutes. 

After reaching equilibrium, the MOF/polymer hybrids circulate in the blood at lower 

concentrations for an extended period, indicating a second half-life of 12.5 hours (Figure 4.5). 

 

 
Figure 4.5 The blood circulation dynamics of Pd@MIL-100(Fe) and Pd@MIL-100/polymer 

hybrids. (A) The dynamics of MOFs were monitored as Pd level by ICP-MS for 24 h. (B) The 

two-phase exponential decay curve fitting to the Pd@MIL-100(Fe)/PEG-p(Asp-Dopa). The 

figure was adopted from S. W. Li et al. (2023) with the permission. (Data are presented as mean 

± SD; n = 3) 
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The improved circulation within the bloodstream could potentially enhance the 

accumulation of nanoparticles in tumors through the enhanced permeability and retention 

effect (Wu, 2021). To assess this accumulation, tumors were gathered 24 hours post-injection, 

and the Pd levels were determined using ICP-MS. The Pd accumulation in tumors for 

Pd@MIL-100(Fe) was found to be below 0.05% of the injected dose (ID) per gram of tissue 

which is consistent to the previous study showing low tumor accumulation of MIL-100(Fe) 

(Figure 4.6) (Simon-Yarza et al., 2016). A slightly elevated Pd accumulation was noted in 

Pd@MIL-100(Fe)/PEG-p(Asp) compared to Pd@MIL-100(Fe) (Figure 4.6). Conversely, 

intravenous administration of Pd@MIL-100(Fe)/PEG-p(Asp-Dopa) exhibited significantly 

increased Pd accumulation at approximately 1.6% ID per gram of tissue, potentially facilitated 

by enhanced permeability and retention effects (Figure 4.6) (Fang et al., 2020). It is essential 

to highlight that nanoparticle systems with surface reactivity, such as carbon-coated FeCo 

nanoparticles, often necessitate surface stabilization via polymeric coatings to enhance 

biodistribution (Song et al., 2020). Similarly, PEG-p(Asp-Dopa) was introduced to stabilize 

the surface of Pd@MIL-100(Fe) aimed to improve the biodistribution. The Pd@MIL-

100(Fe)/PEG-p(Asp-Dopa) exhibited improved tumor delivery further showcased the 

enhanced stabilization within the MOF/polymer hybrid system. 

Furthermore, alongside tumor accumulation, the distribution of Pd@MIL-100(Fe) and 

Pd@MIL-100(Fe)/polymer hybrids across vital organs was investigated. After a 24-hour 

interval post-injection, the kidney, liver, and spleen were collected, and their Pd levels were 

assessed using ICP-MS. Prior research has indicated the inclination of MIL-100(Fe) towards 

liver accumulation (Simon-Yarza et al., 2016). In Figure 4.7, we noted considerable 

accumulation of Pd@MIL-100(Fe) in the liver, approximating to roughly 45% ID per gram of 

tissue. Nevertheless, following the coating of PEG-p(Asp) and PEG-p(Asp-Dopa) on 

Pd@MIL-100(Fe), there was a significant reduction in liver accumulation, decreasing to 
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approximately 40% and 25% ID per gram of tissue, respectively (Figure 4.7). Interestingly, in 

liver Pd@MIL-100(Fe)/PEG-p(Asp-Dopa) displayed the lowest accumulation. Conversely, all 

particles exhibited comparable spleen accumulation, ranging from 40% to 50% ID per gram of 

tissue (Figure 4.7). This phenomenon might be owing to the natural tendency of the spleen to 

trap nanoparticles exceeding 150 nm in size, as previously identified in studies (Cabral et al., 

2018; Moghimi et al., 2012). Research has highlighted the liver and spleen as primary sites for 

capturing and decomposing MIL-100(Fe) particles (Simon-Yarza et al., 2016). Pd@MIL-

100(Fe)/polymer hybrids also displayed accumulation in these organs. However, the hybrids 

coated with PEG-p(Asp-Dopa) exhibited a noteworthy reduction in liver accumulation (Figure 

4.7), potentially linked to their superior stability observed in vitro. The significant different 

accumulation behaviors between liver and spleen may attribute to the biological differences in 

liver and spleen. 

Nanoparticles larger than 150 nm commonly face non-selective accumulation in the 

spleen due to mechanical entrapment in the splenic interendothelial slits (Cabral et al., 2018). 

Conversely, liver accumulation is typically facilitated by the reticuloendothelial system and the 

scavenging receptor-assisted pathway (Cabral et al., 2023). In this study, the particle size of 

Pd@MIL-100(Fe) is approximately 200 nm. The surface stabilization of Pd@MIL-100(Fe) by 

PEG-p(Asp) and PEG-p(Asp-Dopa) reduced the size to around 170 nm and 150 nm, 

respectively. While the coating of PEG-p(Asp-Dopa) decreased the particle size, the fate of 

entrapment in the spleen remains unavoidable, similar to Pd@MIL-100(Fe) and Pd@MIL-

100(Fe)/PEG-p(Asp), owing to the 150 nm size. However, the robust surface protection of 

Pd@MIL-100(Fe) by PEG-p(Asp-Dopa) introduces an additional layer of steric protection 

through the PEG chain, effectively preventing binding to scavenging receptors (Cabral et al., 

2023). Due to reduced binding to scavenging receptors, the liver accumulation of Pd@MIL-

100(Fe)/PEG-p(Asp-Dopa) decreased compared to both naked Pd@MIL-100(Fe) and less 
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stable Pd@MIL-100(Fe)/PEG-p(Asp). The extended circulation in the bloodstream, as 

depicted in Figure 4.5, coupled with the diminished liver accumulation illustrated in Figure 

4.7, underscores the substantial role of surface stabilization provided by PEG-p(Asp-Dopa) in 

leading to higher accumulation of Pd@MIL-100(Fe) in tumor (Figure 4.6). 
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Figure 4.6 The tumor accumulation of Pd@MIL-100(Fe) and Pd@MIL-100(Fe)/polymer 

hybrids in B16F10 melanoma. The accumulation of MOFs was determined by ICP-MS as Pd 

level. The figure was adopted from S. W. Li et al. (2023) with the permission. (Data are 

presented as mean ± SD; ns indicated not significant; * indicated p < 0.05; n = 3 mice per group) 

 

 
Figure 4.7 The biodistribution of Pd@MIL-100(Fe) and Pd@MIL-100(Fe)/polymer hybrids 

in B16F10 melanoma. The accumulation of MOFs was determined by ICP-MS as Pd level. 

The figure was adopted from S. W. Li et al. (2023) with the permission. (Data are presented as 

mean ± SD; ns indicated not significant; ** indicated p < 0.01; n = 3 mice per group) 
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4.3.4 Antitumor capability against melanoma 

Due to its superior stability and remarkable tumor accumulation, Pd@MIL-

100(Fe)/PEG-p(Asp-Dopa) was selected for further investigation of its potential photothermal 

therapeutic capabilities in tumor-bearing mice. To assess the capability of photothermal therapy, 

we intravenously injected Pd@MIL-100(Fe)/PEG-p(Asp-Dopa) at a dose of 25 mg/kg (based 

on Pd content) through tail vein to B16F10 melanoma bearing C57BL/6 mice while PBS was 

served as the negative control. After 24 hours of the injections, we irradiated the tumors with 

NIR 808 nm light at an energy density of 1 W/cm2 for 30 minutes. The mice that were treated 

with PBS only, tumors rapidly grew from 50 mm3 to over 2000 mm3 within 15 days (Figure 

4.8). Similarly, in the mice received Pd@MIL-100(Fe)/PEG-p(Asp-Dopa) without NIR light 

irradiation, the tumor grew aggressively. Furthermore, extended NIR irradiation in the mice 

treated with PBS resulted in similarly fast tumor growth to PBS-treated mice (Figure 4.8). 

Conversely, NIR-irradiated and Pd@MIL-100(Fe)/PEG-p(Asp-Dopa) treated mice 

demonstrated substantial tumor ablation, suppressing tumor growth without observable 

adverse effects (Figure 4.8 and Figure 4.9). Fifteen days after irradiation, 2 out of 5 mice that 

treated with the MOF/polymer hybrid and NIR 808 nm irradiation exhibited complete 

responses. Additionally, the Pd@MIL-100(Fe)/PEG-p(Asp-Dopa)-treated and NIR-irradiated 

mice exhibited the prolonged surviving time compared to PBS only, PBS with NIR as well as 

Pd@MIL-100(Fe)/PEG-p(Asp-Dopa) without NIR (Figure 4.10). Moreover, all the treatments 

did not affect the body weight indicating no observable systemic adverse effect and the safety 

of the interventions (Figure 4.9). 

Coating MOFs with polymers has emerged as a promising avenue to enhance drug 

delivery efficiency (X. Zhang et al., 2021). In our study, we successfully addressed concerns 

related to the stability of MOFs with the formation of MOF/polymer hybrids in physiological 

environments, leading to effective delivery to tumors and triggering potent photothermal 
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effects in vivo. Our findings underscore that the surface stabilization of PEG-p(Asp-Dopa) on 

Pd@MIL-100(Fe) played important role in enhanced blood circulation and tumor 

accumulation and thus achieving therapeutic levels of Pd for photothermal therapy. However, 

comparing to previous polymeric drug delivery systems including micelles loading cisplatin 

and DACHPt, which exhibit several hours of half-life, the Pd@MIL-100(Fe)/polymer hybrids 

we developed still have room for improvement in terms of both blood circulation and tumor 

accumulation (Cabral & Kataoka, 2014; Cabral et al., 2005). Hence, although our data 

demonstrate tumor ablation by delivering of sufficient Pd, more advancements in enhancing 

tumor targeting may potentially allow for the use of lower doses or shorter irradiation periods. 

One plausible approach for improving stability and blood circulation involves optimizing 

the lengths of block polymer segments to achieve more effective PEG shielding and stronger 

binding with the MOF surface. Additionally, exploring a higher incorporation rate of Dopa 

might enhance the stability of MOF/polymer hybrids in the bloodstream. There is also potential 

in exploring the incorporation of tumor-targeting ligands onto the MOFs (Bajracharya et al., 

2022). However, the ligand presentation and the optimized density for eliciting the desired 

targeting effect should be considered (Mi et al., 2020). For instance, a past study utilizing MIL-

100(Fe) loading gold-nanorod with MCP-1 conjugation for targeting exhibited no enhancement 

in therapeutic effectiveness, indicating that modification with ligands alone might not be 

enough (Chien et al., 2021). Combining block copolymers with ligands could potentially offer 

both stabilization and tumor-targeting capabilities, likely resulting in improved tumor 

accumulation and therapeutic effects (Elmehrath et al., 2023). To fully investigate the potential 

of ligand-conjugated PEG-p(Asp-Dopa) stabilized MOF/polymer hybrids for cancer 

theranostics, more investigation is needed. 
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Figure 4.8 Antitumor efficacy assessment in B16F10 melanoma bearing mice. The size of 

tumors for each treatment (PBS and Pd@MIL-100(Fe)/PEG-p(Asp-Dopa) with or without NIR 

light irradiation) and mouse was plotted individually (n = 5 for each group). Intravenous 

injection of 25 mg/kg Pd@MIL-100(Fe)/PEG-p(Asp-Dopa) was applied once (day 5 post 

inoculation, concentration based on Pd) was administered to B16F10 melanoma bearing mice. 

The irradiation of NIR 808 nm light (1 W/cm2, 30 min) was applied 1 day after injection. PBS 

was used as the control. The tumor size was monitored every 2 days for 25 days. The figure 

was adopted from S. W. Li et al. (2023) with the permission. 
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Figure 4.9 The body weight of mice with various treatments (PBS and Pd@MIL-

100(Fe)/PEG-p(Asp-Dopa) with or without NIR light irradiation). The body weight was 

monitored every 2 days for 25 days. Each line represents an individual mouse (n = 5). The 

figure was adopted from S. W. Li et al. (2023) with the permission. 

 
Figure 4.10 The survival curve of mice treated with PBS and Pd@MIL-100(Fe)/PEG-p(Asp-

Dopa) with or without NIR light irradiation. The black lines indicated control (PBS) while red 

lines represented Pd@MIL-100(Fe)/PEG-p(Asp-Dopa) treated mice. The mice treated without 

NIR 808 nm light were shown in solid lines while mice treated with NIR 808 nm laser was 

depicted in dashed lines. The figure was adopted from S. W. Li et al. (2023) with the permission. 

(Data are presented as mean ± SD; *** indicated p < 0.005; p values are calculated via Kaplan-

Meier survival analysis; n = 5 mice per group)  
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Additionally, the assessment of temperature changes within the tumor during NIR 808 

nm light irradiation was conducted using both a digital thermometer and a thermal camera. 

This investigation aimed to comprehensively evaluate the photothermal effects within tumor 

tissues induced by Pd@MIL-100(Fe)/PEG-p(Asp-Dopa) as a potent anticancer photothermal 

therapy agent. B16F10 tumor-bearing mice received intravenous injections of 25 mg/kg (based 

on Pd content) Pd@MIL-100(Fe)/PEG-p(Asp-Dopa). Subsequently, NIR 808 nm irradiation at 

1 W/cm² for 30 minutes was applied, and the temperature changes were recorded. The results 

demonstrated that different from PBS-treated group, Pd@MIL-100(Fe)/PEG-p(Asp-Dopa) 

significantly increased the temperature within the tumors. Specifically, tumors treated with 

PBS exhibited a temperature rise up to 42°C during irradiation, whereas those treated with 

Pd@MIL-100(Fe)/PEG-p(Asp-Dopa) experienced a remarkable increase surpassing 50°C 

(Figure 4.11). Thermal imaging further emphasized these findings, showcasing a substantial 

elevation in temperature to 51.6°C in tumors subjected to treatment of Pd@MIL-100(Fe)/PEG-

p(Asp-Dopa), while tumors with PBS reached 42.3°C (Figure 4.12). Interestingly, similar to a 

previous study utilizing gold nanorods embedded in MIL-100(Fe), which succeeded in 

increasing the temperature within the tumors to higher than 50°C with NIR light at the energy 

density of 1 W/cm2, our results demonstrated the capability to escalate the temperature of 

tumors over 50°C (Chien et al., 2021). This achievement strongly correlates with the observed 

tumor ablation and remission in our antitumor experiments (Figure 4.8). Moreover, the 

maintenance of elevated temperatures even after 30 minutes of irradiation underscores the 

sustained and effective photothermal impact of Pd@MIL-100(Fe)/PEG-p(Asp-Dopa) in 

destructing tumor tissues. This sustained high temperature following the NIR 808 nm 

irradiation further supports the efficacy of MOF/polymer hybrids for inhibiting tumor growth, 

solidifying its potential as a robust photothermal therapeutic strategy.  
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Figure 4.11 The intratumoral temperature of B16F10 melanoma bearing mice. After 1 day of 

the intravenous injection of PBS (control, solid line) and Pd@MIL-100(Fe)/PEG-p(Asp-Dopa) 

(25 mg/kg, based on Pd, dashed line), NIR 808 nm light was applied for 30 min (1 W/cm2). 

The figure was adopted from S. W. Li et al. (2023) with the permission. 

 

 
Figure 4.12 The thermal images of B16F10 melanoma bearing mice. The images were taken 

during the irradiation of NIR 808 nm light shown in Figure 4.11. The figure was adopted from 

S. W. Li et al. (2023) with the permission. 
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4.3.5 In vivo Toxicity of Pd@MIL-100/PEG-p(Asp-Dopa) hybrids 

Assessing the biocompatibility of nanoparticles intended for cancer treatment is a pivotal 

aspect. In order to explore the toxicity of MOF/polymer hybrids, we evaluated the sereum level 

of several biomarkers, such as aspartate aminotransferase (AST) and alanine aminotransferase 

(ALT) to evaluate toxicity in liver, blood urea nitrogen (BUN) and creatinine (CRE) to assess 

the function of kidney, and total protein (TP) for determination of general toxic responses. In 

Figure 4.13, our analysis did not reveal discrepancy between PBS-treated group and the mice 

treated with 25 mg/kg of Pd@MIL-100(Fe)/PEG-p(Asp-Dopa) (based on Pd). These 

comparable biomarkers underscore the safety of Pd@MIL-100(Fe)/PEG-p(Asp-Dopa). 

Additionally, through in vitro and in vivo assessments, both Pd@MIL-100(Fe) and 

Pd@MIL-100(Fe)/polymer hybrids revealed low toxicities in the previous sections. The 

examination of cell viability indicated negligible cellular toxicity in the absence of NIR 808 

nm light irradiation, showing the concept that these nanomaterials pose minimal risk to cell 

viability under normal physiological conditions without the external triggering stimulus of NIR 

irradiation (Figure 4.3). Moreover, mice treated with Pd@MIL-100(Fe)/PEG-p(Asp-Dopa) in 

conjunction with NIR 808 nm light exhibited no adverse responses. The maintenance of 

comparable body weights among mice across all treatment groups further supports the concept 

of minimal risk associated with these materials (Figure 4.9). The absence of significant 

fluctuations in body weight signifies the absence of systemic adverse reactions. 

Previous studies have shown the safety of MIL-100(Fe) and Pd-NPs (Quijia et al., 2021; 

N. Singh et al., 2021). Additionally, high lethal dose 50 (LD50) values reported for individual 

components used in Pd@MIL-100(Fe)/polymer hybrids, including Fe (30,000 mg/kg), trimesic 

acid (8,400 mg/kg), Pd-NPs (2,700 mg/kg), and PEG (22,000 mg/kg) further affirm the low 

risk of acute toxicity associated with each constituent (Egorova & Ananikov, 2017; Q. Yang et 

al., 2016). Despite the relatively high dose (25 mg/kg based on Pd) administered in mice, with 
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these findings, PEG-p(Asp-Dopa)-coated Pd@MIL-100 still proved its high biocompatibility 

even at high dose. Nevertheless, further improvements for Pd@MIL-100(Fe)/polymer hybrids 

in tumor tissue accumulation could potentially yield better antitumor effects at lower dosages. 

This research paves the road for advancements in cancer treatment strategies based on MOFs 

as the drug delivery system. 

 

 
Figure 4.13 The toxicity assay in C57BL/6j mice. The level of serum alanine aspartate 

aminotransferase (AST), aminotransferase (ALT), blood urea nitrogen (BUN), creatinine 

(CRE), and total protein (TP) was quantified at 24 h post intravenous injection of PBS and 25 

mg/kg Pd@MIL-100(Fe)/PEG-p(Asp-Dopa) (based on Pd). The figure was adopted from S. W. 

Li et al. (2023) with the permission. (Data are presented as mean ± SD; ns indicated not 

significant; p values are calculated via t-test; n = 3 mice per group)  
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4.4 Summary 

The Pd@MIL-100(Fe)/polymer hybrids were evaluated for their photothermal 

therapeutic potential. Melanoma B16F10, representing a highly aggressive form of skin cancer 

and a clinically relevant target for photothermal therapy, was chosen as the primary model. 

Through cellular uptake analysis, it became evident that the incorporation of PEG-p(Asp-Dopa) 

on Pd@MIL-100(Fe) significantly enhanced its accumulation within B16F10 cells. In vitro 

cellular viability assays demonstrated the substantial photothermal killing effects of Pd@MIL-

100(Fe)/polymer hybrids, with no detectable toxicity observed in the absence of NIR 808 nm 

light irradiation. Notably, the introduction of Pd@MIL-100(Fe)/PEG-p(Asp-Dopa) not only 

extended the circulation period in blood but also increased tumor accumulation while 

mitigating accumulation in the liver. This underscored the pivotal role of surface stabilization 

through PEG block copolymer such as PEG-p(Asp-Dopa) to facilitate pharmacokinetics. Upon 

administration of Pd@MIL-100(Fe)/PEG-p(Asp-Dopa) and irradiating with NIR 808 nm light, 

significant inhibition of B16F10 melanoma tumor growth was observed, with complete 

eradication in 2 out of 5 mice. Moreover, the survival of these mice was significantly prolonged, 

indicating the effectiveness of PTT facilitated by Pd@MIL-100(Fe)/PEG-p(Asp-Dopa). 

Additionally, across all treatment groups, the body weights of the mice remained comparable. 

Further, the biomarkers evaluated, such as ALT, AST, CRE, BUN, and TP, showed no 

discernible changes after Pd@MIL-100(Fe)/PEG-p(Asp-Dopa) injection, affirming the low 

health risk and high biocompatibility. Although the effective dosage utilized was relatively high 

at 25 mg/kg (based on Pd), these results strongly advocate for the efficacy of PEG-p(Asp-Dopa) 

as an effective surface protection strategy for Pd@MIL-100(Fe). It not only enhances tumor 

accumulation but also demonstrates antitumor capabilities without any observable adverse 

effects. The future improvements on the MOF/polymer hybrids formulation based on this 

research warrant the better antitumor efficacy at lower dosages.  
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Chapter 5.  

Imaging capability of Pd@MIL-100/polymer hybrid 
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5.1 Introduction 

In the realm of cancer theranostics, three crucial components stand out: tumor targeting, 

precise therapy, and imaging capabilities. In Chapter 4, Pd@MIL-100(Fe)/PEG-p(Asp-Dopa) 

exhibited improved tumor accumulation and successful PTT against melanoma B16F10 tumors, 

without any observable adverse effects. Consequently, in order to showcase Pd@MIL-

100(Fe)/polymer hybrids as a versatile cancer theranostic platform, we introduced three 

imaging technologies into the Pd@MIL-100(Fe)/polymer hybrids. 

MRI stands as a potent tumor imaging tool, especially when contrast agents like Gd-NPs 

are introduced, amplifying the contrast between tumors and surrounding healthy tissues. MIL-

100(Fe) displays promising potential as an MRI contrast agent (P. Horcajada et al., 2010). 

Fluorescence-based imaging methods are equally established for real-time drug tracking in the 

bloodstream and tumor imaging (K. Wang et al., 2023). Common fluorescent dyes like 

fluorescein isothiocyanate (FITC), cyanine 5 (Cy5), and indocyanine green have been widely 

used for cancer imaging (Mieog et al., 2022). In this study, we explore both MRI- and 

fluorescence-based imaging technologies with Pd@MIL-100(Fe)/polymer hybrids showcasing 

its potential to be the versatile cancer theranostic platform. 

In this chapter, beginning by determining the MRI relaxivity of Pd@MIL-100(Fe) and 

its polymer hybrids. Next, Cy5 was conjugated to PEG-p(Asp-Dopa) and coated onto 

Pd@MIL-100(Fe) for real-time particle tracking in blood circulation. Additionally, FITC was 

loaded into Pd@MIL-100(Fe), followed by surface stabilization with block copolymers. These 

FITC-loaded hybrids were used to track particles within B16F10 cancer cells. Finally, IVIS 

was employed to visualize the FITC-loaded hybrids within tumors and other tissues for tumor 

imaging. 
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5.2 Materials and methods 

5.2.1 Materials 

Fluorescein isothiocyanate (FITC) sodium salt was obtained from Tokyo Chemical 

Industry Co. Ltd. (Tokyo, Japan). Phosphate-buffered saline (PBS), trypsin/EDTA solution, 

and Hoechst® 33342 solution were sourced from ThermoFisher Scientific (Waltham, USA). 

High-glucose Dulbecco's Modified Eagle's Medium (DMEM) and Cyanine 5 (Cy5) NHS ester 

were obtained from Sigma-Aldrich (St. Louis, MO, USA). The penicillin/streptomycin stock 

solution was procured from Fujifilm Wako (Osaka, Japan). CellBanker was acquired from 

Takara (Kyoto, Japan). Isoflurane was obtained from Pfizer (New York, NY, USA). PD-10 

desalting columns packed with Sephadex G-25 resin were purchased from Cytiva (Washington, 

D.C., USA). 

 

5.2.2 Cell lines and animal model 

The B16F10 melanoma cancer cell line was procured from the Cell Bank at Riken 

BioResource Center (Kyoto, Japan). The cells were cultured in high-glucose DMEM (4500 

mg/l glucose, L-glutamine, sodium pyruvate, and sodium bicarbonate), supplemented with 10% 

FBS and 100 U/mL penicillin-streptomycin, in a 37°C incubator with 95% air and 5% CO2. 

Passage of the cells was performed every 3-4 days, using trypsin/EDTA solution (0.025% 

trypsin and 0.01% EDTA in PBS), when the cells reached approximately 80% confluency. 

Frozen cell stocks were prepared using CellBanker.  

In vivo experiments were conducted on 5-week-old female C57BL/6j black mice, 

obtained from The Jackson Laboratory (Kanagawa, Japan). All animal experiments conducted 

during this research were authorized by The University of Tokyo adhering to the Guidelines 

for the Care and Use of Laboratory Animals (approval number: A2023E005-01).  



101 

5.2.3 Synthesis of fluorescent Pd@MIL-100/polymer hybrid 

To facilitate the tracking of Pd@MIL-100 and Pd@MIL-100/polymer hybrids, FITC and 

Cy5 was employed as a labeling agent. For FITC labeling, Pd@MIL-100 with a concentration 

of 1 mg/mL was combined with FITC sodium salt at a weight ratio of Pd@MIL-100:FITC of 

1:10 in water. The mixture underwent overnight stirring at room temperature. FITC-labeled 

Pd@MIL-100 was meticulously washed five times with water to remove any residual free 

FITC, and the remaining free FITC was assessed using a multi-well plate reader (Spark, Tecan, 

Männedorf, Switzerland) with an excitation wavelength of 488 nm and an emission wavelength 

of 520 nm. The resulting FITC-loaded Pd@MIL-100 was then coated with the polymers 

outlined in section 3.2.4. 

For Cy5 labeling, Cy5 NHS ester was dissolved in DMF at a concentration of 20 mg/mL. 

PEG-p(Asp-Dopa) polymers were dissolved in a 50 mM NaHCO3 solution (pH = 8.5) and 

mixed with Cy5 NHS ester at a molar ratio of polymer to Cy5 of 1:3. The mixture was stirred 

for 12 hours. The resulting Cy5-labeled PEG-p(Asp-Dopa) polymers were purified using PD-

10 desalting columns. The purified Cy5-labeled PEG-p(Asp-Dopa) polymers were collected 

by lyophilization, yielding a blue-colored fluffy powder. Subsequently, these Cy5-labeled 

PEG-p(Asp-Dopa) polymers were coated onto Pd@MIL-100 as outlined in section 3.2.4. 

 

5.2.4 Characterization of fluorescent Pd@MIL-100/polymer hybrid 

The hydrodynamic diameter and polydispersity index (PDI) of fluorescent Pd@MIL-

100/polymer hybrid were determined using dynamic light scattering (DLS) with the Zetasizer 

Nano-ZS instrument (Malvern Panalytical, Worcestershire, UK). The hybrids were dispersed 

in deionized water at an approximate concentration of 0.1 mg/mL and loaded into a low-volume 

quartz cuvette (ZEN2112). Measurements were carried out at 25°C with a 50 mW frequency-

doubled DPSS Nd:YAG laser (λ=532 nm) at a detection angle of 173°. The average diameter 
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and PDI were calculated using the cumulant method to describe the particle size characteristics. 

Furthermore, the intensity of fluorescent Pd@MIL-100/polymer hybrid was assessed. 

The hybrids, dispersed in deionized water at an approximate concentration of 0.1 mg/mL, were 

introduced into a quartz 96-well plate at a volume of 100 µL. The fluorescence intensity was 

measured with a multi-well plate reader (Spark, Tecan, Männedorf, Switzerland) using an 

excitation wavelength of 488 nm and an emission wavelength of 520 nm for FITC and an 

excitation wavelength of 633 nm and an emission wavelength of 670 nm. 

 

5.2.5 Determination of MRI capability 

To determine the relaxivity of MOFs and MOF/polymer hybrids that were synthesized 

in this study, the longitudinal (R1, s-1) and transverse (R2, s-1) relaxation rate constants was 

quantified by using a 0.47 T minispec mq20 NMR analyzer (1H, 19.95 MHz, 36.5°C, Bruker, 

Massachusetts, USA). Before the assessment of relaxivity, ICP-MS (7900, Agilent, California, 

USA) was used to quantify the concentrations of Fe and Pd in all samples. Next, Milli-Q water 

was used to reconstitute the samples and the samples were diluted to 1-, 0.5-, 0.25-, and 0.125-

fold from the original solution (10 mg/mL, based on the weight of particles). The inversion 

recovery method was employed to measure the longitudinal relaxation time (T1, s), and the 

Carr-Purcell-Meiboom-Gill (CPMG) method was utilized for obtaining the transverse 

relaxation time (T2, s). The resulting R1 (1/T1) and R2 (1/T2) values were plotted against the Fe 

concentration, and the r1 and r2 relaxivities (s-1mM-1) were determined through linear 

regression analysis. 
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5.2.6 In vitro cellular uptake 

Melanoma cancer cells, B16F10, were cultured in a glass-bottom 8-well chamber slide, 

with 20,000 cells seeded per well. Following an overnight incubation, FITC-loaded 

MOF/polymer hybrids were added at a final concentration of 0.5 mg/mL. After 24 hours, cells 

were washed three times with PBS to remove residual free FITC-loaded MOFs, and the cell 

nuclei were stained with Hoechst® 33342. Following a 10-minute staining period, cells were 

washed again three times with PBS. An additional 200 µL PBS was added before subjecting 

the cells to confocal laser scanning microscopy (LSM-780, Zeiss, Oberkochen, Germany). 

Images of the cells were captured with an excitation wavelength of 405 nm and an emission 

wavelength of 450 nm for imaging the nucleus, and with an excitation wavelength of 488 nm 

and an emission wavelength of 520 nm for visualizing the FITC-loaded MOFs. 

 

5.2.7 Monitoring dynamics in blood circulation 

The blood circulation dynamic of Cy5 labeled Pd@MIL-100/PEG-p(Asp-Dopa) was 

monitored with multiphoton confocal scanning microscopy, A1R MP+ (Nikon, Tokyo, Japan). 

The Cy5 labeled Pd@MIL-100/PEG-p(Asp-Dopa) was suspended in PBS at the concentration 

of 1 mg/mL. The C57BL/6j black mouse was anesthetized with isoflurane and the 30G needle 

connected to a loop with a 1 mL syringe was inserted into the tail vein. The ear lobe of the 

mouse was mounted to a 50 mm glass bottom dish. A 40× water lens was connected to the A1R 

MP+. The location of the vein and artery was focused. After starting the scanning with the 

excitation wavelength of 633 nm and an emission wavelength of 670 nm, 100 µL Cy5 labeled 

Pd@MIL-100/PEG-p(Asp-Dopa) was intravenously injected. The dynamic was monitored for 

12 h. The fluorescence intensity was measured with NIS element software (Nikon, Tokyo, 

Japan).  
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5.2.8 Fluorescent Pd@MIL-100/polymer hybrid imaging by IVIS 

To evaluate the tumor targeting of FITC labeled Pd@MIL-100/polymer hybrid, in vivo 

fluorescence imaging was performed using an IVIS spectrum system (Perkinelmer, 

Connecticut, USA). B16F10 cells (1 × 106 cells/mouse) were implanted subcutaneously in 

C57BL/6j black mice. When the tumor volume reached about 50 mm3, the mice were 

intravenously injected with 100 µL of 1 mg/mL FITC labeled Pd@MIL-100/polymer hybrid 

solution. After 24 h, the fluorescence images of the mice were acquired with IVIS using an 

excitation wavelength of 488 nm and an emission wavelength of 520 nm with exposure time 

of 1 minute. Then, the mice were euthanized, and the tumor, liver, kidney, spleen, heart, and 

lung were harvested and imaged with IVIS. 
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5.3 Results and discussions 

5.3.1 Determination of MRI capability 

In this investigation, our focus was on enhancing the imaging capabilities of Pd@MIL-

100(Fe), exploring its potential for MRI and fluorescence imaging techniques. Initially, we 

assessed its applicability as an MRI contrast agent, building upon prior findings that MIL-

100(Fe) itself can serve this purpose (P. Horcajada et al., 2010). To examine the inherent MRI 

potential, we suspended MIL-100(Fe), Pd@MIL-100(Fe), and Pd@MIL-100(Fe)/polymer 

hybrids in water at a concentration of 1 mg/mL and conducted preliminary MRI scans on these 

solutions. The initial results displayed variations in both T1 and T2 weighted images among 

MIL-100(Fe), Pd@MIL-100(Fe), and Pd@MIL-100(Fe)/polymer hybrids (Figure 5.1). 

Further, we determined the relaxivity to ascertain the potential of these hybrids as contrast 

agents. Figure 5.2 and Table 5.1 revealed that MIL-100(Fe), Pd@MIL-100(Fe), Pd@MIL-

100(Fe)/PEG-p(Asp), and Pd@MIL-100(Fe)/PEG-p(Asp-Dopa) exhibited similar r1 and r2 

relaxivity values, approximately ranging between 0.2-0.5 s-1 mM-1. These values signify their 

promising utility as MRI contrast probes, aligning closely with the reported relaxivity values 

for Cu-based MOFs that are considered as the potential MRI contrast agents (B. Li et al., 2018). 

Consequently, the MIL-100(Fe)-based systems developed in this study present as a promising 

MRI contrast agent. 

Table 5.1 Relaxivity for MIL-100(Fe), Pd@MIL-100(Fe), Pd@MIL-100(Fe)/PEG-p(Asp), 

and Pd@MIL-100(Fe)/PEG-p(Asp-Dopa). The table was adopted from S. W. Li et al. (2023) 

with the permission. 

Materials r1 (s-1 mM-1) r2 (s-1 mM-1) 

MIL-100(Fe) 0.31 0.58 

Pd@MIL-100(Fe) 0.19 0.50 

Pd@MIL-100(Fe)/PEG-p(Asp) 0.18 0.31 

Pd@MIL-100(Fe)/PEG-p(Asp-Dopa) 0.20 0.33 
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Figure 5.1 The preliminary MRI images of MIL-100(Fe), Pd@MIL-100(Fe), and Pd@MIL-

100(Fe)/polymer hybrids. The MRI images was taken with the Bruker AVANCE™ III. The 

concentration labled on the images indicated the Fe level determined with ICP-MS. 

 

 

Figure 5.2 The calculated relaxivity of MIL-100(Fe), Pd@MIL-100(Fe), and Pd@MIL-

100(Fe)/polymer hybrids. The figure was adopted from S. W. Li et al. (2023) with the 

permission. 
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5.3.2 Characterization of fluorescent Pd@MIL-100/polymer hybrid 

In addition to the MRI imaging technique, the fluorescent imaging technique was studied 

in Pd@MIL-100(Fe). To equip the fluorescent imaging capability to the Pd@MIL-100(Fe), 

there are two compartments that can be utilized to carry fluorescent signal: MOF and polymer. 

Therefore, we implemented two approaches: the loading of fluorescent dye, FITC, into 

Pd@MIL-100(Fe), and the conjugation of fluorescent dye, Cy5, onto the PEG-p(Asp-Dopa) 

polymers to demonstrate the versatility of Pd@MIL-100(Fe)/polymer hybrids in imaging. We 

first characterized the hydrodynamic diameter and the fluorescent intensity of the nanoparticles 

made from the two approaches. 

From the results of diameter, the particles size of FITC loaded Pd@MIL-100(Fe) is 

similar to non-loaded Pd@MIL-100(Fe) (Figure 5.3). Consistently, after the surface protection 

of PEG-p(Asp) or PEG-p(Asp-Dopa), the FITC loaded Pd@MIL-100(Fe)/polymer hybrids 

exhibited the same diameter to their non-loaded compartments (Figure 5.3). Additionally, the 

Pd@MIL-100(Fe)/PEG-p(Asp-Dopa)-Cy5 also exhibited the similar particle size compared to 

that of the non-Cy5-labeled MOF/polymer hybrids (Figure 5.3). These data indicated that the 

loading of FITC into Pd@MIL-100(Fe) and the conjugation of Cy5 to PEG-p(Asp-Dopa) did 

not affect the size of these nanoparticles. 

Furthermore, the fluorescent intensity of these nanoparticles was investigated. The 

signals of FITC and Cy5 in water and Pd@MIL-100(Fe) were about 30 RFU indicating low 

fluorescent background (Table 5.2). After loading of FITC, both Pd@MIL-100(Fe) and 

Pd@MIL-100(Fe)/polymer hybrids exhibited the fluorescent intensity of more than 1500 RFU 

that is 50-fold higher compared to non-loaded ones (Table 5.2). Similarly, the Pd@MIL-

100(Fe)/PEG-p(Asp-Dopa)-Cy5 showed the fluorescent intensity of more than 2000 RFU 

(Table 5.2). These results indicated the imaging potential of these fluorescent MOF/polymer 

hybrids.  
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Figure 5.3 The hydrodynamic diameter and PDI of FITC loaded Pd@MIL-100(Fe), and 

Pd@MIL-100(Fe)/polymer hybrids as well as Cy5 labled Pd@MIL-100(Fe)/PEG-p(Asp-

Dopa). The diameter is shown in bar graph and the PDI in red line. 

 

Table 5.2 The fluorescence intensity of FITC loaded Pd@MIL-100(Fe), and Pd@MIL-

100(Fe)/polymer hybrids as well as Cy5 labled Pd@MIL-100(Fe)/PEG-p(Asp-Dopa). 

Materials FITC (RFU) Cy5 (RFU) 
H2O 32 ± 18 37 ± 13 

Pd@MIL-100(Fe) 28 ± 11 31 ± 16 
Pd-FITC@MIL-100(Fe) 1845 ± 528 − 

Pd-FITC@MIL-100(Fe)/PEG-p(Asp) 1677 ± 260 − 
Pd-FITC@MIL-100(Fe)/PEG-p(Asp-Dopa) 1551 ± 301 − 
Pd@MIL-100(Fe)/PEG-p(Asp-Dopa)-Cy5 − 2019 ± 425 
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5.3.3 Dynamics in blood circulation 

To demonstrate the application of Cy5 labeled Pd@MIL-100(Fe)/PEG-p(Asp-Dopa), we 

implemented the technique of intravital confocal microscopy. Traditionally, the dynamics of 

metal nanoparticles in the blood circulation is determined by sampling the blood in different 

timepoint and measure the concentration of metal with ICP-MS. In this experiment, with the 

help of fluorescent signal, the dynamics of the nanoparticles in the blood stream can be 

observed in real-time. The Pd@MIL-100(Fe)/PEG-p(Asp-Dopa)-Cy5 was suspended in 100 

µL PBS at the concentration of 5 mg/mL and intravenously injected into mice’s tail vein. The 

video of the blood circulation was captured with intravital confocal microscopy. Before 

injection, there is no observable red signal. Once after injection, a strong red fluorescence can 

be detected in the blood vessels. The fluorescent signal was still observable after 100 min post 

injection (Figure 5.4). To further examined the results, we quantified the intensity of the 

fluorescent signal and normalized to the maximum value detected. In Figure 5.5, the signal of 

Cy5 went up immediately and gradually reduced. After 1 hour, there was about 15% of Cy5 

signal remaining in the blood vessel while about 5% of Cy5 signal remained after 5 hours. 

These results are similar to the blood circulation results that we determined with ICP-MS 

indicating the successful imaging of Pd@MIL-100(Fe)/PEG-p(Asp-Dopa)-Cy5 and the 

potential to be used for the fluorescent imaging applications. Additionally, in Figure 4.5, the 

residual percentage of MOF/polymer hybrids was determined by the Pd content using ICP-MS, 

indicating the presence of Pd@MIL-100(Fe). Conversely, in Figure 5.5, the percentage was 

calculated based on the fluorescent intensity originating from Cy5-labeled PEG-p(Asp-Dopa). 

The comparable blood circulation dynamics between the two figures suggested that the 

polymers were stably complexed onto Pd@MIL-100(Fe) and circulated together for 6 hours. 

Hence, the results from TGA and the similarity in blood circulation dynamics affirm that the 

polymer, PEG-p(Asp-Dopa), is successfully complexed with Pd@MIL-100(Fe).  
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Figure 5.4 The dynamic of Cy5 labeled Pd@MIL-100(Fe)/PEG-p(Asp-Dopa) in blood vessels 

visualized with intravital confocal microscopy. Green arrow indicated the skin (paraphral 

tissue), and white arrow indicated the blood vessel. 

 

 

Figure 5.5 Quantification of the remaining fluorescence intensity of Cy5 labeled Pd@MIL-

100(Fe)/PEG-p(Asp-Dopa) in the blood vessel. All the fluorescence intensity of Cy5 recorded 

was normailized to the maximum detected level. 
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5.3.4 In vitro cellular uptake 

Furthermore, in addition to Cy5-labeled Pd@MIL-100(Fe)/PEG-p(Asp-Dopa), we 

present another example of fluorescent imaging approach for MOFs by using FITC-loaded 

Pd@MIL-100(Fe) and Pd@MIL-100(Fe)/polymer hybrids. To enable the tracking of these 

nanoparticles, FITC was initially incorporated into the structure of Pd@MIL-100(Fe). 

Following this, the surface of FITC-loaded Pd@MIL-100(Fe) was shielded using PEG-p(Asp) 

and PEG-p(Asp-Dopa). The characteristics of these FITC-loaded nanoparticles were confirmed 

in Figure 5.3 and Table 5.2, supporting their potential for fluorescent imaging applications. 

Analysis through confocal laser scanning microscopy unveiled that both FITC-loaded 

Pd@MIL-100(Fe) and Pd@MIL-100(Fe)/polymer hybrids were detectable within melanoma 

B16F10 cells. Remarkably, only FITC-loaded Pd@MIL-100(Fe) stabilized by PEG-p(Asp-

Dopa) exhibited a more pronounced green signal within the cytoplasm compared to FITC-

loaded Pd@MIL-100(Fe) and Pd@MIL-100(Fe)/PEG-p(Asp) (Figure 5.6). Further 

quantification of the fluorescent intensity highlighted that the mean fluorescent intensity of 

FITC-loaded Pd@MIL-100(Fe)/PEG-p(Asp-Dopa) significantly surpassed that of FITC-

loaded Pd@MIL-100(Fe) and Pd@MIL-100(Fe)/PEG-p(Asp) (Figure 5.7). Notably, the 

cellular uptake outcomes measured by fluorescent intensity (Figure 5.7) aligned closely with 

the results obtained through ICP-MS (Figure 4.3), emphasizing the feasibility of FITC loaded 

Pd@MIL-100(Fe) for tracking. Once more, the increased cellular uptake facilitated by the 

surface protection of PEG-p(Asp-Dopa) underlined its promise in stabilizing the surface of 

Pd@MIL-100(Fe) for the biomedical applications. 
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Figure 5.6 The cellular upatke of FITC loaded Pd@MIL-100(Fe) and Pd@MIL-

100(Fe)/polymer hybrids. The figure was adopted from S. W. Li et al. (2023) with the 

permission. 

 

 

Figure 5.7 Quantification of FITC fluorescence intensity in confocal images. The figure was 

adopted from S. W. Li et al. (2023) with the permission. (Data are presented as mean 

fluorescence signal ± SD; ns indicated not significant; * indicated p < 0.05; 25 cells were 

measured per group)  
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5.3.5 Tumor accumulation of fluorescent Pd@MIL-100/polymer hybrid 

To further investigate the utility of FITC-loaded Pd@MIL-100(Fe)/PEG-p(Asp-Dopa) in 

a mouse model, we implemented in vivo imaging technology via IVIS. In this experiment, 

C57BL/6j mice were subcutaneously injected with melanoma B16F10 cancer cells. 

Subsequently, FITC-loaded Pd@MIL-100(Fe)/PEG-p(Asp-Dopa) was administered 

intravenously through the tail vein at a concentration of 25 mg/kg (based on Pd). Analysis of 

IVIS images from the mice revealed FITC signals in tumors from 2 out of 3 mice, 

demonstrating observable tumor accumulation (Figure 5.8). To further validate the usability 

and confirm the biodistribution of FITC-loaded Pd@MIL-100(Fe)/PEG-p(Asp-Dopa) in the 

mouse model, the mice were sacrificed, and tissue samples were collected for IVIS analysis. 

The IVIS images showed FITC signals in the tumors of 2 out of 3 mice, reaffirming tumor 

accumulation (Figure 5.9). However, in accordance with previous findings and the 

biodistribution data illustrated in Figure 4.7, a substantial FITC signal was observed in the 

liver, spleen, but unexpectedly, in the kidneys (Simon-Yarza et al., 2016). This discrepancy 

might arise from the potential release of free FITC dye, which was captured and excreted by 

the kidneys. In summary, this study demonstrated the diverse imaging potential of Pd@MIL-

100(Fe) through MRI and fluorescence technologies, offering promising approaches for 

employing Pd@MIL-100(Fe)/polymer hybrid systems in cancer theranostics. 
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Figure 5.8 The IVIS images of mice treated with FITC loaded Pd@MIL-100(Fe)/PEG-p(Asp-

Dopa) at the conclusion of 25mg/kg (based on Pd). 

 

Figure 5.9 The IVIS images of the tissues including lung, heart, liver, spleen, kidney, and 

tumor collected from the mice treated with FITC loaded Pd@MIL-100(Fe)/PEG-p(Asp-Dopa) 

at the conclusion of 25mg/kg (based on Pd). 
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5.4 Summary 

To showcase Pd@MIL-100(Fe) as a promising tool in cancer theranostics, we employed 

three distinct imaging methods for in vitro and in vivo assessments, including MRI and 

fluorescent technology. Initially, the relaxivity studies of Pd@MIL-100(Fe) and Pd@MIL-

100(Fe)/polymer hybrids demonstrated their intrinsic potential as MRI contrast agents. 

Concurrently, we explored two approaches to achieve fluorescent Pd@MIL-100(Fe). 

Fluorescent dye incorporation into MIL-100(Fe) and PEG-p(Asp-Dopa) was pursued 

separately. In one example of creating fluorescent Pd@MIL-100(Fe)/polymer hybrids, we 

conjugated the commonly used fluorescent dye, Cy5, to the terminal amine of PEG-p(Asp-

Dopa) and subsequently coated it onto the surface of Pd@MIL-100(Fe). We demonstrated the 

utility of Pd@MIL-100(Fe)/PEG-p(Asp-Dopa)-Cy5 for tracking dynamics in blood circulation. 

Using intravital confocal microscopy, we can perform real-time monitoring of Pd@MIL-

100(Fe)/PEG-p(Asp-Dopa)-Cy5 levels in the bloodstream. The quantified blood level 

dynamics of Pd@MIL-100(Fe)/PEG-p(Asp-Dopa)-Cy5 closely matched results quantified 

with ICP-MS. In another demonstration involving fluorescent Pd@MIL-100(Fe)/polymer 

hybrids, we loaded the widely used fluorescent dye FITC into Pd@MIL-100(Fe) before the 

formation of MOF/polymer hybrids. This approach showcased applications in both in vitro and 

in vivo scenarios. Following treatment of B16F10 cells, we observed cellular uptake via 

confocal microscopy. Notably, FITC-loaded Pd@MIL-100(Fe)/PEG-p(Asp-Dopa) displayed 

the highest cellular uptake, consistent with results determined by ICP-MS. Finally, we 

illustrated the in vivo application of FITC-loaded Pd@MIL-100(Fe)/PEG-p(Asp-Dopa) using 

IVIS in B16F10 tumor-bearing mice. IVIS images clearly depicted fluorescent signals in the 

tumors of 2 out of 3 mice. Corresponding with biodistribution data from ICP-MS, we observed 

high accumulation in the liver and spleen. Overall, these findings underscore the versatile 

imaging potential of Pd@MIL-100(Fe) and its promising role in cancer theranostics.  
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6.1 Conclusion 

The integration of tumor targeting, precise therapy, and monitoring within a single cancer 

treatment, theranostics holds significant promise for enhancing patients' quality of life. While 

this therapeutic concept is in its early stages within healthcare, advancing research and 

developing versatile, highly biocompatible theranostic platforms can unlock its full potential. 

This study aimed to create a versatile MOF/polymer hybrid platform for cancer theranostics. 

Leveraging the inherent advantages of Fe-based MOF, MIL-100(Fe), as the scaffold for 

multifunctional capabilities, coupled with polymeric surface stabilization for improved 

physiological stability, the Pd-NPs loaded MIL-100(Fe)/polymer hybrids showed promise in 

photothermal therapy against cancers and diverse imaging modalities. This hybrid model 

addresses shortcomings in the biomedical application of MOFs, offering a viable solution for 

multifunctional and combined therapy. 

In this study, we developed a Pd-NPs loaded MIL-100(Fe) MOF model and characterized 

it thoroughly. To stabilize the surface in physiological conditions, a block copolymer was 

designed, integrating dopamine-modified PEG-p(Asp) with carboxylates and catechol in the 

side chain to establish a stable complex with the metals on the surface of MOFs. These elements 

were merged to create Pd@MIL-100(Fe)/polymer hybrids, exhibiting uniform size and 

favorable properties under physiological conditions. This system improved pharmacokinetics 

and demonstrated significant photothermal therapeutic efficacy both in vitro and in vivo. 

Additionally, we explored the integration of diverse imaging techniques, showcasing the 

versatility of Pd@MIL-100(Fe)/polymer hybrids as a promising platform for cancer 

theranostics. 
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One of the most promising photothermal agents among transitional metals is Pd. 

Extensive research has focused on developing Pd-NPs and their application in effective 

photothermal therapy (Rubio-Ruiz et al., 2018). This study explores the integration of Pd-NPs 

into our system, showcasing the potential of MIL-100(Fe)'s porous structure to synthesize NPs 

within. Our aim is to establish Pd-NPs loaded MOF as an effective photothermal therapy 

against B16F10 tumors. Like many theranostic platforms, our system aims to offer a versatile, 

stable platform for loading diverse drugs while providing imaging capabilities for monitoring 

purposes. Our results demonstrated significant photothermal therapeutic effects against 

B16F10 tumors in mice using Pd-NPs and showcasing its potential for tumor imaging. 

MOFs stand as versatile tools across various domains, including catalysis, gas or energy 

storage, and drug delivery. However, a significant challenge lies in the potential health risks 

associated with released metal ions and their instability under physiological conditions. MOFs 

based on metals like Cu, Fe, and Gd are particularly promising due to their intrinsic MRI 

contrast capabilities. Concerns arise regarding the toxicity of released Cu and Gd, leading to 

issues such as copperiedus and nephrogenic systemic fibrosis (Gallo-Bernal et al., 2022). In 

contrast, Fe demonstrates higher tolerance than Gd and Cu. This distinction makes MIL-100(Fe) 

a promising candidate for cancer theranostics. Despite its potential, MIL-100(Fe) faces 

challenges in poor serum stability, hindering its application as a viable drug delivery solution 

(Simon-Yarza et al., 2016). 

In our MOF/polymer hybrids, the shielding effect of PEG offered by the PEG-p(Asp-

Dopa) block copolymers prevents aggregation in physiological conditions, ensuring prolonged 

circulation in the bloodstream. Compared to other MOF systems, our hybrids exhibit improved 

stability and pharmacokinetics, leading to robust antitumor efficacy. Furthermore, the 

polymeric surface protection in our system presents possibilities for further conjugation. For 

instance, we demonstrated Cy5 conjugation, enabling real-time tracking of the dynamics in 
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blood circulation through intravital confocal microscopy. Additionally, these block copolymers 

can be readily tailored with other functional groups like azide groups, facilitating click 

chemistry for the addition of tumor-targeting ligands. The adaptable length of p(Asp-Dopa) 

offers versatility to suit various MOFs. As a result, our block copolymers hold promise for 

stabilizing other MOF systems, fostering their potential in cancer theranostics. 

In conclusion, the Pd@MIL-100(Fe)/polymer hybrid system overcomes the drawbacks 

of poor stability and limited pharmacokinetics seen in conventional MOF systems. Our 

Pd@MIL-100(Fe)/PEG-p(Asp-Dopa) not only significantly enhanced tumor accumulation but 

also displayed considerable photothermal therapeutic efficacy, completely eradicating B16F10 

tumors in 2 out of 5 treated mice. Moreover, our system showed promise in monitoring and 

tumor imaging through MRI and fluorescence-based technologies (Figure 6.1). This research 

presents exciting possibilities for innovative cancer theranostic platforms based on 

MOF/polymer hybrids. 

 
Figure 6.1 The prospect of MOF/polymer hybirds as the versatile cancer theranostic.  
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6.2 Future perspectives 

Our findings highlight MIL-100(Fe) as a scaffold for creating metal NPs in the MOF, 

showing promise in generating photothermal agents. The integration of PEG block copolymer, 

PEG-p(Asp-Dopa), efficiently protected Pd@MIL-100(Fe), enhancing its blood circulation 

and accumulation in tumors. Despite the current high dosage of 25 mg/kg based on Pd, toxicity 

assessments revealed no adverse responses. Improvements in the size of Pd@MIL-100(Fe), 

block copolymer design, and incorporation of tumor-targeting ligands may enhance tumor 

accumulation, allowing for superior antitumor efficacy at lower doses and shorter period of 

NIR light exposure. Moreover, the adaptable nature of PEG-p(Asp-Dopa) for complexing with 

metals suggests its potential to stabilize various MOFs, expanding the scope of MOF systems 

in biomedical applications. Further exploration could involve assessing dual metal MOF 

systems like Fe + Mn to enhance relaxivity. Additionally, exploring near-infrared light-

absorbing fluorescent dyes such as indocyanine green for imaging could improve the system's 

imaging capabilities. In conclusion, the combination of MOFs and polymer surface 

stabilization using PEG-p(Asp-Dopa) offers valuable insights for the development of versatile 

MOFs/polymer hybrids with potential applications in vivo. 
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