HAYYAN JOURNAL
Vol. 3 No. 2, June 2026, page. 84-94 HAYYAN
ISSN: 3046-6679 JOURNAL

Metal-Organic Frameworks for Targeted Cancer Drug Delivery: A
Systematic Review of Stimuli-Responsive Platforms and Therapeutic
Performance

Rizal Irfandi'”

!Department of Chemistry, Faculty of Mathematics and Natural Sciences, Universitas Negeri Makassar,
Makassar, Indonesia

*Corresponding Address: rizalirfandi043@gmail.com
Received: April 28, 2026 Accepted: May 20, 2026 Online Published: June 05, 2026
ABSTRACT

Metal-Organic Frameworks (MOFs) have gained increasing attention as promising nanocarriers for
targeted cancer drug delivery due to their high surface area, tunable porosity, adjustable chemical
structure, and capacity for controlled drug release. Conventional chemotherapy often faces limitations
such as systemic toxicity, poor tumor selectivity, low bioavailability, and damage to healthy tissues.
Stimuli-responsive MOFs enable drug release in response to specific tumor microenvironment
conditions, including acidic pH, redox imbalance, enzyme overexpression, hypoxia, or external triggers
such as light and temperature. This systematic review synthesizes 30 selected studies, focusing on MOF
types, therapeutic cargo, stimuli-responsive mechanisms, cancer models, and reported therapeutic
outcomes. Findings show that ZIF-8, UiO-66, MIL-series, and related MOF platforms are widely
investigated, with doxorubicin and other anticancer drugs frequently used. pH-responsive and redox-
responsive systems dominate, while multifunctional MOFs combining chemotherapy with
photothermal or photodynamic therapy show strong potential. Clinical translation remains limited due
to unresolved concerns regarding long-term biosafety, biodegradation, pharmacokinetics, immune
response, reproducibility, and scalability. Stimuli-responsive MOFs represent a promising direction for
precision cancer therapy, but further in vivo validation and translational studies are required.

Keywords: MOFs; targeted drug delivery; cancer therapy; controlled release; nanomedicine

I. INTRODUCTION

Cancer remains one of the most serious global health problems and continues to create
a high burden for patients, health systems, and society . Global cancer data show that
approximately 20 million new cancer cases and 9.7 million cancer-related deaths occurred in
2022, indicating the urgent need for more effective and safer therapeutic strategies (Bray F,
Ferlay J, Soerjomataram I, Siegel RL, Torre LA, 2018). Although chemotherapy remains one
of the main approaches in cancer treatment, its clinical use is still limited by poor selectivity,
systemic toxicity, low bioavailability, multidrug resistance, and damage to normal tissues.
These limitations show that cancer therapy requires drug delivery systems that can improve
tumor targeting, regulate drug release, and reduce adverse effects. Targeted drug delivery has
become an important strategy in modern oncology because it aims to increase drug
accumulation in tumor tissues while minimizing exposure to healthy cells. In this context,
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nanocarrier-based systems have gained significant attention because they can improve drug
solubility, protect therapeutic agents from premature degradation, and enhance controlled
release. Among various nanocarrier platforms, Metal-Organic Frameworks (MOFs) have
emerged as promising candidates for cancer drug delivery due to their unique structural and
chemical characteristics. MOFs are porous crystalline materials composed of metal ions or
metal clusters coordinated with organic linkers. Their high surface area, tunable pore size,
adjustable framework structure, and modifiable surface chemistry make them suitable for
loading and delivering different anticancer agents (Feng et al., 2025).

MOFs have several advantages over conventional drug delivery carriers (Bui et al.,
2022; Chen et al., 2024; Gu et al., 2024; Saleem et al., 2024)(Aliyu M. Hamisu, Azhar Ariffin,
Arief C. Wibowo, 2020; Aliyu M. Hamisu, Azhar Ariffin, 2020; Coluccia et al., 2022; Jiang et
al., 2024). Their porous structures allow high drug-loading capacity, while their flexible
chemistry enables functionalization with targeting ligands, imaging agents, polymers, or
therapeutic molecules. MOFs can also be designed to improve biocompatibility,
biodegradability, and controlled release performance. Commonly studied MOF platforms, such
as ZIF-8, UiO-66, MIL-series, and HKUST-based structures, have been explored for delivering
anticancer drugs including doxorubicin, cisplatin, paclitaxel, curcumin, and other therapeutic
compounds (Vaishali M. Patil, Satya P. Gupta, Neeraj Masand, Krishnan Balasubramanian,
2024). These developments indicate that MOFs are not only passive carriers, but also
engineered therapeutic platforms that can support more precise cancer treatment. A major
strength of MOF-based drug delivery lies in their stimuli-responsive behavior. Tumor tissues
have distinct microenvironmental characteristics, including acidic pH, elevated glutathione
concentration, enzyme overexpression, hypoxia, and abnormal metabolic activity. MOFs can
be engineered to respond to these internal stimuli and release drugs more selectively within
tumor sites. In addition, external stimuli such as light, temperature, magnetic fields, and
ultrasound can also be used to trigger drug release or activate combination therapy. This
responsiveness allows MOF-based platforms to support controlled release, tumor-specific
delivery, and improved therapeutic performance (Vaishali M. Patil, Satya P. Gupta, Neeraj
Masand, Krishnan Balasubramanian, 2024).

Recent studies have also shown that MOFs can support multifunctional cancer
treatment. Beyond single-drug chemotherapy, MOFs can be designed for combined therapeutic
strategies, including chemo-photothermal therapy, chemo-photodynamic therapy,
immunotherapy support, gene delivery, and theranostic applications. These multifunctional
features are important because cancer treatment often requires more than one therapeutic
mechanism to improve treatment response and overcome resistance. Therefore, the
development of stimuli-responsive MOFs reflects a broader movement from conventional drug
carriers toward smart nanomedicine platforms for precision oncology (Yu et al., 2026). Despite
these promising developments, MOF-based cancer drug delivery still faces several challenges.
Many studies report strong in vitro results, but fewer provide robust in vivo validation and
clinical translation evidence. Key issues such as long-term toxicity, biodegradation pathways,
immune response, pharmacokinetics, reproducibility, large-scale synthesis, and regulatory
safety remain unresolved. These limitations indicate that the success of MOF-based drug
delivery should not be measured only by drug-loading capacity or release efficiency. A
clinically meaningful MOF platform must also show biological safety, tumor selectivity,
therapeutic superiority, stability, scalability, and translational feasibility (Liu et al., 2026).

The present systematic review is designed to address this research gap by examining
Metal-Organic Frameworks for targeted cancer drug delivery, with specific attention to stimuli-
responsive platforms and therapeutic performance. Based on the screening and thematic
mapping of selected studies, current research shows strong attention to drug delivery, cancer
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therapy, controlled release, pH-responsive systems, ZIF-8, UiO-66, doxorubicin,
nanoparticles, and targeted delivery. This pattern confirms that the field has shifted from basic
material synthesis toward functional and biologically responsive cancer nanomedicine
platforms. Accordingly, this review aims to synthesize current evidence on the structural
design, stimuli-responsive mechanisms, and therapeutic outcomes of MOF-based cancer drug
delivery systems. The core argument of this review is that MOFs have significant potential as
targeted cancer therapeutic platforms because their tunable structures and responsive release
properties can improve drug selectivity, reduce systemic toxicity, and enhance anticancer
efficacy. By integrating material design, biological responsiveness, and therapeutic
performance, this review provides a systematic understanding of current progress, research
limitations, and future directions for clinically relevant MOF-based cancer drug delivery
systems.

1. METHODS
[1.1 Study Design

This study used a systematic literature review approach to examine the development of
Metal-Organic Frameworks (MOFs) as stimuli-responsive platforms for targeted cancer drug
delivery. The review was conducted by following the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses 2020 guideline to ensure a transparent, systematic, and
reproducible process in article identification, screening, eligibility assessment, and final
inclusion. The review focused on three main aspects: MOF-based platform design, stimuli-
responsive drug release mechanisms, and therapeutic performance in cancer treatment
(Abdollah Karami, Omnia Mohamed, Ahmed Ahmed, Ghaleb A Husseini, 2021).

I1.2 Data Sources and Search Strategy

The literature search was conducted using the Scopus database. Scopus was selected
because it provides broad coverage of peer-reviewed scientific publications in chemistry,
pharmaceutical sciences, nanomedicine, biomaterials, and biomedical engineering. The search
covered articles published between 2010 and 2026. The keywords used in the search included
“Metal-Organic Framework,” “MOF,” “drug delivery,” “cancer therapy,” “targeted delivery,”
“stimuli-responsive,” “pH-responsive,” “controlled release,” “nanocarrier,” and “therapeutic
performance.” These keywords were combined using Boolean operators to obtain articles
relevant to MOF-based targeted cancer drug delivery.

29 ¢c

99 ¢c

11.3 Inclusion and Exclusion Criteria

The inclusion criteria were: articles discussing MOFs as drug delivery systems for
cancer therapy; studies involving stimuli-responsive mechanisms such as pH, redox, enzyme,
light, temperature, or magnetic response; studies reporting drug-loading, release behavior,
cytotoxicity, tumor-targeting ability, or therapeutic performance; peer-reviewed journal
articles; and articles written in English. The exclusion criteria were: studies unrelated to cancer
therapy; studies using MOFs only for non-biomedical purposes such as gas storage, adsorption,
or catalysis; articles without discussion of drug delivery or therapeutic performance;
conference papers, editorials, letters, and non-peer-reviewed publications.

I1.4 Screening and Selection Process

The article selection process followed four PRISMA stages: identification, screening,
eligibility, and inclusion. The initial search identified records from the Scopus database.
Duplicate records and irrelevant articles were removed during the screening stage. Articles
were then assessed based on title, abstract, and full-text relevance. The final number of selected
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articles was determined based on their direct relevance to MOF-based targeted cancer drug
delivery and stimuli-responsive therapeutic performance. The screening process is presented
in the PRISMA flow diagram in Figure 1. The document also shows that the final review
focused on selected studies related to MOF-based drug delivery, with dominant thematic
keywords such as drug delivery, cancer therapy, controlled release, pH-responsive systems,
ZIF-8, UiO-66, doxorubicin, nanoparticles, and targeted delivery.

Prisma Reporting: Metal Organic Framework As Drug Delivery
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Figure 1. Prisma flow diagram of the Article Screening and Selection Process

[1.5 Data Extraction

Data were extracted systematically from each selected article. The extracted
information included author name, year of publication, MOF type or platform, drug or
therapeutic cargo, stimuli-responsive mechanism, cancer type or model, experimental
approach, and key therapeutic findings. Particular attention was given to drug-loading capacity,
release profile, tumor selectivity, cytotoxicity against cancer cells, biocompatibility toward
normal cells, and in vivo therapeutic performance where available.

I1.6 Data Analysis and Synthesis

The extracted data were analyzed using qualitative synthesis. The studies were grouped
based on MOF platform, type of therapeutic cargo, stimuli-responsive mechanism, and
reported therapeutic outcome. The analysis also considered the annual distribution of
publications and thematic keyword patterns to identify research trends in MOF-based cancer
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drug delivery. The thematic visualization in the reviewed document indicates that recent studies
strongly emphasize controlled release, cancer therapy, pH-responsive delivery, doxorubicin
loading, ZIF-8, UiO-66, and targeted delivery. Therefore, the synthesis was directed toward
explaining how MOF design, stimuli-responsive behavior, and therapeutic performance are
connected in the development of targeted cancer drug delivery systems. To better understand
the development of research interest in MOF-based cancer drug delivery systems, the annual
distribution of publications included in this review was analyzed. The publication trend
provides insight into the growth of scientific attention toward stimuli-responsive MOFs and
their potential applications in targeted cancer therapy.
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Figure 2. Annual Distribution of Articles Identified Through the Scopus Keyword Search

As shown in Figure 2, research activity on MOF-based cancer drug delivery has
increased substantially over the last decade. Only a limited number of publications were
reported before 2016, whereas a marked increase became evident from 2020 onward. The
highest publication output was observed during 2023-2024, indicating growing scientific
interest in stimuli-responsive MOFs as advanced nanocarriers for cancer therapy. This
increasing trend reflects the rapid evolution of MOF design strategies, particularly toward
controlled drug release, tumor-specific targeting, and multifunctional therapeutic applications.
The growing research intensity also corresponds with the emergence of highly studied MOF
platforms such as ZIF-8, UiO-66, and MIL-series structures, which dominate recent
investigations.

1. THEORETICAL BACKGROUND

I11.1 Metal-Organic Frameworks (MOFs)

Metal-Organic Frameworks (MOFs) are crystalline porous materials composed of
metal ions or metal clusters coordinated to organic ligands, forming a three-dimensional
network (Aliyu M. Hamisu, Azhar Ariffin, 2020)(Jiang et al., 2024)(Feng et al., 2025). Their
structure is characterized by high surface area, tunable pore size, and versatile functionalization
capabilities, making them ideal for encapsulating therapeutic agents. The ability to modify both
the metal nodes and the organic linkers allows for the design of MOFs with specific chemical,
physical, and biological properties suitable for biomedical applications. MOFs can be classified
based on their metal center, topology, or functional characteristics. Common MOF types
applied in drug delivery include ZIF-8, UiO-66, MIL-series, and HKUST-1. ZIF-8, for
instance, demonstrates pH-sensitive degradability, which enables controlled drug release under
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acidic tumor microenvironments. UiO-66 is valued for its chemical stability and
functionalization potential, while MIL-series and HKUST-1 offer high drug loading capacity
and compatibility with various therapeutic molecules (Katke et al., 2026). These properties
make MOFs versatile nanocarriers capable of targeted and controlled drug delivery.

[11.2 Drug Delivery Systems for Cancer Therapy

Drug delivery systems (DDS) are strategies or platforms designed to transport
therapeutic agents to specific sites in the body, control the release kinetics, and improve
therapeutic efficacy while minimizing side effects (Arora et al., 2011; Biglari et al., 2026;
Impregnated & Silver, 2023; Katke et al., 2026). In cancer therapy, conventional drug
administration faces several challenges including systemic toxicity, poor solubility, multidrug
resistance, and non-specific targeting (Li et al., 2025). Nanocarrier-based DDS, including
liposomes, polymeric nanoparticles, dendrimers, and MOFs, have emerged to overcome these
limitations. MOFs distinguish themselves from other nanocarriers due to their high drug
loading, structural tunability, and potential for stimuli-responsiveness. They can protect drugs
from premature degradation, enhance circulation time, and provide site-specific delivery, thus
improving the therapeutic index (Vaishali M. Patil, Satya P. Gupta, Neeraj Masand, Krishnan
Balasubramanian, 2024).

Table 1. Summary of Selected Studies on MOF-Based Drug Delivery for Cancer Therapy
(2010-2026)

No.

Author(s)
& Year

MOF
Type/
Platform

Drug/Cargo

Stimuli-
Responsive
Mechanism

Cancer
Type/
Application

Key Findings
/Therapeutic
Performance

(Yan et
al., 2020)

ZIF-8

Doxorubicin

pH-sensitive

Breast
cancer

High loading
efficiency,
controlled
release in
acidic tumor
environment,
improved
cytotoxicity

(Meng et
al., 2024)

UiO-66

Doxorubicin

Redox-
responsive

Liver cancer

Selective
release
triggered by
glutathione,
enhanced
apoptosis, low
systemic
toxicity

(Yuetal.,,
2026)

MIL-
100(Fe)

Cisplatin

pH +
enzyme-
responsive

Lung cancer

Dual-
triggered
release,
improved
tumor
targeting,
enhanced
therapeutic
index
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(Gao et
al., 2023)

ZIF-8GO

Doxorubicin
+
Photothermal
agent

pH + NIR
light

Breast
cancer

Combined
chemo-
photothermal
therapy, high
tumor
ablation
efficiency

(Maria et
al., 2026)

HKUST-

Doxorubicin

Temperature-
responsive

Pancreatic
cancer

Thermal-
triggered
release,
enhanced
cytotoxicity
with localized
heating

(Ghaee et
al., 2026)

UiO-66-
NH2

Gemcitabine

pH-sensitive

Ovarian
cancer

Improved
tumor
accumulation,
controlled
drug release,
reduced
systemic
toxicity

(Noori et
al., 2025)

MIL-
101(Cr)

Paclitaxel

Redox-
responsive

Breast
cancer

High drug
loading,
enhanced
apoptosis,
minimal off-
target effects

(Jiang et
al., 2024)

ZIF-8

Doxorubicin

pH-sensitive

Colon
cancer

Efficient drug
delivery,
selective
cytotoxicity
toward tumor
cells

(Bazzazan
etal.,
2023)

UiO-66

Cisplatin

Enzyme-
triggered

Lung cancer

Improved
cellular
uptake, high
antitumor
efficacy, low
systemic
toxicity

10

(Tutunchi
&
Nabipour,
2025)

ZIF-8

Doxorubicin
+ Curcumin

pH + light-
responsive

Breast
cancer

Synergistic
anticancer
effect, precise
controlled
release,
enhanced
apoptosis
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The systematic review of 30 studies on MOF-based drug delivery for cancer therapy
provides several insights into the current state of the field and identifies key opportunities and
challenges for future research. In addition to publication growth, thematic keyword analysis
was conducted to identify major research directions and conceptual trends within the field of
MOF-based cancer drug delivery. The frequency and prominence of keywords provide insight
into the dominant research themes, materials, therapeutic agents, and stimuli-responsive
mechanisms investigated in the selected studies.

Zirconium metal-organic framework Stimulus response  Manoscale metal organic framework (HMOF) Spatictemporal manipulation
Unigue tumor microenvirenment Post-synthetic modification Metald€ organic framework pH responsive doxorubicin release Therapeutic agent encapsulation
pH- and G5H-responsive drug release Doxorubicin, Fe-BTC, liposomes, phospholipid bilayer pulmonary drug delivery
surface modification Metal-organic frameworks (MOF)  Cyclodextrin, hybrid membrane metal organic frameworks

Zero-order release Personalized medicine force field development carboxymethyl chitosan Pectin quantum dots Targeted drug delivery
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Controlled drug release ?-Cyclodextrin metal-organic frameworks Boswellic acid Fluorescent dyes

eiomolecules Metal-organic frameworks (MOFs) Graplicae qmstars chfs. Utrasmemd
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Figure 3. Thematic Keywords Metal-Organic Framework as drug delivery

Figure 3 illustrates the thematic keyword distribution extracted from the selected
literature. The most prominent terms include drug delivery, metal-organic framework,
controlled release, drug delivery systems, cancer therapy, and pH-responsive, indicating that
the primary focus of current research is the development of smart nanocarriers capable of
controlled and targeted drug release. The strong presence of keywords such as ZIF-8, UiO-66,
doxorubicin, nanoparticles, nanocarrier, and drug loading further highlights the importance
of these materials and therapeutic agents in contemporary MOF-based cancer treatment
strategies. Several secondary keywords, including photothermal therapy, molecular docking,
graphene oxide, folic acid, targeted drug delivery, and theranostics, indicate a growing shift
toward multifunctional platforms that combine chemotherapy with imaging, targeting, and
stimulus-triggered therapeutic modalities. The occurrence of terms related to pH
responsiveness, glutathione-responsive release, and triggered drug release also confirms the
increasing emphasis on exploiting tumor microenvironment characteristics to achieve selective
and efficient drug delivery.
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11.3 Trends in MOF Platforms

ZIF-8 and UiO-66 dominate the current research landscape as MOF platforms for
cancer drug delivery. ZIF-8’s pH-responsive degradation allows for rapid drug release in acidic
tumor microenvironments, which has been widely exploited for doxorubicin delivery in breast,
colon, and liver cancer models. UiO-66, on the other hand, offers superior chemical stability
and functionalization potential, enabling surface modification with targeting ligands or
combination therapy agents. MIL-series and HKUST-1 platforms, although less frequently
studied, demonstrate high drug-loading capacities and potential for dual stimuli-responsive
release. This distribution indicates that MOF selection is strongly influenced by the intended
therapeutic cargo, desired stimuli-response mechanism, and target cancer type (Zhu et al.,
2026).

I11.4 Stimuli-Responsive Mechanisms

The reviewed studies highlight pH and redox as the most frequently utilized internal
stimuli for drug release. Dual- or multi-stimuli-responsive MOFs, such as pH/light, pH/redox,
or pH/enzyme, show enhanced selectivity and controlled release. External stimuli, including
near-infrared (NIR) light and temperature triggers, are increasingly combined with MOFs to
enable spatiotemporal control of drug release. These results underscore the importance of
stimuli design in improving therapeutic efficacy and minimizing systemic toxicity. Moreover,
multifunctional MOFs that integrate photothermal or photodynamic modalities with
chemotherapy illustrate the potential of these platforms for combinatorial therapy, which may
overcome limitations of single-drug treatment and address multidrug resistance (Ismail et al.,
2022).

I11.5 Therapeutic Performance and Limitations

Overall, MOF-based delivery systems demonstrate high drug-loading efficiency,
controlled release, enhanced tumor targeting, and cytotoxicity against cancer cells. In vivo
studies generally show tumor growth inhibition and reduced systemic side effects. However,
despite promising preclinical results, clinical translation remains limited. Key challenges
include long-term biosafety, immunogenicity, biodegradation kinetics, pharmacokinetics,
reproducibility, and scalability. Many studies are confined to in vitro or small animal models,
highlighting the gap between laboratory promise and human applicability.

I11.6 Implications

The findings indicate that stimuli-responsive MOFs offer a robust strategy to improve
cancer drug delivery. Their tunable architecture allows for controlled, targeted release and
potential combinatorial therapy, which can enhance treatment efficacy while reducing systemic
toxicity. However, for meaningful clinical impact, researchers must address translational
challenges, including safety, reproducibility, and human applicability. This review provides a
framework to guide future research, emphasizing the integration of material engineering with
biological responsiveness and therapeutic performance.

VI. CONCLUSION

Stimuli-responsive MOFs represent a promising class of nanocarriers for targeted
cancer drug delivery. Their tunable structure, high drug-loading capacity, and stimuli-
responsive release enhance tumor selectivity and therapeutic performance. However, further in
vivo validation, long-term safety studies, and translational research are needed to realize
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clinical applications. Integration of material engineering, biological responsiveness, and
therapeutic outcomes provides a roadmap for precision oncology.
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