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Abstract
Metal–Organic Frameworks (MOFs) have rapidly emerged as versatile nanoparticles system for their
use in biomedical field, especially in drug delivery.Of thematerials in this class, zeolitic imidazolate
frameworkZIF-8 has recently captured significant interest due to its tunable structure and significant
potential for surfacemodification. It is these same featureswhich allowZIF-8 to act as a suitable
carrier in both single agent and combination therapy. In particular, surface chemistrywill be
reiterated throughout the present article as significant in improving the physicochemical stability,
biocompatibility and targeted drug delivery of thematerials. In addition, throughwell-designed
modification strategies ZIF-8 hereinwe propose to show controlled release profiles, improved
colloidal stability, and improved therapeutic efficacy. This reviewwill discuss recent advancesmade
in the surface engineering of ZIF-8 and present salient design principles and functionalisation
techniques and their usefulness in the area of drug-delivery applications.

1. Introduction

Cancer is still one of the leading causes of deathworldwide and continues to exert heavy pressure on global
health systems [1, 2], although there have been significant advances in diagnostic and therapeuticmethodology
inmalignant lesions such as breast and lung cancer which continue to have a high rate of incidence and
mortality [3, 4]. Though the standard treatment of surgery, chemotherapy, and radiotherapy ofmalignant
lesions has resulted in a significant improvement in the therapy of patients, thismodality of treatment is often
limited by serious side effects and poor specificity of action, resulting in damage to normal tissues, and a change
in the quality of life of the patient [5, 6]. Tomeet the challenges of treatment ofmalignant lesions, significant
attention has been directed to the drug-delivery systemwith the object of improving the efficacy of the therapy
whileminimizing systemic toxicity [7]. Nanoparticle-mediated combination therapy, in particular, enables the
co-delivery ofmultiple therapeutic agents with distinct physicochemical and pharmacological characteristics
within a single platform [8].

MOFs, especially ZIFs, have emerged as promising anticancer carrier due to their attractive characteristics
among various nanoparticles. Thesemetal organic frameworks have recently paid attention because they inte-
grate features of both inorganic and organic chemistry [9, 10]. Furthermore, surface ofMOFs has ability to
functionalize easily, enabling the attachment of specificmolecules, and they have a high drug loading capacity
while allowing for controlled drug release. Consequently,MOFs represent a compelling platform for drug
delivery applications in the biological area [11].
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ZIFs amongMOFs have attracted significant attention owing to their exceptional attributes such as well
define structure, various functionalities of their surface [12, 13], with a prominent features its pH- responsive
drug release [14]. Froma biological perspective, ZIFs demonstrate an exceptional stability under physiological
conditions and effectively prevent premature drug leakage.Moreover, their capability for efficient cellular
uptake renders them strong candidates for use as drug delivery systems [15, 16]. It is well established that ZIF-8
is aMOF structurally analogous to zeolites. Both ZIF-8 andZIF-67 possess amicrostructure based on a sodalite
cage topology, inwhich 2-methylimidazole (MeIM)- links neighboring zinc and cobalt ions, respectively
[17–19], as shown in figure 1.

ZIF-8 has preparation in different techniques, including solvothermal synthesis, ultrasound- assisted
synthesis,mechanochemical approaches, and accelerated agingmethods. it can be readily synthesized in sub-
stantial quantities by combining zinc salts and 2-methylimidazole linker inwater or polar organic solvents at
ambient condition [21, 22].

The forementioned studies by researchers Cravillon et al [23] andPan et al [24]demonstrated the successful
synthesis of ZIF-8 using diluted zinc salt and 2-MeIM in solution at room temperature. This technique offers a
several advantages over both solvothermal andmicrowave-assisted solvothermalmethods, primarily due to its
reduced energy consumption.Moreover, the room temperature approach results in a higher product yield and,
smaller crystal size, and requires lower energy, and shorter reaction times. These attributes are particularly
advantageous for the application of ZIF-8 nanocrystals in biomedicine.

Uniquely, this review presents an in-depth and integrative discussion of using nanoparticles ZIF-8 as a
combination anticancer carrier a comprehensive understanding of howZIF-8, thereby providing valuable
insights into the optimization of drug delivery strategies facilitated by this versatile nanomaterial, particularly
through surface functionalization to enhance cargo loading. This level of detail and synthesis distinguishes the
review as a valuable resource for guiding future research and practical innovations in the drug delivery field.

2. Properties and loading approches of ZIF-8 nanoparticles

ZIFs, is a part ofMOF frameworks family, that have non-toxic properties and remarkably large accessible
cavities [25, 26]. ZIFs have a crystalline structure similar to natural zeolites. The characteristics of ZIF-8
provides thermal stability across awide temperature range, and chemical stability in comparison to other
MOFs [27]. Specifically, ZIF-8 is composed of zincmetal salt has tetrahedrally coordinated connected by
2-methylimidazole organic linkers, forming bond angles of approximately 145°, resembling the Si–O–Si angle
found in zeolites structure [28, 29]. The ZIF-8 structure stabilized by a combination ofπ–π stacking
interactions and hydrogen bonds. This configuration forms a coordination frameworkwith a central
octahedral pattern surrounded by tetragonal and hexagonal faces, resulting in large pore diameters of
approximately 11.6Å and a surface area of 0.4 nm3 [30].

Research indicates that ZIF-8 exhibitsminimal sudden or unexpected drug release at a neutral pHof 7.4.
while collapsing at a pHof 5.4–6, consistent with the acidity typically foundwithin the tumormicroenviron-
ment, understanding its potential utility as a pH-responsive drug carrier [31, 32]. Furthermore, ZIF-8 possesses
low toxicity, and excellent stability; at elevated temperatures, zinc ions transition to a volatile state, leading to
the development of a distinct pore structure [33].

The high surface area and adjustable pore size of ZIF-8 allows the encapsulation process of awide range of
therapeutic drugs, as its remarkably large and accessible pores can accommodate considerable quantities of

Figure 1. Schematic illustration of the formation of sodalite structuredZIF8. Reproduced from [20]. CCBY4.0.
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agents. This encapsulation not only protects therapeutic agents fromdegradation but also allow their targeted
delivery to tumor sites [34]. The amount of drug loaded into the ZIF-8 carrier is directly influenced by the
physical characteristics of the carrier such as volume, surface area, pore dimensions, and framework flexibility
demonstrating a clear relationship between drug loading capacity and structural features [35].

Morphology of ZIF-8 framework have been reported by numerous studies, described that ZIF-8 has a poly-
hedral structure, particularly dodecahedron andhexagonal forms, which consider to be themost commonZIF-
8morphologies, whereas cubic structures are rarely observed. There appears to be no consistent relationship
betweenZIF-8morphology and the synthesismethod [36]. Instead, key reaction parameters, such asmolar
ratio of zincmetal to organic linker and the reaction temperature, play a critical role in controllingmorphology
[37]. Collectively, these physical characteristics allowZIF-8 exhibit efficient loading and release of agentmole-
cules, whilemaintaining chemical stability under biological conditions [38].

Comparedwith other nanoparticles carriers, such as nanomicelles and liposomes, ZIF-8 shows a superior
encapsulation efficiency and improvement in the stability of drugs. Its biocompatibility, biodegradability, and
non-toxicitymake it all themore attractive for application in biomedical field [39].

ZIF-8 has been identified as a highly effective drug delivery system characterized by low toxicity, particu-
larly at lower concentrations not exceeding 30 μg, at which its toxicity is considered negligible [40]. A notable
attribute of ZIF-8 is its capacity to function as a protective barrier for therapeutic agents, thereby enhancing
treatment efficacywhile diminishing potential side effects, as well as safeguarding drugs integrity against degra-
dation at tumor sites [41].

In drug delivery system, twomain approaches have been extensively utilized for ZIF-8. The firstmethod,
known as the impregnation technique, involves the physical adsorption of drugs or agents onto the exterior of
metal–organic frameworks after their synthesis. This process permits drugmolecules to penetrateMOFs
through their porous structure, which is usually done by capillary forces, electrostatic interactions, or coordi-
nation reactions. It is specially applicable to the therapeutic agents of the dimensions of which are smaller than
pores sizes of theMOFs [42]. The porewindow size, chemical composition, and flexibility ofMOFs are critical
factors for the successful incorporation of drugs [43].

The second technique is in situ synthesis (one potmethod), inwhich drugs are incorporated into ZIF-8
during its synthesis, enabling the loading of therapeutics of various sizes by introducing imperfections into the
framework. The objective of this approach is to prevent drug leakage prior to carrier degradation.However,
achieving effective drug loading and controlled release requires strong interactions between the drugs and
MOFs, as well as a uniformdistribution of the drugswithin the pores of themodifiedZIF-8 structure [44]. One
disadvantages of thismethod is its relatively low loading capacity [45].

2.1. Combination drug deliverymechanismbyZIF-8

(A) pH-triggered disassembly and coordination chemistry
ZIF-8 offers numerous advantages for use in drug delivery systems [46]. The imidazole ligands inZIF-8

can undergo deprotonation to form an anionic,multi-terminal ligandwith strong basicity. Upon
coordinationwith themetal ions, these imidazole ligands formhighly stable interactions [47]. For
biomedical applications, both themetal ions and organic ligandsmust exhibit good biocompatibility,
making it essential to avoid highly toxicmetal ions such asCr andNi. In contrast,metal ions such as Fe, Zn,
andMn aremore suitable, as they are essential elements involved in humanphysiological processes [12].

ZIF-8 has been shown to remain stable under neutral conditions but degrades readily in acidic
environment [48, 49]. Previous literatures have established that ZIF-8, particularly theZn-N coordination
bonds, retains structural stability at physiological pH (7.4), therebymaintaining its crystalline structure and
securely entrapping the therapeutics loading [50].However intrinsic instability of ZIF-8 has beenobserved in
tumor tissues, which typically exhibit a pH range of 5.5–6.0 [51]. The pH- responsive behavior of ZIF-8
during drug release can be explainedby the protonation of the imidazolate group at pHvalues between
5.0–6.0. This protonationweakens andultimately disrupts the zinc -imidazolate coordinationbonds,
resulting to disassembly of the nanostructures and subsequent release of the encapsulateddrug [52, 53].

(B) Drug loading and functionalizationmechanisms
The excellent drug loading capacity of ZIF-8 arises from its pours architecture and chemically versatile

coordination environment [36]. The framework contains coordinatively unsaturated Zn2+ sites that allow
the simultaneous encapsulation of drugswith diverse physicochemical properties [54]. Hydrophobic
drugs are typically confinedwithin the hydrophobic pores through van derWaals force orπ–π
interactions, whereas hydrophilic or charged drugs can be adsorbed onto the external surface or
coordinated to Zn2+ nodes via electrostatic or coordination interactions. This explanation is supported by
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apervious studybyHaghi et alwhoestablished the co-loadingof thehydrophilic drugdoxorubicin (DOX) and
thehydrophobic compoundepigallocatechin-3-gallate (EGCG) intoZIF-8 framework.Molecular-dynamics
simulations revealed thatDOX interactedprimarily throughelectrostatic forces,while EGCGassociatedmainly
throughvanderWaals interactions, supporting the concept that hydrophilic or chargeddrugs interact via
electrostatic or coordinationmechanisms [55]. ZIF-8has alsobeen shown to improve the stability ofBIBR1532
in aqueous conditions and enhance its cellular uptake, as illustrated infigure 2 [11].

ModifiedMOFs enable the efficient delivery of drugswithdiverse sizes,molecularweights, and chemical
properties.Drugmolecules that are comparable in size to theMOFspores candiffuse into the framework
structure andbe effectively stored throughhost andguest interactions [56].Molecules containing specific
functional groupsmay alsobe encapsulatedby forming chemical bondswith the active sites of the ligands.
Furthermore, peptides andproteinsmacromolecular, canbe incorporated into tunablemetal frameworks [57].

ZIF-8 canbe effectively employed for one-step synthesis anddrugdelivery onlywhen the administered
drug contains anacidic functional group.However,manypotent therapeutics agents lack suchgroups,which
significantly restricts the applicability ofZIF-8 as auniversal drug carrier. Thus, approaches toovercome this
limitation areurgentlyneeded. Inone study,Zhang et al attempted to load cytarabine (Ara) intoZIF-8;
however, due to the absenceof anappropriate functional group, achieving ahighdrug loading capacitywasnot
achievable.

Toaddress this challenge, theyproposed conjugating cytarabine (Ara)with anovel indocyanine green
derivative (IR820) to formaprodrug,whichwas subsequently encapsulatedwithinZIF-8.This innovative
approach substantially enhanceddrug-loading capacity, demonstrating that structuralmodificationsor related
strategies can strengthendrug-carrier interactions andultimately improve the loading efficiencyofmetal–
organic frameworks (MOFs) [58].

2.2. ZIF-8 nanoparticles asmonotherapy and combination therapy carrier
The use of ZIF–8 for the targeted delivery of chemotherapeutic agents to tumour tissues is widely regarded as
one of themost effective strategies in cancer research [59]. ZIF-8 stands out among other zeolite imidazolate
frameworks (ZIFs) due to its numerous advantageous features, particularly its exceptional drug - loading
capabilities and pH-responsive behaviour [60]. Its unique cage-like three-dimensional zeolite -like network
structuremakes ZIF-8 an excellent candidate for awide range of drug delivery applications [61].

Figure 2.Preparation, transfer and bioeffects of drug@ZIF-8. (a)Encapsulating drugwithZIF-8 using one potmethod (b)Transport,
release and drug@ZIF-8 in cancer environment. Reproduced from [11]. CCBY 4.0.

4

Nano Express 7 (2026) 015001 NS. Sadeq et al

https://creativecommons.org/licenses/by/4.0/


Shaoxuan et al employed hyaluronic acid- coated ZIF-8 as a carrier for curcumin, achieving enhanced ther-
apeutic efficacy in breast cancer treatment [62]. In another study,MingxiangXu et aldeveloped a nanosystem
composed of rapamycin-encapsulated ZIF-8with the aimof overcoming chemotherapy resistance [63].

The use of ZIF pores provides a homogeneous and controllable environmentwith a large surface area,
enabling efficient loading of both hydrophilic or hydrophobic drugs [64]. Nanoparticles serve as effective drug
carriers by offering controlled delivery ofmultiple therapeutics, improving physicochemical properties, and
enhancing drug solubility, stability, clearance, targeting, theragnostic capabilities, and combination therapy
outcomes [65]. The nanoparticles-based co-delivery of therapeutic agents offers several advantages over the
administration of a single drug, one of themost significant being the synergistic effect: two drugs can act
through distinct pathways simultaneously, resulting in enhanced tumors cell killing and reduced development
ofmultiple resistance (MDR) [66].

The concept of co-deliveringmore than one drug usingMOFs has been introduced to address the decline in
anticancer efficacy associatedwithMDR. Zhang et al reported the firstmulti-drugMOF-based carrier- PEG-
FA/(DOX+VER)@ZIF-8 systemprepared by co-loading doxorubicin (DOX) and verapamil hydrochloride
(VER) via a one-pot synthesis, followed by surface, the carrier wasmodifiedmodificationwith polyethylene
glycol-folic acid (PEG-FA). The loading capacities forDOXandVERwere approximately 8.9%and 32%,
respectively. Furthermore, the halfmaximal inhibitory concentration (IC50) of PEG-FA/(DOX+VER)@ZIF-8
was significantly lower than that of freeDOXorDOX@ZIF-8 in bothMCF7/AandB16F10 cells lines. Con-
jugationwith PEG-FA additionally enhanced tumor accumulation and improved therapeutics outcomes [67].

Combination therapy extends beyond themere physicalmixing of individual drugs; it provides several
advantages overmonotherapy, particularlywhen a synergistic effect is achieved [68]. Table 1, presents various
therapeutics combination delivered using ZIF-8.When strong synergism is present, lower drug concentrations
can be used, reducing treatment related toxicities [69]. Combination therapy also helps protect normal cells
from cytotoxic effects. Particularly, long-termmonotherapy can drive cancer cells to active alternative survival
pathways, reducing treatment efficacy [70].

By contrast,multidrug treatments increases the likelihood of eliminating all cancer cells, including cancer
stem cell populations responsible for recurrence and resistance. This approach also facilitates targeted treat-
ment of tumour heterogeneity.Multidrug resistance, often driven by the overexpression of efflux transporters
such as P-glycoprotein, is amajor cause of chemotherapy failure. Using a zeolitic framework as a co-delivery
platformoffers significant potential for 1) overcomingmultidrug resistance and 2) enhancing drug- targeting
capabilities [71].

In a study by Sun (2020), heparin-coatedmetal–organic frameworkswere employed as a dual-delivery sys-
tem for doxorubicin and quercetin in the treatment of lung carcinoma. Combination chemotherapy has
emerged as a superior strategy in cancer therapy because it enhances cytotoxicity while reducing adverse effects.
In this study, a hybrid nanoparticle was developed as a targeted carrier for the co- delivery of doxorubicin
(DOX) and quercetin (QUE) for lung cancer treatment. The nanoparticles exhibited no observable toxicity and
significantly increased apoptosis in cancer cells [72].

In another study titled ‘Co-delivery of pirfenidone and siRNA inZIF-based nanoparticles for dual inhibi-
tion of hepatic stellate cell activation in liver fibrotic therapy’, KailiWang and colleagues (2023) examined the
association between liver fibrosis and various liver diseases, including viral infections, alcoholism, and auto-
immune disorders. Their outcomes showed that vitaminA-modified nanoparticles efficiently accumulated in
fibrotic liver tissue and specifically targeting hepatic stellate cell HSCs, thereby enhancing nanoparticle inter-
nalization. These results show strong evidence supporting the potential anti-fibrotic efficacy of the system [73].

Yu et al carefully examined a nanoplatform composed ofHA/ZIF–8@ICG@IMQ for the treatment of cold
tumours. This structure of nanoparticle integrates the photothermal agent indocyanine green (ICG)with the
immune adjuvant imiquimod (IMQ), yielding amarked enhancement in antitumor immune responses and
promoting prolonged immunememory formation [74]. Likewise, Zhang et al preparationZIF-8 framework
nanoparticlesHA/IR820@ZIF–8 andmannan (MAN) / (R837+1MT)@ZIF–8, as shown in figure 3-A [59].

The intrinsic porosity of ZIF-8makes it highly effective for simultaneous encapsulation ofmultiple phar-
maceutical agents. Zhou et al employed a pore space partitioning (PSP) strategy to co-load 5-fluorouracil (5-
Fu) andursolic acid (UA), optimizing the pore architecture of ZIF-8 to achieve a synergistic therapeutic effect.
The 5-Fu&UA@ZIF-8 formulation demonstrated significant greater cytotoxic than either single drug formula-
tions (5-Fu@ZIF-8 orUA@ZIF-8), attributable to the synergistic interactions between the two compounds. As
a results, the co-delivery system exhibited strong anticancer effect against 4T1 cells [75].

Zhou et al employed amethodology known as pore space partitioning (PSP) to achieve effective encapsula-
tion and pH-controlled co-delivery of two guestmolecules, 5-fluorouracil (5-FU) andursolic acid (UA). This
approach optimized the utilization of the pore spacewithin ZIF-8, thereby enhancing the overall therapeutic
effect. Notably, this co-system showed superior cytotoxic efficacy comparedwith the 5individual system, attri-
butable to the synergistic effects of the combined compounds [75].
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Table 1.Demonstrated various formulations of drug-loadedZIF-8.

Authors Drug 1 Drug 2 Anatomy of the cancer Final results References

Yan x et al. (2025) NOdonor L-arginine (L-Arg) H2O2 precursor Vitamin

K3 (VK3)
Breast cancer Both loaded drugs achieved synergistic effect which increase oxi-

dative stress and reacts with L-Arg to produceNO.

[91]

LiD et al. (2025) SaikosaponinA (SSA) doxorubicin (DOX) Breast cancer The co-drugs SSA andDOX facilitates synergistic effect which

mitigating the cardiotoxic effects linked toDOXadministra-

tion. The utilization of ZIF-8 as a co-delivery carrier enhancing

the bioavailability of the therapeutic agents for the treatment of

triple-negative breast cancer (TNBC)

[92]

SheikA et al.(2024) cellulase (CL) enzyme resveratrol (Resv) Breast cancer The results shown that ZIF-8@CL&Resv improves targeted

delivery to breast cancer cells, with a controlled release profile.

This, alongwith reactive oxygen species (ROS) generation and

mitochondrial depolarization, triggers apoptosis.

[93]

KeQet al. (2024) bioenzyme glucose oxidase (GOx) 5-fluorouracil (5-FU) Breast cancer The degradation of ZIF-8, induced by acidity, results in the gradual

release of Zn2+ and agent 5-FUwithin the acidicmicroenviron-

ment tumors. As the protective coating of ZIF-8 diminishes,

releasedGOx leads to the depletion of intratumoral glucose

(Glu), thereby employing a starvation therapy approach.

[94]

Radhakrishnan.K.et al.

(2023)
curcumin (CUR) 5-fluorouracil (5-FU) Breast cancer The synthesizedCUR-loadedCS-coated 5-FU@NZIF-8 exhibited

dimensions conducive to the nanoscale range. This formulation

demonstrated a significantly enhanced cytotoxic effect onMCF-

7 cells, achieving a cell death rate of 83.2%. In comparison, free

CUR resulted in a cytotoxicity of 58.5%, 5-FU alone produced a

60.6% cytotoxicity, and the combination of CUR and 5-FU

without a drug carrier yielded a cytotoxicity of 67.7%.

[95]

ZhanL et al. (2023) glucose oxidase (GOx) doxorubicin (DOX) Breast cancer IntegratedwithGox-mediated starvation therapy, chemo-photo-

thermal therapy by using our designed nanoplatformobtains a

synergistic therapeutic efficiency for restraining tumor growth.

[96]

ZhouZ et al. (2023) ursolic acid (UA) 5-fluorouracil (5-FU) Breast cell the finding presents that codelivery of 5-FU andUAallow

5-FU&UA@ZIF-8 to have good performance against of antic-

ancer 4T1 cells.

[75]

LiuB. et al. (2022) doxorubicin,DOX) indocyanine green, ICG breast cancer The results show the synthesis ofDOX/ZICG-FA composite

improve the targeting specificity to cancer cells and, also have

great value for chemical and photothermal combined therapy.

[97]

MengX. et al. (2022) GlucoseOxide (GOx) Metformin (Met) Breast cancer The results show both drugs loaded had good biocompatibility and

negligible systemic toxicity.

[98]

This novel systemMet/Gox@His/ZIF-8∼RGDapproach exhibits

promisingpotential as an effective strategy in clinic to treat cancer.
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Table 1. (Continued.)

Authors Drug 1 Drug 2 Anatomy of the cancer Final results References

SuY et al. (2022) curcumin (Cur) indocyanine green (ICG) Cancer cell The systemof ICG&Cur@ZIF-8 presented exceptional proficiency

in encapsulating of ICGowing to its superior photothermal

capacity. The co-delivery of dual therapeutic agentsmay bring

multiple opportunities for biomedical application.

[99]

AbdAl-jabbar S. et al.

(2022)
GemcitabineHydrochloride (Gem) Amygdalin (Amy) MCF-7 cells. The results show the encapsulated of both drugsGemandAmy

were released frompH-sensitive drug delivery systems. Also,

BSA-Gem@ZIF-8/Dopa/GAwasmore effective inMCF-7 cells

thanBSA-Gem-Amy@ZIF-8/Dopa/GA..

[100]

Chen et al. (2022) BSAproteins T7RNApolymerase Cancer cell lines (HeLa

andMCF-7).
The results show that the delivery of ZIF-8mediated ofmetal ion-

dependentDNA zyme/light-upRNA transcription amplifica-

tion probes for sensitive live cell telomerase imaging

[101]

ZhangX. et al. (2021) doxorubicin (DOX) phototherapy agent of indocya-

nine green (ICG)
Breast cancer The results indicated that the drug had a high payload ratio, a sus-

tained release, low side effects and a good tumor suppression

effect. Upon laser irradiation, ICG inDIMPproducedROS and

rise the temperature in tumor site, which improve of efficacy

than free ICG.

[102]

SinghR. et al. (2021) doxorubicin (DOX) cyclophosphamide (CP) MCF-7 andMDA-MB-

231 breast cancer cell

The finding presents that theDOX@ZIF-8/GO–FA/CPhave a

synergistic cytotoxic effect compared to the combination of

both the drugs without ZIF-8/GO–FAwhen treating breast

cancer cell lines

[103]

MengX et al. (2021) disulfiram (DSF) doxorubicin (DOX) Breast tumor The finding showed that the constructed system enhances the

combination therapy and, also, provide a new strategy for using

existing drugs combiningwith traditional chemotherapeutic

agents to battle cancer.

[104]

FuX. et al. (2021) Doxorubicin (DOX) peptide (i.e., H4R4) HeLa and 4T1 cells The results show thatDox andH4R4@ZIF-8 have confirmed a

considerable enhance of drug delivery by facilitating escape

from endosomes and lysosomes.Dox&H4R4@ZIF-8 could

pointedly inhibit the tumor growthwhile showing a slight sys-

tem cytotoxicity.

[105]

SunX. et al. (2021) doxorubicin (DOX) indocyanine green (ICG) 4T1 cells, U87MGcells,

andA549 cells

The development of the high-performanceH-PMOFnanoplat-

formprovides new insights into the design ofMOF-basedmul-

tifunctional nanomedicines for the combination of cancer

therapy and precise therapeutics.

[106]
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Table 1. (Continued.)

Authors Drug 1 Drug 2 Anatomy of the cancer Final results References

ChenX. et al. (2020) Green tea polyphenols, namely, (–)-epigallo-
catechin-3-gallate (EGCG)

doxorubicin (DOX) MouseHeLa tumor

model,

Photothermal-chemotherapy could ablate the tumorwith a sig-

nificant synergistic effect and potentiate the anticancer efficacy.

Thus, the results indicate that EZPPD renders the pathway of a

clinically promising candidate that utilization in antitumor

treatment.

[107]

FangC. et al. (2020) indocyanine green (ICG) Tirapazamine (TPZ) 7702 normal cells and

Huh7 cancer cells

The results provide a significant effect against cancer cell, in both

vitro and in vivo, is achieved due to the combined effects of

intracellular ROS,H2S and activated TPZ enabled byZSZIT

nanoparticles. This result has shown ahighly potential platform

that enables gas-amplified cancer therapywith high efficacy

[108]
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Combination therapy also offers the advantage of protecting normal cells fromharmful effects while exert-
ing enhanced cytotoxicity toward cancer cells [76]. In principle, an effective drug combination demonstrating
strong synergy can be developed from individual agents that displayminimal or no efficacywhen administered
alone.However, retrospective analyses indicate that single agents with strong intrinsic activity frequently exhi-
bit significant therapeutic benefitwhen used in combination.Notably, when both drugs are highly potent, the
resulting combinationmay be less synergistic yet still provide a significant therapeutic advantage [77].

An essentials procedure are demandwhendesigning an effective combination system to understanding the
mechanisms underlying resistance to anticancer drugs and improving clinical outcomes [78]. Common altera-
tions in signalling pathways in response to cytotoxic and targeted therapies include dysregulation of apoptosis,
cyclin-dependent kinases, tumor suppressor genes, and growth factors [79]. By targeting thesemultiple path-
ways, combination therapies aim tomaximize selective cancer cell deathwhile diminishing adverse effects [80].

2.3.Uptakemechanisms of ZIF-8
Various strategies have been explored tomodify the surface of ZIF-8 carrier for targeted drug delivery in cancer
therapy. The conjugation of ZIF-8 surfacewith targeting ligands arewidely employed techniques. These ligands
selectively recognize and bind to receptors overexpressed on cancer cells, thereby enhancing uptake of
nanoparticle [81, 82]. This targeted delivery approach ensures that therapeutic agent is directed to the tumor
site and taken up by cancer cells, similar to a navigation systemguiding the treatment. For instance, ZIF-8
nanoparticles can bemodifiedwith ligands that enhance their recognition anduptake by specific cancer cells,
increasing the effectiveness of chemotherapeutic drugswhile reducing side effects. Thesemodified nanocarriers
enter tumor cells primarily through receptor-mediated endocytosis, as see in figure 3(B). Therefore, attaching
targeting ligands to ZIF-8 surface greatly enhances the accuracy and efficiency of drug delivery in cancer
treatment [34].

3. Limitations influencing drug loading efficiency

The limitations ofMOFs have been addressed using numerous investigations. One of these studies focused on
utilization of intelligent techniques tomodify the surface andmorphologies of theseMOFs. Researchers have
employed twoprimarymethods for the post-syntheticmodificationMOFs andmanipulated their surface
chemistry [83].

Figure 3. Illustration of the someZIF-8 nanoparticles applications in dual drug delivery. Reproduced from [59]. CCBY 4.0.
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The first technique involves, coordinating functional groupswith themetal-binding sites of theMOFs. This
method is particularly suitable for largemacromolecules such as polysaccharides and polymers that possess
functional groups such as -COOH,NH2, andC=O.These Functional groups have a perfect ability to electro-
statically interact withMOFs and facilitate targetedmodification.

The second approach involvesmodifying the linkers ofMOFs to incorporate functional groups [84]. How-
ever, it is important to note, that this approachmay influence themorphology of the resultant product or
reduce its yield. These twomethods lack selectivity, and simultaneously increase the size of theMOFswhen
coordinatingwithmacromolecules, which limits their practical application. Therefore, there is a critical need
for selective functionalizationmethods to effectively introduce different functional groups ontoMOFs [85].

However, the use ofmetal organic framework as drug carriers presents an interesting opportunity to over-
come these limitations. These frameworks have the ability to stabilize drugs through encapsulation process or
attachment to their surface, thereby facilitating their enter into cell and enabling, precise delivery to a specific
population of cells, resulting in targeted therapy.Moreover, these nanomaterials offer the advantage of con-
trolled release at the intended target site, ensuring optimal drug efficacy andminimizing undesirable side
effect [86].

Another interested features related toMOFs are capable to control particle size during synthesis. By
increasing the ligand-to-metal ratio, excess ligands can effectively coat the crystal seeds, thereby preventing
their interactionwithmetal ions. Consequently, the hindered crystal growth due to an abundance of ligand
results in the formation of smaller size ofMOFparticles. An alternative strategy formodulating the particle size
of synthesized theMOFs involves the incorporation ofmodulating agentwithin the synthesis system. This
agent served as a buffer for the ligands, enhancing the interaction between themetal and ligand [87].

Different techniques can be used for drug loadingwithin framework such as physical entrapment, covalent
bonding, and host–guest interactions asmentioned previously. Physical encapsulation, utilizing adsorption
and capillary force, leveragesMOFporosity to enhance drug loading, while optimizing the dimension of pore
size boosts the loading capacity [88]. Covalent bonding anchors drug’s functional group to the end group over
MOFs surface for better retention and controlled release [89]. Final techniques is host–guest interactions,
meanwhile, are influenced by external stimuli factors such as pH and temperature. The drug loadingmech-
anismdepends on the physicochemical properties of both the drug and the framework, including pore size and
desired release kinetics,makingMOFs effective candidates for (DDS) [90].

4. Types of drugs for cancer treatment

Chemotherapy remains themost commonly used treatment for cancer, anddoxorubicin (DOX), 5-fluorouracil
(5-FU), cis-platinum, camptothecin (Cam), paclitaxel (PTX), dichloroacetate (DCA), and curcumin (CCM)
are frequently administrated drugs.Notwithstanding their usage, these drugs suffer from limitations such as
inadequate solubility. UtilizingMOFs or their composites has proven efficacious in delivering these drugs
[109]. Based on their solubility, chemical drugs can be classified into three groups, hydrophobic, hydrophilic,
and amphiphilic [110]. Previous study has demonstrated that ZIF-8 can encapsulate hydrophilic and
hydrophobic drugs. Furthermore, drug ligands or linkers can be attached to the external surface of themetal–
organic frameworks (MOFs) to enable combination therapy ormultimodal treatment of cancer [111]. As
shown in table 2.

Table 2. Shows different drugs can be loading by ZIF-8 in different techniques.

Type of drugs loading by ZIF-8 Nature of drugs Loading capacity Synthesis techniques

1 doxorubicin (DOX) [112] hydrophobic drug 20% one-pot synthesismethod

2 natural physcion (PHY) [113] hydrophobic drug 11.49% nano-precipitation technique

4 Curcumin (CCM) [114] hydrophobic drug 40.2% one-pot synthesismethod

5 Fluorouracil (5FU) [115] hydrophilic drug 16.45% one-pot synthesismethod

6 Indocyanine green(ICG) [116] hydrophilic drug 16.8± 3.1 one-pot synthesismethod

Cyanine-5.5- (Cy5.5) hydrophobic drug 4.1± 0.8

7 Caffeine [117] Amphiphilic drug 28.1± 2.6% one-pot synthesismethod

25% impregnationmethod

8 6-mercaptopurine(6-MP) [118] Amphiphilic drug — one-pot synthesismethod
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5.MOFs (ZIF-8) surface functionalization techniques

Comprehending the general interactions betweenMOFs and functionalmolecules is fundamental for effective
surfacemodification. Covalent functionalization establishes stable chemical bonds, whereas non-covalent
approaches exploit weaker offering reversibility and flexibility. Overall, surfacemodification enhancesMOFs
colloidal stability, targeting efficiency, loading capacity, and controlled release behavior [119]. However, some
disadvantages, including cytotoxicity and diminished biocompatibility, should be taken into consideration. A
comprehensive understanding of both the benefits and limitations of external surface adjustment is imperative
for the rational design forMOFs in biomedical field [120].

Two techniques can be conducted onMOFs crystals to function on the surface 1) coordinationmodulation,
which includes functionalization theMOFs via synthesis, and 2) post-syntheticmodification (PSM), where
functionalization occurs after the crystallinematerial has been produced [121].

These delivery systemsmust consist of carriers without any toxicity and exhibit specific attributes, includ-
ing controlled release (as opposed to sudden release), high drug load capacity and efficiency,manageable degra-
dation, potential for surfacemodification, and detectability using a range of imaging techniques. Recently, the
implementation ofMOFs in drug delivery systems has attracted considerable interest among researchers due to
their inherent properties and easy functionalization [122].

MOF surface properties, such as the charge of theMOFs surface, hydrophilicity or hydrophobicity and
ligands connect to the surface, have an important impact on their interactionwith livingmedia. To enhance the
biological compatibility ofMOFs, scientists have suggestedmodifying the surface functionalization to improve
the intracellular fate and cytotoxicity ofMOFs [123].

Functionalization techniques involves the augmentation ofmaterials by incorporating new functions, fea-
tures, capabilities, or properties bymodifying in their surface chemistry [124]. In addition to possessing a sub-
stantial cargo loading capacity,materialsmust satisfy other criteria to achieve precise functionalitywithin a
living organism. These requirements include high biocompatibility, prolonged circulation time, and the ability
to evade the immune system.Metal–organic frameworks (MOFs)possess these advantageous characteristics,
thereby facilitating their entry into the bloodstream and enabling passive delivery to lesion sites via the
enhanced permeability and retention (EPR) effect.However, relying solely on the EPR effect for drug accumu-
lation at the lesion sites presents certain limitations. Consequently, alternative strategies are required to
enhance drug accumulation [125].

An alternative approach for functionalizingMOFswhile reducing toxicity included the design of functional
molecules as essential building blocks. Several reactive chemical groups in biomolecules are capable of coordi-
natingwith inorganicmetals [126]. The pore size of the zeolite poresmust be adjusted based on specific drug
requirements. Furthermore, the difference in hydrophilicity between zeolites and drugsmay affect the loading
capacity although this hurdle can be overcome bymodifying the zeolite surface. Thus, the zeolite surface can be
tailored according to the specific cargo required for delivery [127].

MOFs can be functionalized using two techniques, in situ and post -synthesis functionalization.

5.1. In situ functionalization
The incorporation of guest species within the pores ormatrices ofMOFsmaterials, such asMOFs, significantly
enhances of their physicochemical properties [128]. It is essential to consider factors such as size and shape
matching between themesoporous channels and guestmolecules for successful host- guest interactions [129].

Effective encapsulationmay still be achievable evenwhen the pore dimensions of the hostmaterial are
inferior to the dimensions of the guestmolecules. Additionally, the strength of host–guest interactions influ-
ences the easewithwhich guests can enter the host framework and their orientationwithin the pores [130].

Twomainmethods are commonly used tomodulate the coordination inmesoporous synthesis: functiona-
lization during synthesis and post-syntheticmodification (PSM) after crystallization. Coordinationmodula-
tion techniques include introduction amodulator, amonodentate ligand, into the reactionmixture to compete
with the bridging ligands formetal coordination of during crystallization. Thismodulation can either facilitate
or impede crystal growth by affecting the coordination equilibriumof theMOFsmaterial [121], as shown in
figure 4.

Themodulation coordination strategy involves the alteration of the external surface characteristics ofmetal
organic frameworks (MOFs) through the combination of amonodentate ligand, referred to as amodulator,
into the reactionmedium. Thismodulator exhibits a chemical structure analogous to that of polydentate
ligands and competes for coordinationwithmetal ions during theMOFs crystallization process. The introduc-
tion of themodulator perturbs the coordination equilibriumby competing themetal ionswith the bridging
ligands present in themetal ions. As a result, themodulator can either promote or inhibit crystallization.
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In situationswhere crystal growth is facilitated, themodulator assumes a regulatory role in the crystallization
process [131].

Ross Frgan (2020) represents a category of coordination polymers includingmetal ions or clusters that are
interconnected by organic struts. These compounds have garnered significant attention in the field of chem-
istry andmaterial science, resulting in the publication of thousands of structures. Themodulated self-assembly
approach, which involves the incorporation ofmodulatormolecules via synthetic combinations, has emerged
as a fundamental technique for synthesis of theMOFs. Thismethodwas developed to enhance crystallinity,
regulate particle size, induce defects, and selectively form specific phases [132].

5.2. Post Synthesis Functionalization
Post-syntheticmodification is a process that aims to alter the surface ofMOFs or create newmaterials through
the incorporation of organic functionalmoieties and crosslinking agents ontoMOFs particles. The objective of
thismethodology is to reduce the quantity of functionalizedmaterials utilized, while preserving the essential
characteristics ofMOFs, including elevated crystallinity, substantial surface area, and a structural composition
characterized by uniformmetal–ligand bonds [133, 134].

BecauseMOFs are synthesized through the coordination of organic linkers withmetal ions, amodification
strategy entails directing alterations towards the organic linker within theMOFmolecules. For example, Xie
et al studied the covalent attachment ofNH2–poly (ethylene glycol)modified folic acid (PEGFA)with an amino
groupwithin ZIF–90 via aldimine condensation. The resultantmodified nanoparticles displayed enhanced
biocompatibility and effective targeting of cancer cells [135].

The procedures of post- syntheticmodification (PSM)were initially proposed in 1999 by Lobkosky et al and
Kim et al as strategies for functionalizing the internal porosity ofMOFs.However, it was not until 2007, follow-
ing the introduction of the term ‘post-syntheticmodification,’ byCohen andWang, that the field commenced
its substantial expansion. Furthermore, these PSM techniques can also be employed tomodify the external
surfaces of crystals [136].

Alves et al (2021) applied the ‘click’ PSM techniques to functionalize the surface ofMOFwith folic acid
ligand, facilitating the precise delivery of curcumin, an anticancer drug agent, to tumour cell [137].

Wang et al (2018)demonstrated a distinctivemethod for the adaptable and reversible functionalization of
theMOFs by the applying the phenol-inspired lipidmoleculeDPGG. This technique effectivelymaintains the
structural integrity and porosity ofmetal organic frameworks, thereby opening up newopportunities for
designing functionalmaterials inspired byMOF for a range of applications [138].

In post synthesismethod, drugmolecules are positioned on theMOFs surface. Thesemolecules act as con-
nectors for pre-synthesizedMOFs. The interaction implied by this approach encompasses chemical coordina-
tion and covalent bonds betweenmetal nodes and organic linkers and the employed cargo.Moreover, these
post synthesis techniques retain their unalteredMOFs structures [139].

Figure 4.Techniques for the Synthesis ofMetal–Organic Frameworks (MOFs): (A)Technique of the one-step synthesismethod and
(B)Technique of the post-synthesismodificationmethod.
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5.3. Toxicity, Long -term stability and biodegradability of surface-functionalizedMOFs in drug delivery
systems
The nanoparticle surface serves as an essential interface for interactionswith biological systems. In the case of
theMOFs the physicochemical properties strongly shape their behaviour in vivo, including biodistribution,
organ accumulation, and routes of clearance [140], as illustrated in figure 5.

For example, the prolonged retention ofHKUST-1 and its degradation products in different tissues raises
important safety concerns. The excessive deposition of copper deposition is in all probability leading to inter-
ferencewith physiological homeostasis, leading to chronic oxidative stress, inflammation, and eventual tissue
damage.Organs such as the liver and kidneys are particularly vulnerable, as constant exposure to elevatedCu2+

levels can impair normal function and contribute to toxicity-related disorders [141].
The important properties ofMOFs that are indicting to being responsible for biocompatibility, including

the particle size,morphology, and hydrophobicity. A comparative study byWagner et al examined the toxicity
of two structurally distinctMOFs,MIL-160 andZIF-8.MIL-160 displays a cubicmorphologywith sharp edges,
whereas ZIF-8 adopts a smoother, flower-like structure. Although bothmaterials exhibit relatively uniform
particle sizes (8–10 μMforMIL-160 and 1–2 μMforZIF-8), the smaller particles demonstrated a higher surface
area and correspondingly increased cytotoxicity.Moreover,MIL-160 sharp-edgedmorphologymay further
contribute to cellular damage.Hydrophobicity also plays an important role, as it canmodulate how these nano-
particles interact with biological environments and influence their overall safety profile [142].

To alleviate the cytotoxic activity ofMOFs amore biocompatiblematerial can be derived from those exist-
ingMOFs by post-syntheticmodification techniques and also by rendering it biocompatible through the func-
tionalization of thoseMOFswith specific ligands.Onemethod of biocompatibilizing theMOFsmay include
themodification of their structureswith those of polyethylene glycol (PEG)whichmay be used to enhance the
biocompatibility ofMOFswhileminimizing the toxic effects of saidMOFs thus rendering themost suitable for
applications in drug delivery. The introduction of amino acids, peptides and proteinsmay significantly
improve the biocompatibility and decrease the cytotoxicity. The size of the pores of theMOFsmay be impli-
cated in this factor since diminutive pore diameters will also limit the ability ofmetabolism and the diffusion of
oxygen to the cells and increase cellular stress and toxicity [143].

Zhang et al studied the pulmonary toxicity ofUiO-66, ZIF-8, andHKUST-1, and evaluated the oxidative
stressmechanisms and inflammation induced by theseMOFs. The results of the study showed thatHKUST-1
induced significant cytotoxicity, oxidative stress, and apoptosis in lung cells, whereasUiO-66 andZIF-8

Figure 5. Schematic illustration routes ofMetal organic framework administration. Reproduced from [147]. CCBY 4.0.
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exhibitedminimal toxicity. The study also found that copper ions released fromHKUST-1 can cause damage to
cellular structures and processes, leading to various toxic effects [144].

MOFs often exhibit weak stability, especially in aqueous environments, under acid/base conditions, with
changing thermal conditions, andmechanical. The stability ofMOFs is important as they intended for practical
use. To address this challenge, considerable effort has been directed toward enhancing the stability ofMOFs,
resulting in noteworthy advancements in recent years. The degradation ofMOFs inwater vapor or liquidwater
typically involves a sequence of substitution reactions, whereinmetal-coordinated linkers are displaced by
watermolecules or hydroxide ions. Therefore, strengthening the coordination bonds between the secondary
building units and organic linkers has emerged as a pivotal strategy for enhancing the stability ofMOFs
[145, 146].

5.4. Pharmacokinetics and in vivoperformance of surface-functionalizedMOFs in drug delivery systems
Surface functionalization plays a pivotal role inmodulating the pharmacokinetics and in vivo performance of
nanocarriers [148]. One of themost noteworthy ofMOFs is their ability to release cargo at environment-
responsive. Bymaintaining drug concentrationwithin the therapeutic window,MOFs address challenges in
conventional pharmacokinetics that require frequent dosing to offset rapid clearance by the kidneys and liver.
Their tunable porosity and responsiveness to stimuli such as pH, light, or ultrasound enable controlled,
sustained drug release, thereby enhancing therapeutics efficacywhileminimizing dosing frequency and adverse
effects [9].

MOFs nanoparticles have been extensivelymodified to improve their behaviour in vivo [149]. Suchmod-
ification enhances aqueous dispersibility,minimize plasma protein binding, evadesmacrophage clearance, and
enables targeted cellular interactions.Moreover, coatingMOFs surface can be engineered to absorb specific
wavelengths for photothermal conversion, catalyse the generation of reactive oxygen species (ROS) reactions to
produce reactive oxygen species (ROS), and enhance detectability through imaging techniques such as photo-
acoustic imaging,MRI, andCT [120].

By coating surface of ZIF-8with hydrophilic polymers such as polyethylene glycol (PEG) or poly-
vinylpyrrolidone (PVP) colloidal stability of framework is increased and aggregation is prevented under phy-
siological conditions. The toxicity of the framework is also reduced [150]. PEGylation also imparts ‘stealth’
characteristics thatminimize recognition and clearance by themononuclear phagocyte system, resulting in
prolonged blood retention and enhanced tumor accumulation via the enhanced permeability and retention
(EPR) effect [151].

Similarly, ligand functionalizationwith targetingmoieties such as folic acid, RGDpeptides, or antibodies
facilitates receptor-mediated uptake, increasing localizationwithin tumor tissueswhile reducing off-target
deposition in healthy organs [82]. In addition, biomimetic coatings using cellmembranes or proteins canmod-
ulate biodistribution and immune evasion, further improving in vivo therapeutic efficacy such as targeting and
cell interactions [152]. Collectively, these functionalization strategies optimize important parameters such as
pharmacokinetic profile, biological stability, and targeted delivery of ZIF-8-based systems in cancer ther-
apy [81].

6. Challenges and current Limitations ofMOFs applications

Nanocarriers are required to be stable, resistance to aggregation, and able to retain drugs until a target site is
reached. The stability of nanocarriers is important to prevent any compromise in vivo efficacy. The stability of
nanocarriersmust be determined as part of the characterization [153]. Zeolites exhibit properties of
considerable interest in the biomedical field, such as prolonged biological stability and the ability tomodulate
functions of immune system. These properties have attracted considerable attention in this area.Moreover,
zeolites hold promise forDNAdelivery to cells, itmay be achieved through endocytosis by cellular
internalization.However, the problemof cytotoxicity associatedwith zeolites in concentrations above 30 μg is a
considerable restriction against their use established by the preceding studies. For example, erionite is
implicated in the promotion of carcinogenesis. Nonetheless, this adverse characteristicmay be exploited
therapeutically in cancer treatment by leveraging the antiproliferative and proapoptotic properties of zeolites
[127]. In conclusion, ZIFs showpromise for the development of functional nonarchitectures with diverse
applications. Although they possess unparalleled advantages, there is a need for increased emphasis on the
execution of in vivo investigations, particularly for assessing their biocompatibility and toxicity. BecauseMOFs
are degradablematerials, there is a need to gather additional data on theirmechanism andmetabolic properties
within the body to gain a comprehensive understanding [58].

The stability ofMOFs during synthesis is considered as an important parameter, particularlywhen used in
drug delivery.Numerous strategies can be conducted to improve the stability ofMOFs, including
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functionalization and selection appropriate compositions and structures. Therefore, when usingMOFs, it is
also important to examine their surfacemodification and their ability to control particle size distribution. As a
result of these surface alterations,MOFs becomemore stable, and drug delivery can be enabled through differ-
ent physiological barriers as well [154].

In the biological field,MOFs have several significant advantages in the early stages of its use. To facilitate the
widespread adoption of these technologies in the field nanomedicine, a number of challengesmust be system-
atically overcome [155].

One of these challenges is the formation of nontoxicMOFs characterized by outstanding chemical stability,
high biocompatibility, and optimal pore dimension. These characteristicsmust be carefully consideredwhen
incorporatingMOFs into drug delivery systems to ensure the production of safe framework nanoparticles. To
address this issue,metals with low toxicity such as iron, zinc, calcium, andmagnesium,which are commonly
used in the construction of biocompatibleMOFs, are essential for bodily functions [156].

Nevertheless, the primary obstacle in realizing this potential resides in progressingmethodologies to
enhanceMOF characterisation , demanding the fulfilment of the following prerequisites: (i)Biocompatibility
(ii)Achieving high loading and protection of drugmolecules (iii)Prevention of premature release before reach-
ing the target (iv) facilitating effective cellular uptake (v)promoting efficient endosomal escape (vi) attaining
controllable release rate to achieve optimal local concentration (vii) targeting the cell. Outer surface functiona-
lization is essential tomeeting these requirements. Depending on the specific case, thismay involve better
anchoring the drug, enhancing of the biocompatibility of theMOFparticle, or facilitating tracking of itsmove-
mentwithin the body [121].

Furthermore, it is crucial to have precise control over the size ofMOFparticles.MOFs particles dimension
has a deep influence on their interactionwith living cells, including processes such as cellular endocytosis and
systemic circulation dynamic. In the context of drug delivery, it is imperative to explore the degradationmech-
anismofMOFs. Additionally, efforts should focus on the development ofmultifunctionalMOFs structures
specifically designed for targeted therapies that capable of facilitating sustained drug release. This approachwill
enhance the customization ofMOFs for diverse treatment requirements, thereby improving the treatment out-
comes.Moreover, although preliminary in vitro and in vivo studies have suggested the relative safety ofMOF,
investigations pertaining to their long-term chronic toxicity,metabolic pathways, and elimination behaviours
remain significantly under-explored [157].

The biostability ofMOF is a critical consideration, as theymustmaintain stability within the biological
environment to prevent premature degradation prior to drug release. Regarding toxicity,MOFsmust be non-
toxic to cells and tissues to ensure their safety. Addressing these challenges namely, ensuring biostability, bio-
compatibility, and economic viability is imperative for the successful translation ofMOFs into clinical applica-
tions [147].

7. Future perspective and conclusion

This research emphasizes onMOFs advantages in general andZIF-8 in particular, in advancing combination
anticancer therapy and improving current treatment limitations. combined drugwithinMOFs offers clear
advantages, such as achieving of synergistic drug interactions and improvement of therapeutic effectiveness,
further studies are needed to determinewhetherMOF-based combination therapy truly outperforms other
nanocarriers in vivo application. Challenges still available, especially in prolong impregnation of ZIF-8 under
physiological conditions, whereas the limited understanding of the biodistribution and pathways of
degradation, or of potential toxicity associatedwithmetal ion release. Addressing these issues is essential for
translatingZIF-8–based systems from laboratory research to clinical use.Despite these obstacles, ZIF-8 remains
to stand out due to its environmentally friendly and low cost-effective synthesis routes, good porosity, high
surface area, tunable chemistry, biocompatibility, and pH-responsive drug-release behavior. Also, surface of
ZIF-8 can be easily functionalizedwith various ligands,metals, or polymers, further enhancing loading
efficiency and enabling the design ofmultifunctional therapeutic platforms. These featuresmake ZIF-8 a
fascinating candidate for applications not only in drug delivery, but also in imaging, sensing, and tissue
engineering. Looking ahead, integrating dual or evenmultidrugwithin ZIF-8 nanoparticles offers a promising
approach for designingmore powerful and accurate anticancer therapy. By leveraging its capacity tomodulate
release kinetics and reduce off-target toxicity, ZIF-8 carriersmay substantially improve therapeutic outcomes.
Continued research into optimizing structural stability, diminishing toxicity, and deepening in vivo
understandingwill be key to unlocking the full biomedical potential of this versatilematerial
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