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Researchers have developed dozens of cancer treatment strategies to address the high proportion of
cancer deaths in total deaths. However, the treatment of cancer inevitably has various drawbacks and
sequelae. Drug delivery systems (DDSs) provide hope for addressing issues such as early release in cancer
treatment, as they have active ingredients with controllable doses and delivery kinetics (Al). Metal organic
frameworks (MOFs) offer various possibilities for constructing drug delivery systems: organic ligands serve
as carriers, metal ions serve as attachment sites, and self-assemble through ligand binding to adaptive
structures, exhibiting excellent biocompatibility, biodegradability, high cancer cell toxicity, and low normal
cell toxicity. Zinc-based MOFs are some of the MOFs. It is very important to choose zinc-based MOFs that
have good inhibitory and diagnostic effects on cancer as drug delivery carriers. Although numerous
studies and reviews have explored the application of zinc-based MOFs in drug delivery, they typically only
cover one aspect. In contrast, we hope to focus on the application of zinc-based MOFs in various cancer
treatments, including: (1) chemotherapy, (2) photodynamic therapy, (3) photothermal therapy, (4) chemical

Received 14th August 2023, kinetics therapy, (5) sonodynamic therapy, (6) immunotherapy, (7) gene therapy, (8) hunger therapy, and

Accepted 24th September 2023 (9) two or more combination therapies. This paper summarizes the application of zinc-based MOFs in
DOI: 10.1039/d3ma00545¢ cancer treatment and discusses their advantages, disadvantages and application prospects. At the same
time, a review was conducted on the synthesis of typical Zn-MOFs, with the expectation of better in-

rsc.li/materials-advances depth research on Zn-MOFs.

1. Introduction

Today, malignant tumours are one of the most common causes
of death in humans. To address this challenge, researchers
have developed more than a dozen cancer treatment strategies
in recent decades, such as surgical resection, chemotherapy,
and light therapy, among others. As medical research technol-
ogy continues to advance, the development of new anti-tumour
drugs has increased, improving the treatment of many tumours
and their efficacy. At the same time, with the deepening of
people’s understanding of tumours, related anti-tumour drugs
have been constantly developed, and the variety of drugs used
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has become increasingly rich. Therefore, anti-tumour drugs have
very promising development prospects in oncology medicine.
However, there are still some limitations to improving oncology
treatment with drugs, such as resistance to chemotherapeutic
agents,' inefficient drug delivery to solid tumours,” and the
efficacy of photodynamic therapy (PDT) being limited by hypoxic
tumour parenchyma, to name a few. Therefore, it is crucial to
develop a variety of new strategies to address the impediments to
cancer therapy.

Nanomaterial-based modification strategies represent a way
to improve the limitations of various cancer treatments. Among
them, metal-organic frameworks (MOFs) are a new class of
nanoporous coordination polymers self-assembled by coordina-
tion bonding with organic ligands as supports and metal ions as
connectors. They are a good choice as a carrier for the delivery of
substances such as drugs, photosensitisers and contrast agents.
They are also widely used in sensing,’ catalysis," magnetism,’
and gas storage.® In addition, metal-organic frameworks (MOFs)
have been tremendously used in cancer therapeutic applications.
In recent years, researchers have published many reviews on
different types of MOFs in cancer therapy.” However, there are
few reviews reporting the use of zinc-based MOFs for various
types of cancer therapy, which limits the progress of research in
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(A) Research history of Zn-MOFs in cancer treatment. (B) Publications and citation frequencies of articles retrieved from international academic

databases on the use of ZIF-8 for oncology treatment from 2012 to 2023. (C) The pie chart shows the percentage of the various Zn-MOFs in

the literature.

cancer therapy. Zinc is widely used in dermatology for its anti-
dandruff, astringent, anti-inflammatory and antibacterial
properties.” Also, zinc with low toxicity is an ideal candidate
for the preparation of zinc-based MOFs for use in biological
systems, especially for use as drug carriers.® Since the first zinc-
based MOF (i.e., MOF-2, as shown in Fig. 1A) was reported by
Yaghi’s group in JACS in 1998,° the research on zinc-containing
MOFs has developed rapidly in the following decades. During
these decades, MOF-74,'° MOF-5,"! ZIF-8,"> and ZIF-11,"> among
others, were successively reported. In the last decade, one Zn-
MOF after another has been synthesised and published, and Zn-
MOF derivatives applied in cancer therapy have been gradually
enriched (e.g, Fig. 1A). To this end, we have listed in chronolo-
gical order the following representative Zn-MOF derivatives used
in cancer therapy in the last four years: BSA-MnO,/Ce6@ZIF-8,"”
ZIF-8 NPs,'® 0,@Hb@ZIF-8," Pd(H)@ZIF -8@AP,*° HZ@GD,**
FZIF-8/DOX-PD-FA,?* PDA-MB-CAT-ZIF-8,>* AIPH/PDA@CuS/ZIF-
8,%* ACD,* and RhI-DOX-GOD@ZIF-90.>° Among them, ZIF-8, a
Zn-MOF, has made the most rapid progress in cancer therapeu-
tic applications (e.g., see Fig. 1B and C).

Compared with other metal-organic frameworks (MOFs),
the unique features of Zn-based MOFs for cancer therapy are
as follows: (1) Zn-MOFs with low toxicity and easy biodegrad-
ability have little effect on the human body."® (2) Most of the
Zn-MOFs have excellent pH-responsive controlled drug release
properties and can release drugs with single or multiple stimu-
lus responses, which is helpful to overcome the limitations of

© 2023 The Author(s). Published by the Royal Society of Chemistry

cancer therapy such as releasing too much drug too quickly."?
(3) Some Zn-MOFs can prevent the aggregation and self-
destruction of PSs and ROS, which makes them ideal nanoma-
terials for effective loading of PSs (photosensitisers) or used as
PSs.'* (4) The chemical structure of Zn-MOFs allows them to be
embedded in a wide range of biomolecules used for therapeutic
purposes, such as enzymes, DNA, proteins and other biological
macromolecules used for cancer therapy through simple synth-
esis. Also Zn-MOFs can combine single/multiple cancer thera-
pies with imaging techniques (e.g. magnetic resonance imaging)
to achieve the integration of cancer diagnosis and treatment,
which greatly improves the accuracy and effectiveness of tumour
treatment. For this purpose, we have also compiled the anti-
cancer activities of Zn-MOFs with other metal-organic frame-
works (Fe-MOFs, Cu-MOFs, and Hf-MOFs) in Table 1, in the
hope that it will be easier for the readers to understand.
Among the reviews on Zn-MOFs published in the last five
years, a systematic review summarising single/multiple stimu-
lation of Zn-based MOF drug carriers from the perspective of
pH response reported in the last 20 years was conducted by Liu
et al."® whereas Rashda Safdar Ali et al. reviewed and sum-
marised the methods of fabricating different Zn-MOF-based
sensors and their applications in early cancer diagnosis and
treatment."® Unlike them, this review concentrates on exploring
the synthesis of Zn-MOFs and their advances in cancer che-
motherapy (CT), phototherapy, chemodynamic therapy (CDT),
sonodynamic therapy (SDT), immunotherapy, gene therapy,
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Table 1 Typical examples of the anticancer activity of Zn-MOFs versus other MOFs containing different metal ions
Metal-based
MOFs MOF composite Type of therapy Anticancer efficacy Ref.
Zn-MOFs BSA-MnO,/Ce6@ZIF-8 PDT 79% inhibitory effect on HeLa cells 17
RhI-DOX-GOD@ZIF-90 CT/starvation  Cancer cells (4T1 cells and HCT116 cells) showed less than 20% cell viability, optimal 26
therapy anti-tumor effects in tumor-bearing mice after 14 days
CMC/5-FU@MOF-5 CT More than 90% cytotoxicity at 0.156 ug mL~ " in 24 hours 29
Au@ZIF-8/DOX CT/PTT 82% MCF-7 cytotoxicity at 50 ppm Au@ZIF-8/DOX+NIR 87
Fe-MOFs MOF-MB-DHA@PLA@ CT/PDT The tumor inhibition rate was 96%, and the activity of cancer cells decreased to 17.6% 131
PEG (MMDPP)
Fe;0,@Bio-MOF-FC CT The cell viability of NIH-3T3 and MDA-MB-231 were 66% and 62% at 24 h and 48 h, 132
respectively
MOF-S-S-OVA@CpG Immunotherapy Causing approximately 67% of the E.G7-OVA cell death 133
Au@Fe(BTC);(H,0)s  CT/PTT More than 80% of the exposed cells died after 10 h of culture and less than 10% 134
survived after 4 min of irradiation
Cu-MOFs Cu-MOF/MTX@GM CT MTX encapsulation amount was 68%, and survival rate of MCF-7 cells was only about 135
23% after 48 hours
H,S-activated HKUST-1 CDT/PTT 79% death of HeLa cells at 50 mg mL 1 HKUST-1, 83% of tumor inhibition ratios, and 136
thermal conversion efficiency of up to 45.7%
PS@MOF-199 NPs PDT The tumour shrinkage rates of TPAAQ- and Ce6-containing MOF-199 NPs were 45% 137
and >60%, respectively, higher than those of 27% and 37% for bare Ce6 and TPAAQ
Hf-MOFs DBBC-UiO PDT At 750 nm, 94% of MCF-7 cells died and the tumour volume in nude mice almost 138
completely disappeared at 15 days
Hf-DBP MOFs/MOLs  PDT Hf-DBP nMOL showed 80% higher cure rate, 49.1% higher inhibition rate, and 16.3-fold 139
lower metastatic potential than Hf-DBP #nMOF on tumours in mice with breast cancer
Hf-UiO-AM@POP-PEG PDT/PTT 41% photothermal conversion efficiency; intra-tumour injection tumour inhibition 140
rate 88.4%; and intravenous tumour inhibition rate 69.7%
TPZ/Hf-TCPP/PEG PDT/CT Induces TPZ activation; dead HeLa, 4T1 cells ratio of 32.8% and the lowest viability of 59.2% 141

starvation therapy, or the combination of two and more of the
above therapies. Tables 2 and 3 summarize the recent findings
of nano-formulations of Zn-MOFs for oncology therapy. At the
end of the article, in order to further promote the progress of
Zn-MOF research in biomedicine, we also provide an outlook
for future research in this field.

2. Chemical synthesis and preparation
of Zn-MOFs

The method of MOF synthesis is usually determined by the type
of metal, organic linker and or targeting agent. Several methods
have been used to synthesize excellent and novel MOF materi-
als, such as hydrothermal/solvent-thermal synthesis, room
temperature synthesis, microwave heating, and electrochemi-
cal methods.'* In this review, the synthesis methods of Zn-
MOFs are discussed, namely, solvent-heated, room temperature
synthesis, one-pot methods, ultrasonic synthesis methods, etc.
The physical and chemical structures of Zn-MOFs synthesised
by the above methods are relatively stable and the synthesis
methods are also relatively simple, which is also conducive to
the application of Zn-MOFs in cancer therapy.

2.1 Solvothermal methods

Solvothermal methods are some of the commonly used meth-
ods for the synthesis of Zn-MOFs, and have the advantages of
low cost, high reaction efficiency, easy scalability and high
thermal stability. There are a number of materials synthesised
using these methods, which are reviewed in this paper, and
N,N-dimethylformamide (DMF) is a commonly used solvent.

5052 | Mater. Adv., 2023, 4, 5050-5093

Hang et al. prepared a 2D Zn-TCPP-MOF as a photosensitiser
for the first time (Fig. 2), and TCPP and PVP (polyvinylpyrroli-
done) were homogeneously mixed in DMF, after which an
aqueous solution of zinc nitrate was added to the former,
stirred and heated at 150 °C for 1 h. The product was then
modified using PVP and flakes with a size of 90 £+ 25 nm were
obtained after washing with ethanol and deionised water. The
product was able to maintain stability in FBS for 24 h under
660 nm laser light. And it gradually collapsed in acidic solution
with controllable photodynamic properties.*® Javanbakht et al.
mixed zinc nitrate hexahydrate and BDC (terephthalic acid) in
DMF, followed by heat treatment at 120 °C for 25 h. Finally,
MOF-5 was obtained by washing with DMF and CHCl;. The
BET surface area of MOF-5 encapsulated with 5-FU was
106.4 m> g, which may be due to encapsulation of the drug
to reduce its uptake of N,, indicating that the structure of MOF-
5 is not damaged by the encapsulation of the drug.>® In PDT,
Yang et al. also prepared hairpin probe-photomimetic MOFs
(PMOFs) using a solvothermal method. The loading efficiency
of the hairpin probe on PMOFs was as high as 92.3%, which
was only 1.8% lower than that on HPMOFs without ZIF-8
coating, and its average size and positive (-potential were
higher than those of HPMOFs. The PMOFs were also able to
keep their structure unchanged under PBS incubation for 24 h
and it was also demonstrated that they would not be degraded
by nuclease in gel electrophoresis experiments.*” Zhu et al.
synthesized 2D Zn-TCPP nanosheets (TEM about 200 nm) using
a solvothermal method, which not only effectively adsorbed
about 66.8% of the immunoadjuvant CpG (a single-stranded
DNA) through noncovalent interactions, but also exhibited
enhanced acoustic kinetic therapeutic effects by enhanced
electron conduction and reduced self-burst.®>

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Type of
Zn-MOF composite Particle size (nm) therapy Anticancer efficacy Ref.
CEC@ZIF-8NP — GT Enhanced intracellular, interstitial accumulation and toxicity 18
BSA@ZIF-8 NPs 87 £ 6.8 GT Cell viability of incubated HeLa cells and MCF-7 were significantly 18
reduced
0,@Hb@ZIF-8 — SDT Inhibits tumor growth and achieve SDT at different depths 19
Pd (H)@ZIF-8@AP 190 CT 90% survival rate within 5 days 20
HZ®@GD — Starvation therapy Effective for melanoma starvation efficacy 21
BSA-Gem@®@?ZIF-8/Dopa/GA and 400-500 CT 62%, 55% cell death, 76%, 78% Dopa/GA release 27
BSA-Gem-Amy@ZIF-8/Dopa/
GA
RGD@CPT@ZIF-8 100 CT 75% of CPT was released 28
2-ME/TK/CPT@ZIF-90 100 CT Approx. 93.1% cell viability, approx. 69.6% anti-tumor ability, and 30
100% drug release rate within 5 minutes
ZIF@GOx/GQDs and free GOx — CT About 100% tumor inhibition 31
BA-NBA-IPA@ZIF-8 248.0 £ 1.3 CT The drug release rate within 24 hours was 100% 32
PEG-DSF-Cu/ZIF-8 208.3 CT 83.6% cell killing at 15 mg mL ™" concentration 33
aZIF-8/5-FU 140 CT 100% survival rate within 50 days 34
CpG/ZANPs 80 CT High antigenic load of 30.6% 35
Au@Ag NRs**"™P@ZIF-8/FA — CT High drug loading of 60.31 mg DOX/100 mg Au@Ag NRs**""@ZIF-8/ 36
FA
AP-ZIF-90@DOX 104.7 + 6.3 CT 80% survival rate within 40 days 37
iRGD/AVO-hemin@ZIF-90 72.4 +11.3 CT The cell viability was over 90% 38
2D Zn-TCPP MOF 104.6 PDT Generates high '0, levels at a 660 nm laser 39
ZnPc@ZIF-8 — PDT The power density of the cell surface is about 3.3 mW cm > 40
CaO,@ZIF-S@THPP — PDT 86.5% apoptosis rate and necrosis rate 41
TBD@ZIF-8-PMMA-S-S-mPEG 200 PDT Almost 100% tumor growth inhibition 42
I-CHA®@I-His ZIF-8 NPs — PDT Over 68% cell killing power 43
DF-BODIPY@ZIF-8 250 PDT A single linear state oxygen quantum yield of 18.07%, 90% cell 44
killing
HPMOF@ZIF-8 — PDT HeLa cell inhibitory power about 80% 45
Zn(u)-PPIX/G-quadruplex 200-300 PDT The formation of ROS products was enhanced by about 2.5-fold and 46
VEGF aptamer-tetrahedra 70% of MDA-MB-231 cells died
nanostructures
ZrMOF@MnO, — PDT Manganese release reached 84% and U87MG apoptosis rate reached 47
80%
UCNPs-g-C3N,-CD@ZIF-8 — PDT Super 80% inhibition of HeLa cells 48
PDA-PCM@?ZIF-8/DOX 130 PTT 78% drug release rate, 87% tumor inhibition rate 49
IM@ZP 82.29 PTT About 67% reduction in tumor growth 50
Cy@ZIF-8 118.7 £ 1.3 PTT Super 80% inhibition of HeLa cells 51
ICG@ZIF-8 190 PTT Cell viability inhibitory power about 70% 52
GBZ 100 PTT The photothermal conversion rate of 24.4%, toxicity to Huh-7 cells 53
about 90%
PSMCA — PTT Thermal transformation efficiency of 63% and the survival rate of 54
HelLa cells less than 40%
CLALN 145.76 + 1.28 PTT Apoptosis rate of tumor cells: 77.48% 55
Au@ZIF-8 115 PTT Apoptosis rate of tumor cells: 77.48% 56
Pdop@ase@aZIF-8 — PTIT 100% cancer cell elimination rate 57
CNP-NO®@RBCs — PTT Photothermal conversion rate reached 54.1% and CT26 cell killing 58
rate was 77.6%
GOx@Pd@ZIF-8 — CDT Inhibits cancer cell growth and promotes apoptosis 59
GOx@MPN — CDT Maintains the conformational freedom of the enzyme 60
ZIF-8 NCs 180 SDT The tumor inhibition rate was 84.6% 61
Zn TCPP/CpG — SDT About 25% of CD8" T cells accumulate in tumors 62
ZIF-8@mSiO, 180-190 SDT Critical decreased cell at a lower concentration (6.25 mg mL@1) 63
mCG@ZIF — Starvation therapy The highest apoptotic cell% in tumor tissues by MCG@ZIF group 64
Met/GOx@His/ZIF-8 ~ RGD  142.4 Starvation therapy The survival rate of cancer cells is only 30.4% and only 22.3% of cells 65
remain alive under low glucose conditions
GOx & Hb@ZIF-8 400 £ 50 Starvation therapy The decreased survival rates for HeLa and MCF-7 cells: 64% and 39% 66
CHC/GOx@ZIF-8 — Starvation therapy CHC/GOx@ZIF-8 therapy showed more effective tumor growth 67
inhibition than GOX@ZIF-8
DOX@EGCG/Fe NC 347.8 GT The highest tumor growth inhibition (84.2%) by high-dose of 68
DOX@EGCG/Fe 33
BEFORE — GT The tumor volume in BEFORE group was about 1/20 of that in saline 69
treatment
Cet@protein@ZIF-8N — GT It showed >50% inhibition on A431 cells 70
CEC@ZIF-8 100-150 GT Increases toxicity of cancer cells 71
© 2023 The Author(s). Published by the Royal Society of Chemistry Mater. Adv., 2023, 4, 5050-5093 | 5053
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Table 2 (continued)

Type of
Zn-MOF composite Particle size (nm) therapy Anticancer efficacy Ref.
Vir-ZM@TD 160 Immunotherapy  Resulting in complete regression of about 68% tumors. 72
mEHGZ 133.92 + 2.93 Immunotherapy  The tumor growth inhibition rate was 82.02% 73
KN046@ ' F-ZIF-8 112.4 + 4.7 Immunotherapy ~ KN046@'°F-ZIF-8 group’s areas of tumor necrosis was larger and the 74

highest necrosis percentage was found

CUR-BMS1166@ZIF-8@PEG- 200 Immunotherapy A critical tumor size decrease for mice receiving CBZP 75
FA(CBZP)
Gd-MOF-5 130 Immunotherapy  The toxicity of Gd-MOF-5 to 4T1 cells was 62% 76
(M+H)@ZIF/HA 176.3 £ 1.6 Immunotherapy  Stronger tumor growth inhibition ability of (M+H)@ZIF/HA group 77

The solvothermal method can also be combined with other
methods to synthesise desirable products. Yang et al. reported
that ZIF-8, on the other hand, was prepared by direct mixing of
2-methylimidazole (2-MIM) in different molar ratios with zinc
nitrate hexahydrate in methanol at 40 °C for 2 h. The product is
a mixture of 2-methylimidazole (2-MIM) and zinc nitrate hex-
ahydrate (their TEM diameters were about 60, 110 and 20 nm,
respectively). They found that, again by simple direct pyrolysis
of the above ZIF-8 nanoparticles, the obtained ZIF-8-derived
carbon nanoparticles (ZCNs) not only retained a similar mor-
phology to the ZIF-8 nanoparticles, but also retained a higher
internal porosity than that of ZIF-8.%° Solvothermal methods in
recent years have tended to be more flexible and versatile
synthesis methods to obtain Zn-MOFs with different particle
size distributions to achieve better cancer therapeutic effects.

2.2 Room temperature synthesis

In room temperature synthesis, MOF crystals were prepared by
physically stirring a reaction mixture in organic solvents such
as water or methanol at room temperature, which has the
advantages of simple operation, low energy consumption, and
small loss of materials. There are few materials synthesised
using this method according to this review paper.

Kulkarni et al. found that the size of ZIF-8 made from
different solvents was different, so they prepared ZIF-8 using
water and methanol, respectively. After synthesis, using a zeta-
meter, they came up with ZIF-8 with a size of 226.5 nm and a PDI
of 0.281 synthesised using methanol as a solvent, whereas the
data for water were even smaller, with a particle size of 98.4 nm
and a PDI of 0.06."% Siboro et al. prepared modified ZIF-8 by
adding PVP (polyvinylpyrrolidone) in a conventional room tem-
perature synthesis as shown in Fig. 3. SEM and transmission
electron microscopy (TEM) showed that this modified ZIF-8 has a
cubic shape with a particle size of 201.1 & 2.1 nm, a {-potential of
20.1 #+ 0.5 mV, hollow cavities and a high specific surface area,*>
which make it an ideal carrier for a drug delivery system. Qian
et al. on the other hand had controlled the particle size of ZIF-8
NPs by using polyethylene glycol (PEG) as a mineralising agent.
The synthesis process is shown in Fig. 4A, and finally, to remove
the ZIF-8 template, protein-loaded MPN capsules were obtained
for cancer therapy by centrifugation and after washing the pre-
cipitate three times with ethylenediaminetetraacetic acid (EDTA)
solution. We can infer the successful synthesis of GOXx@MPN
capsules by the change in { potential from the positive to negative

5054 | Mater. Adv., 2023, 4, 5050-5093

than that of control group

charge of ZIF-8 NPs (30.4 mV), GOX@ZIF-8 NPs (—8.9 mV),
GOx@ZIF-8@MPN NPs (—26.6 mV), and GOx@MPN capsules
(—42.3 mv).*°

In addition, most of the literature studies described in this
paper have achieved good synthetic results by either compositing
Zn-MOFs with other nanomaterials or functionalising them
under room temperature synthesis conditions. Liu et al. synthe-
sized a clickable ligand (norbornene-modified imidazole (MIM-Nor))
by introducing an imidazole ligand partially into norbornene
and embedding it into ZIF-8 during particle formation, which
was then attached to the surface of cetuximab (Cet) to obtain
Cet@POI@ZIF-8N, providing a way for other targeting ligands
to be able to more readily modify the surface of the surface of
ZIF-8N.70 Jiang et al. used polyvinylpyrrolidone (PVP) to surface
modify KN046 prior to formulation. Subsequently, the modified
KN046 was encapsulated in fluorine-containing ZIF-8 nano-
shells using a modified ZIF-8 synthesis technique. Scanning
electron microscopy (SEM) and transmission electron micro-
scopy (TEM) showed (e.g., Fig. 4C and D) that the KN046-loaded
19F-ZIF-8 was hexagonal, with regular shape and uniform size.
Meanwhile, KN046@19F-ZIF8 showed good dispersion stability
in water. These results suggest that KN046@19F-ZIF-8 can
respond to the tumour microenvironment and can control
the release of KN046.74. Wang et al. effectively controlled the
OH-mediated etch-decomposition process of the cores of ZIF-8
NCs by appropriately adjusting the volume ratio of CH;0H to
H,0, resulting in the formation of yolk-shelled ZIF-8@mSiO,
structures. The ZIF-8 NCs exhibited a single rhombic dodeca-
hedral morphology consisting of twelve major crystalline facets
with diameters of about 130-140 nm. The yolk-shelled ZIF-
8@mSiO, nanostructures maintained almost the original mor-
phology similar to that of the ZIF-8 nanostructures (with dia-
meters of ~180-190 nm and inner core sizes of ~90-95 nm),
which suggests the synthesis method’s feasibility.*> The thera-
peutic platform was obtained by adding indole-nine-green (ICG)
to a stirred mixture (CZ) at room temperature, which was finally
coated with Pt NPs. The TEM images clearly demonstrated that Pt
was homogeneously distributed on the surface of the direct-
drawn single crystals and elemental maps and spectra of XPS
measurements showed the presence of elements Co, Zn, N, Pt,
and C in the CZIP. The XRD pattern showed characteristic peaks
of Pt at 39.8° and 46.2°. The {-potential of CZIP was also reduced
to —15.57 mV, and these results indicated that Pt was successfully
modified on the CZP surface.*

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Some recently published works based on the applications of Zn-MOFs in cancer combination therapy

Particle Type of
Zn-MOF composite size (nm) therapy Anticancer efficacy Ref.
FZIF-8/DOX-PD-FA 70 CT/PDT Up to 57% DOX release at pH = 6.0, reducing tumor volume in vivo to 0.22 times 22
the original size in tumor-bearing mice
PDA-MB-CAT-ZIF-8 — PDT/PTT 60.32% of HeLa cells were apoptotic under 660 nm and 808 nm laser irradiation, 23
tumors in PMCZ+PDT+PTT treated HeLa tumor-bearing mice were completely
suppressed or even ablated
AIPH/PDA@CuS/ZIF-8 127 PDT/PTT/CDT Almost no 4T1 cells in APCZ + laser group survived at the same concentration, the 24
tumor was completely eradicated after two weeks of treatment
ACD 67.9 + 5.5 CT/CDT The smallest tumor size and growth rate in ACD-treated mice 25
ZCNs — PDT/PTT The best photothermal effect at approx. 40 °C, phototherapeutic effect increases 78
with increasing PA imaging power
IrO,@ZIF-8/BSA-FA(Ce6) 74.6 PDT/PTT The strongest fluorescence intensity for IZBFC + 808 + 660 nm laser-treated 79
MNNG/HOS cells, with over 80% of cells killed
0,-Cu/ZIF-8@Ce6/ZIF-8F127 95 PDT/CDT The relative tumor volume of Balb/c mice carrying 4T1 tumors on day 15 is 80
approximately one-third of the original tumor
A-NUiO@DCDA@ZIF-Cu 200 PDT/CDT Shows a strong anti-tumor effect under white light, reducing tumor volume to 50% 81
of the initial value
Co/ZIF-8/ICG/Pt — PDT/CDT CZIP (50 ppm)+NIR (808 nm, 1.5 W cm 2, and 10 min) reduced HeLa cell viability 82
to 40%, CZIP+NIR group could effectively inhibit tumor growth in female Balb/c
mice
LDNPs@Fe/Mn-ZIF-8 75.4 PDT/CDT The survival rate of HeLa cells treated with 500 ug mL~' LDNPs@Fe/Mn-ZIF-8+NIR 83
decreased to 10.2%
PDA@CUu/ZIF-8 — PTT/CDT PDA®@Cu/ZIF-8 inhibited 84.6% of tumor growth, tumor tissue suffered the most 84
severe cell shrinkage and nuclear condensation
ICG@Cu,-XSe-ZIF-8 250-300 PTT/CDT ICG@Cu,-XSe-ZIF-8+ a laser induces apoptosis in approximately 63.94% of breast 85
cancer cells
FeNC@PAA — PDT/PTT/CDT Cell viability of FeNC@PAA+NIR 4T1 cells was reduced by 95%, tumor weights of 86
mice after 21 days of the treatment group were 53 times smaller than those of the
PBS group
FA-BSA/ZIF-8CNPs-CPT — CT/PTT Cell survival rate was 12.6% at 20 minutes of 808 nm laser irradiation, NIR group 88
inhibited tumor growth optimally in tumor-bearing nude mice
PDA/DOX/ZIF-8 180 CT/PTT NIR treatment group was more able to induce apoptosis in tumor cells than the 89
other groups
ZSZIT 145-170  CT/PDT Tumors in the ZSZIT+NIR irradiation group had the lowest tumor weight and the 90
smallest size with the best inhibition rate
IR780/DOX@ZIF-D 126 CT/PDT The laser treatment group showed 86.5% tumor inhibition in all treatment groups 91
DOX-Pt-tipped Au@ZIF-8 150 CT/PTT/PDT  Cell survival rate reduced to 21.5% under 1064 nm laser irradiation, complete ~ 92
inhibition of tumor growth in vivo
DIHPmM 235 CT/PTT/PDT DIHPm was the most effective tumor suppressor in mice bearing 4T1 mammary 93
tumors, with only 8% of 4T1 cells surviving in a DIHPm (2 pg mL ') culture
CS/ZIF-8@A780/DOX NPs 128.2 CT/PTT/PDT Reversal of P-gp-induced drug resistance with CS/NP treatment, 40-fold amplifi- 94
cation of DOX therapeutic efficiency
HA-SS@CuS@ZIF-8@TPZ and 110 &+ 5.6 CT/PTT/PDT White light irradiation and 808 nm laser irradiation are the most toxic to MCF-7 95
TB macn cells, with strong concentration- and time-dependent killing effects on tumor cells
under the light source
ZIF-8@GOx-AgNPs@MBN — CT/starvation 0.08 mg mL™ " inhibited approximately 95% of tumor cells in vitro and 200 pg 96
therapy mL~" inhibited 96.8% of tumors in vivo after 14 days of treatment.
AQ4N/GOx@ZIF-8@CM 250 CT/starvation The apoptosis rate of HepG2 cells: 88.43% 97
therapy
SG@GR-ZIF-8 234.6 + 4.5 CT/starvation Inhibits 89% of tumor growth in mice bearing c5wn 1-tumors and inhibits pul- 98
therapy monary metastasis of HCC in situ C5WN1-bearing mice
Ca0,/DOX@Cu/ZIF-8@HA 150 CT/CDT Cancer cell survival rate was 20%, in vivo tumor suppression rate was higher than 99
that of control group
Cu/ZIF-8@DSF-GOD@MnO, 145 CT/CDT In vitro cellular analysis showed the highest tumor-killing rate and in vivo, U14 100

subcutaneous tumor-bearing mice showed a higher tumor suppression rate after
two weeks of treatment than the other groups.

In the report by Zou et al, Cu,/XSe nanoparticles were
synthesised and then added to methanol containing 2-
methylimidazole, then zinc nitrate dissolved in methanol was
added to the solution and reacted for 24 h at 25 °C to obtain an
attachment material for malignant breast cancer and bone
tumours. It is shown to be monodisperse, uniformly sized
nanoparticles under TEM and SEM. DLS analysis reveals that
the particle size remains unchanged after the incorporation of
ICG into Cu,-XSeZIF-8 nanoparticles. In the FTIR spectra, the

© 2023 The Author(s). Published by the Royal Society of Chemistry

overlapping of the characteristic peaks of the unsaturated C-H
bond (3000 cm™"), carbonyl group (1650 cm ') and carbon-
carbon single bond (1090 cm™') indicated that the composite
nanoplatform was successfully constructed. The results of N,
adsorption-desorption isotherms showed that the inflection
point induced by the complexes shifted to a relatively low
pressure at the N, adsorption branch, which further confirmed
the synthetic methodology. The feasibility of the synthesis
method was further confirmed.® Sui et al. on the other hand,
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first synthesised ZIF-8(Fe/Zn) and ZIF-8(Zn) at room tempera-
ture as described previously,"*® and then obtained FeNC and
ZnNC nanoparticles with polyhedral shapes and hierarchical
porous structures, respectively, by simple pyrolysis. XRD
and elemental mapping confirmed the homogeneous disper-
sion of elemental Fe in FeNC. Then, the successful synthesis of
FeNC@PAA nanoparticles was further confirmed using the FT-
IR spectra and {-potential changes of FeNC complexes modified
with PAA (sodium polyacrylate), whose TEM images showed
that PAA had no effect on the morphology of FeNC.*®

In addition, good experimental results have been obtained
for the core-shell preparations formed by ZIF-8 shells synthesised
at room temperature with other nanostructures. Generally, the
core particles were prepared before the coating of ZIF-8 and
then the core particles were surface-modified with surfactants
to attract Zn>*, which facilitated the nucleation and growth of
ZIF-8 shells on their surfaces. Polyvinylpyrrolidone (PVP) can be
used as a stabiliser to prevent agglomeration and promote the
formation of ZIF-8 shells. Huang et al. obtained circular ellip-
soidal nanoparticles with good water solubility and biocompat-
ibility by gradually growing the ZIF-8 material onto the surface
of gold nanorods guided by a PVP polymer. Its TEM image
clearly presents AuNR as the core and ZIF-8 as the shell. Energy
dispersive X-ray (EDX) elemental mapping and XRD spectra
also confirmed the constituents.’” The method of Chao et al. is

5056 | Mater. Adv, 2023, 4, 5050-5093

similar to the above. They first prepared uniform ZnS nano- and
then surface-modified ZnS nanoparticles with PSS molecules to
facilitate nucleation and growth of ZIF-8 shells on their surfaces.
They found that in methanol solution ZIF-8 uniformly covered
the ZnS surface, while in aqueous solution the individual
nucleation and growth of ZIF-8 particles. In addition, they
increased the final shell thickness to about 50 nm by gradually
increasing the Zn>" concentration during the synthesis process
to facilitate loading of more drugs. The XPS analysis results were
also in excellent agreement with the elemental maps showing
the presence of ZnS and ZIF-8, which indicated the successful
formation of a nucleoshell structure,”® while in the report of
Deng et al. they first synthesised iridium dioxide nanoparticles
(IrO, NPs), then the ZIF-8 shell layer was encapsulated on their
surface at room temperature, followed by conjugation of bovine
serum albumin-folic acid (BSA-FA) on the surface of IrO,@ZIF-8
as an active targeting agent, and finally adsorption of the
photosensitiser Ce6 on the surface to form IrO2@ZIF-8/BSA-FA
(Ce6).79 TEM, SEM elemental mapping and FTIR all confirmed
that IrO, NPs were successfully encapsulated in ZIF-8. In con-
trast, the dimensions of IZBF NPs differed between TEM and
DLS, which might be caused by the swelling of IZBF NPs in
water. In addition, the absence of significant changes in the DLS
and zeta potential of IZBF within 7 days of dialysis then indicates
that IZBF has good physiological stability. It can be seen that this

© 2023 The Author(s). Published by the Royal Society of Chemistry
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method can effectively synthesize the ZIF-8 core-shell structure
we expected for cancer therapy.

In addition, the development of ZIF-90 has also attracted the
attention of researchers. Jiang et al. added 2-ICA (imidazole
acid-2-carboxaldehyde) in DMSO (dimethylsulfoxide), and
Zn(CH3COOH),-2H,0 in DMF, and the two solutions were
mixed and stirred for ten minutes. Then DMF was added,
stirred for five minutes and then washed with ethanol to get
ZIF-9. Its SEM particle size was 75 £ 15 nm, which was larger
than that of general ZIF-8. And the hydrated particle size was
85 £ 8.5 nm and zeta negative potential was —4.85, which was
smaller than the value of general ZIF-8.>” Pan et al. then added
ICA to DMF and heated to 50 °C with stirring until ICA was
completely dissolved and cooled and added DMF dissolved in
Zn(COOH),-6H,0 drop by drop to the former, stirred for 10 min
and then added trioctylamine (TOA) and stirred for 12 h at 25 °C,
washed with DMF and EtOH, and dried at 40 °C. ZIF-90 prepared
in this way still had a size of ~ 80 nm even after encapsulation of
the drug, and the average pore size was calculated to be 3 nm by
the BET method and showed virtually no change in water over six
days.*° It can be seen that the particle size of ZIF-90 produced by
different synthesis processes varies.

2.3 One-pot synthesis methods

A one-pot synthesis or simply a one-pot method is a chemical
reaction strategy in which the reactants are subjected to

© 2023 The Author(s). Published by the Royal Society of Chemistry

successive multi-step reactions in a single reactor in order to
save time and improve reaction efficiency. Yang et al. synthesized
bio-bomb-loaded ZIF-8 by a one-pot method (Fig. 4B), and then
adjusted the modified surface coating to make the biomimetic
ZIF-8 nanovesicles (i.e., BEFORE) into a core-shell structure with a
size of 198.3 + 2.1 nm, a PDI of 0.32 £+ 0.08, and a {-potential
of —23.0 + 1.7 mV, which showed good stability.*® The surface
coating was then adjusted to make biomimetic ZIF-8 nano-
vesicles, ie., BEFORE. Li et al dissolved dimethylimidazole
(2-HMeIM), GOx and CQ in ddH,0. Then, an appropriate amount
of Zn(NO;),-6H,0 solution was rapidly added to the mixture and
stirred, centrifuged and rinsed at room temperature. It was then
added to ice-cold phosphate buffered saline (PBS) with cell
membrane fragments. After sonication for 5 min, mCG@ZIF
was obtained by centrifugation for 20 min. Its TEM showed that
a membrane-like layer was tightly covered on the surface of
CG@ZIF, and the DLS data showed that the diameter of CG@ZIF
changed from ~147 nm to ~171 nm, while the zeta potential
went from ~—12 mV to ~—17 mV, which were all suggestive of
the successful construction of mCG@ZIF. In addition, the size
of mCG@ZIF remained almost unchanged in different media,
suggesting that the mCG@ZIF fabricated by the one-pot method
has good stability.®* Jiang et al employed one-pot stirring
to prepare CEC@ZIF-8 by crystallising the ZIF-8 NP precursor
(zinc nitrate and 2-methylimidazole) with CEC under stirring. The
average size of the pure ZIF-8 NP was about 100 nm, and
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encapsulation with CEC increased the average particle size to about
150 nm, suggesting the validity of the one-pot approach.” Lu et al.
prepared chondroitin sulfate (CS)-functionalized ZIF-8 nanoplat-
forms using Zn(NOs),-6H,0, 2,4-methylimidazole, hydrophobic
ATO (A780), and chondroitin sulfate (CS) using a one-pot synthesis
similar to the one-pot synthesis method described previously. TEM
showed that the morphology of the CS-modified nanoparticles
changed from ortho-hexagonal to spherical, and the enhanced
permeability and retention (EPR) effect indicated that the com-
plexes were suitable for passive targeting. In addition, the zeta
potential of the complex was about —28 mV, and the complex
dispersed in PBS showed remarkable dispersion and stability for 7
days. In addition, the size and morphology of the complex did not
fluctuate over 180 days, indicating that the obtained particles have
excellent storage stability.”* Although the one-pot method is simple
and efficient, it is only suitable for partial synthesis of Zn-MOFs.
Some materials when added to Zn-MOF precursors at the same
time are prone to cause agglomeration, which may lead to the
failure of synthesizing the target product.

2.4 Ultrasound synthesis

Ultrasonic processing is widely used because it is cheap, envir-
onmentally friendly, convenient and gentle. Therefore, it is often
implemented in combination with other synthesis methods.

5058 | Mater. Adv, 2023, 4, 5050-5093

Hang et al. encapsulated TPZ and GOx in nanoscale ZIF-8
(defined as GTZ) via a co-precipitation strategy, and subse-
quently, another ZIF-8 shell was fabricated on the surface of
GTZ (defined as GTZ@?Z) using epitaxial growth. Subsequently,
the erythrocyte membrane was further wrapped around the
nanoreactor by ultrasonic mixing to obtain GTZ@Z-RBM.
Transmission electron microscopy images of the GTZ@Z-RBM
NPS clearly showed a weak layer of dense corona RBM around
the surface of the nanoparticles and the hydrodynamic dia-
meter of the GTZ@Z nanoparticles on the RBM coatings (ca.
120.1 nm with a PDI of 0.122) was in agreement with the
thickness of the RBM as previously reported. In addition,
RBM-modified GTZ@Z in fetal bovine serum (10%) was more
stable than GTZ@Z alone. The more negative {-potential of
GTZ®@Z-RBM indirectly also demonstrated the effectiveness of
this ultrasound mixing approach,'® whereas ZIF-8 particles
were used as drug carriers in the study of Li et al. They prepared
EHGZ nanosystems by encapsulating the ICD inducers EPI,
GOx and haemoglobin chloride in ZIF-8 nanoparticles. The
EHGZ nanoparticles were then dispersed in deionised water.
A cell membrane solution with equal mass of nanoparticles was
added to the above solution under stirring. The mixture was
disrupted using an ultrasound probe at 45% power and cen-
trifuged to obtain coated nanoparticles mEHGZ. After coating

© 2023 The Author(s). Published by the Royal Society of Chemistry
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the cell membranes onto EHGZ, DLS showed that the size of the
nanoparticles increased from 123.66 + 2.83 nm to 133.92 +
2.93 nm. In addition, the surface charge changed from 17.77 +
0.95 mV to —26.47 + 1.98 mV after coating. The powder X-ray
diffraction (XRD) pattern was identical to that of blank ZIF-8
nanoparticles, which indicated that the cargo in the ZIF-8 cavity
and the sonication had no effect on the crystallinity of ZIF-8.”
Zhou et al. on the other hand, co-encapsulated the chemother-
apeutic drug mitoxantrone (MIT) and the DNA demethylating
agent hydralazine (HYD) in ZIF-8 modified with hyaluronic acid
(HA) and prepared (M+H)@ZIF/HA nanoparticles by dispersing
the above synthesised product in an aqueous solution of HA
under ultrasonication for 10 min. TEM images show that ZIF-8
and (M+H)@ZIF exhibit a rhombic dodecahedral morphology,
whereas a thin smooth HA layer can be clearly observed in the
rhombic shape of (M+H)@ZIF/HA. The increase in nanoparticle
size and negative {-potential also further demonstrated that the
negatively charged HA was successfully encapsulated on the
(M+H)@ZIF surface. Since the HA carboxyl group is negatively
charged, the negatively charged nanoparticles can thus effec-
tively avoid severe protein adsorption and maintain the stability
of the nanoparticles during blood circulation.”” In the report of
Liu et al. first, a methanolic solution of Fe;O,@PVP and a
methanolic solution of gold nanoclusters were added to a
methanolic solution of Zn(NO;),-6H,0, which was sonicated
for 5 min at room temperature. Subsequently, a methanolic
solution of dimethylimidazole was added to the mixture, which
was stirred for 5 min and then left to stand for 3 h. Finally, the
reaction product was collected with a magnet and washed with
methanol to obtain ZIF-8CNPs. Then, ZIF-8 CNPs-CPT was
obtained by loading camptothecin (CPT) on its surface through
simple physical adsorption (the loading capacity of the experi-
mental sample was 35.7 mg g ') and finally FA-BSA/ZIF-8 cnps-
CPT was obtained by modification with bovine serum albumin
(FA-BSA). The (-potential of the FA-BSA-modified ZIF-8 CNPs-
CPT changed from a strong positive charge to a weak positive
charge as well as SEM images clearly showed that FA-BSA
adsorbed on the surface of the sample, which confirmed the
successful construction of the complexes.®®

From the above, it can be seen that the low yield of the
ultrasonic synthesis method can be avoided using a new strategy
in combination with other synthesis methods. In addition, this
strategy can avoid the agglomeration of the components when
they are added simultaneously to the ZIF-8 precursor as well as
reduce the reaction time, which is favourable economically and
to the environment.

2.5 Other synthesis methods

In addition to the common room temperature synthesis meth-
ods, solvothermal methods and ultrasonic synthesis, there are
other synthesis methods of Zn-MOFs that deserve our attention.

In a co-precipitation method, a solution containing two or
more kinds of cations was used, which exist in the homoge-
neous phase in the solution; by adding a precipitant, after the
precipitation reaction, various compositions of a homogeneous
precipitation product can be obtained. It is not only possible to

© 2023 The Author(s). Published by the Royal Society of Chemistry
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obtain products with uniform chemical composition directly
through various chemical reactions in solution, but also easy to
prepare nanopowder materials with small particle sizes and
uniform distributions. ZIF-8 (ZnPc@ZIF) with water-insoluble
PS zinc phthalocyanine (ZnPc) was synthesised by a one-step co-
precipitation method by Xu et al. With the increase of ZnPc
addition, ZnPc molecules gradually filled the micropores of
ZIF-8. The luminescence intensity peaked when 0.25 mg of
ZnPc was added.*’

Hadi Ranji-Burachaloo et al. opted for a co-precipitation
method to embed haemoglobin (Hb) and glucose oxidase (GOx)
together in ZIF-8 nanoparticles with pH-responsive release and
successfully prepared GOx&Hb@ZIF-8. TEM showed that ZIF-8
and GOx&Hb@?ZIF-8 nanoparticles have a similar morphology
with an average diameter of 400 = 50 nm. In addition the DLS
results (440 nm) are in agreement with the TEM results, suggesting
that the nanoparticles are well dispersed.”® The results of DLS
(440 nm) are in agreement with the TEM analyses, suggesting that
the nanoparticles are well dispersed.®® Wang et al. first doped DOX
into ZIF-8 nanoparticles by co-precipitation and then produced
EGCG/iron nanocapsules encapsulating DOX (DOX@EGCG/Fe
NCs) by suspending them in an aqueous solution of ferric chloride
and EGCG and encapsulating a layer of EGCG-iron(m) complexes
under mild conditions, after the template was removed. According
to the DLS size distribution, DOX@EGCG/Fe NCs prepared with
different Hmim/Zn molar ratios varied in size and their particle
sizes were roughly in the range of 290-453 nm, which was a non-
therapeutically critical factor for the nanoparticles, making nano-
particle sizes in this range suitable for cancer therapy. In addition,
the typical folded morphology of DOX@EGCG/Fe NC capsules was
observed in SEM images, and the high elastic deformation ability
of such capsules could enable DOX@EGCG/Fe NCs to overcome
the hydrodynamic flow obstacles of erythrocytes passing through
the tumor tissues in vivo, which provides new possibilities for the
application of Zn-MOFs in cancer.®® The improved and innovative
synthesis method also offers the possibility of preparing Zn-MOFs
for cancer therapy. Jiang et al. synthesised amorphous ZIF-8 (aZIF-
8) based on the original solvothermal method of preparing ZIF-8
by using a hydraulic pelletizer with a diameter of 20 nm at
different pressures. The TEM images showed that its size was
slightly larger than that of ZIF-8 (85-120 nm) and that it collapsed
into aZIF-8 at a pressure of 0.34 GPa and increased with increasing
pressure. ZIF-8 collapsed to aZIF-8 at a pressure of 0.34 GPa and
the grain size increased with increasing pressure.** Hong et al. on
the other hand avoided the conditions of organic solvents, high
temperature and high pressure required for conventional MOF
synthesis and used green and natural biomineralisation to synthe-
sise aluminium-containing nanoparticles of ZIF-8 for antigen
delivery. AlCl;-6H,0 and OVA (ovalbumin) were added to the
conventionally synthesised ZIF-8 at room temperature and the
products all had a particle size of about 80 nm and a {-positive
potential of 14.4 + 0.1 mV. Gentle and simple synthesis without
organic solvents or stabilizers achieved a high antigen-loading
capacity of 30.6% and pH-dependent antigen release.’® Li et al. on
the other hand prepared ZIF-8 particles coated with Bi nanodots by
a reduction method by dissolving Zn(NOs),-6H,0, Bi(NOj;);-5H,0
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and 2-methylimidazole in deionised water and stirring for 5 min.
Afterwards, NaBH, in deionised water was quickly added to the
above mixture and stirred for 1 min, washed and dried to obtain
the product. Electron microscopy showed a size of about 100 nm
and the hydrated particle size was also about 100 nm and its small
size was attributed to the short reaction time and fast stirring
rate.>® Kaang et al. innovatively used a flow-assisted method to
prepare a Pdop@enzyme@ZIF-8 (urease-powered nanomotor) sys-
tem. They used beakers to improve the experimental procedure
and to achieve bulk synthesis. Slowly diffusing Zn>" ions prefer-
entially interacted with catechol groups on the surface of the Pdop
NP, leading to exclusive nucleation of ZIF-8. The Pdop core flow
acted as a synthetic barrier, with the mass of reagents from the
sheath flow being able to control the amount of transfer and the
mass transfer of reagents in the sheath flow, effectively coiling
the enzyme into a self-assembled, amorphous ZIF-8 shell, with
quenching of core-shell products, and membrane filters were
necessary to remove unreacted reagents in a timely manner.”’
Zhao et al. first synthesised DNAzyme-loaded nanoparticles to
mimic viral nucleocoats containing genomes. Zn*'-dependent
DNAzyme (named TD) was encapsulated into ZIF-90 nanoparticles
(named Z@TD) using a one-step synthesis procedure. The particle
size of Z@TD was significantly reduced to 103 nm after DNAzyme
encapsulation. Z@TD was modified by the Mn>*-ZIF-90 exchange
by Mn*" modification. Finally, DSPE-PEG-cRGD and DSPE-PEG-
HA2 peptides, which resembled spiny glycoproteins, were mod-
ified on the erythrocyte membrane by lipid insertion to complete
the structural mimicking of herpesvirus.”

Their results undoubtedly provide new ideas for the pre-
paration of Zn-MOFs and their nanocomposites; however, there
are still many novel synthesis methods of Zn-MOFs that deserve
our attention and exploration.

Applications in monotherapy. The number of clinical thera-
pies is gradually expanding with advances in medical technol-
ogy. Advanced nanotechnology has opened promising avenues
for improving the performance of various clinical therapies.
In this part of the review, we explore and discuss the role of
Zn-MOFs and their complex applications in cancer monother-
apy, hoping to provide an idea for future therapeutic research
in cancer.

3. Chemotherapy

Chemotherapy(CT) is a common cancer treatment method that
involves chemical reactions at the site of the tumor, which has a
positive impact on cancer treatment. However, it also has
drawbacks such as multidrug resistance, systemic toxicity,
and low aggregation at the site of the tumor. Choosing appro-
priate nano drug delivery systems (DDs) can reduce damage to
normal cells, while apoptotic cancer cells are present. The
performance of Zn-MOFs studied in this article is worthy of
attention. Although they have low stability and high cytotoxicity
without modification, their performance has been well improved
after loading, modification, and application. Especially, ZIF-8,
which can achieve precise targeting of cancer cells, efficiently
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kills cancer cells and reduces damage to normal cells, has low
aggregation in areas such as the kidneys, and plays an indis-
pensable role in CT. The simplest method is to load relevant
drugs onto Zn MOFs and target them to cancer cells, which then
internalize them and exert their effects. Paclitaxel, gemcitabine
hydrochloride (Gem), camptothecin (CPT), fluorouracil (5-FU),
doxorubicin (DOX), etc. have all been proved to be able to
effectively load ZIF-8 in high doses and target cancer
cells,”” 29101192 By yysing simple methods to load cancer drugs
onto Zn-MOFs, almost no specific conditions are required.
Cancer drugs can be loaded onto Zn-MOFs through simple
mechanical stirring or immersion methods. Here, 5-FU is used
as an example: (1) Javanbakht et al. immersed MOF-5 in 5-FU
reserve solution and measured the drug dosage using UV visible
spectroscopy at 266 nm absorbance to remove the unloaded drug
and obtain the predetermined product;®® (2) Kulkarni et al.
added ZIF-8 to a solution containing 5-FU and then centrifuged
to obtain the predicted product;'® (3) Jiang et al. mixed ZIF-8
and aZIF-8 induced by different pressures in PBS with 5-Fu by
stirring in darkness for 72 hours, and freeze-dried to obtain the
predetermined product.*® The modification of hydrophilic/
hydrophobic biodegradable polymers (such as polylactide glyco-
lic acid (PLGA)/chitosan) can control the release rate of drugs,
improve the biocompatibility, and increase the drug loading,
thus improving the cell killing rate."”" Modification of target
molecules such as gallic acid (GA) enables more precise apopto-
sis of cancer cells and improves drug utilization.?” The coating of
related substances on the surface of Zn-MOFs can make the drug
system more targeted. Javanbakht et al. designed an efficient
oral drug delivery system by using the pH sensitivity of carbox-
ymethylcellulose (CMC) with different degrees of dissolution in
the gastrointestinal tract (GIT), coating CMC on the surface of
MOF-5, and accumulating 5-FU in the pores of MOF-5. The
formed nano material is spherical. Although the porosity and
surface area of MOF-5-encapsulated 5-FU are reduced, the crystal
structure of MOF-5 will not be damaged by drugs and the drug
encapsulation rate is also high (84.1%). The electron microscope
structure shows that the surface of its hydrogel is wrinkled
significantly, which is conducive to the drug system as an oral
drug delivery system to release 5-FU under the action of water
after entering the microenvironment, The release of the drug in
the microenvironment for 8 hours reaches 70%, and various
properties have a satisfactory inhibitory effect on cancer cells.>®
Zhang et al. have modified Zn-MOFs using the property that the
electrostatic interaction of ascorbyl palmitate (AP) hydrogel with
the site of inflammation can preferentially target and adhere to
the gastric mucosa of inflamed mice, but its long-term biosafety
and target reliability need to be further investigated.>® There is
also 2-ME coated with homologous cell membranes that accu-
rately targets cancer cells/TK-CPT@ZIF-90@C(MTZ@C). Under
the action of homologous cell membranes, not only does its
surface become smooth and easier to be internalized, but its
stability is also improved, better targeting mitochondria and
inducing higher levels of ROS. The experimental results show
that its activity on 4T1 cells has decreased to about 30.4%, which
is similar to that of 4T1 cells ZIF-90@C. The viability of co-
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cultured cells is about 93.1% and in addition, NaN; and MTZ@C
cells treated in combination are more effective than those
treated alone with MTZ@C. The treated cells have higher
vitality.*® Even magnetic nanoparticles can be introduced for
targeted drug delivery through the action of in vitro magnetic
fields dropping the drug system to selectively localize to specific
tissues."*

However, it is inevitable that there will be some problems,
such as the early release of some drugs not only causing
unexpected damage, but also reducing treatment efficiency,
or the insufficient motivation to continue the action after acting
deep in cancer cells. In response to these shortcomings,
researchers have conducted in-depth research, and CPT has
become a major hotspot. Due to the loading of hydrophobic
drug CPT, regardless of the traditional ROS production pro-
gram, the drug system is engulfed by cancer cells and produces
ROS within the cancer cells. Even without external energy input
and oxygen participation, it can induce exogenous ROS, com-
pletely avoiding the inactivation of traditional ROS grade
nanomaterials in extremely hypoxic cancer centers, achieving
significantly deep catalytic therapy, and prioritizing the promo-
tion of cancer cell apoptosis.'*'® The deep catalytic treatment
of cancer has brought hope for better suppression of cancer.
Due to the strong toxicity of certain drugs, direct delivery can
cause damage to other cells and reduce their toxicity to cancer
cells. In situ generation of drugs within cells may be an ideal
method. Delivery of low toxicity prodrugs, in situ synthesis of
compounds with high cytotoxicity in a specific microenviron-
ment (TME) within cancer cells, thus achieves efficient and
precise treatment. The pyrimidine-based derivative (PBD) that
can only be activated in a TME, the low toxic compound
disulfiram (DSF) and the highly cytotoxic copper chelate trans-
formed by Cu®" in a TME all provide evidence for this conclusion.
Unlike traditional nanomedicine development, anticancer drugs
are not pre-synthesized, but generated specifically in situ, avoiding
the inevitable toxicity of non-targeted transportation.*>* The
prodrug is generated in situ at the tumor site based on TME,
which not only inhibits the tumor with higher toxicity, but also
avoids unexpected toxicity caused during transportation. Com-
bined with responsive “switches”, it will definitely bring hope for
cancer treatment. Regardless of the method used, when designing
a drug delivery system, multiple factors should be considered
together to achieve a more comprehensive drug delivery system.

If other means are added and combined with drugs, the
therapeutic effect of CT will be greatly improved. The ZIF-based
compound for in situ synthesis of PBD using the specific
environment of TME above was deeply aggregated in tissues
at specific tumor sites under ultrasound (US) conditions, and
the precursor was induced to be synthesized in situ at the tumor
sites mediated by US and TME and selectively activated by US
irradiation. After ultrasound irradiation, the mechanical energy
associated with US physically increased the penetration of f-NR
into the tumor tissues and even completely covered the lesion
tissues and the biodistribution within the tumor remained
unchanged for 6 hours and was metabolically eliminated after
24 hours, maximizing the therapeutic effect and minimizing
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the associated toxic side effects.>® As shown in Fig. 5, coating
the drug system of the ZIF-8 carrier to form a Raman scattering
(SERS) imaging probe enhances Raman signals and improves
the stability and biocompatibility of SERS tags, while treating
cancer Au@Ag NRs**""@ZIF-8/FA can load 60.31 g of DOX per
100 mg. Under the action of targeted drug folic acid (FA), HeLa
cells exhibit sufficiently strong SERS signals, and are almost
non-toxic to LNCaP cells, MDA-MB-231 cells, QGY-7703 cells,
MCF-7 cells, and HCT-116 cells. Cell viability exceeds 89%,
combining diagnosis and treatment.*® There is also titanium
dioxide (TC) loaded with lactoferrin (Lf) to form a core-shell
structure compound with an MOF, along with 5-FU, which is
used synergistically with phototherapy against neuroblastoma
to reduce the side effects associated with conventional CT."*?
Abandoning the role played by CT alone and combining multi-
ple treatment modalities together will certainly provide new
ideas for the treatment of tumor cancer.

Among the ZIF family, in addition to ZIF-8, ZIF-90 has also
attracted the attention of researchers. ZIF-90 has certain advan-
tages that ZIF-8 does not possess, in addition to its relative
excellence in biocompatibility, in vivo survival rate, and cyto-
toxicity of the drug release rate compared to ZIF-8; most
importantly, ZIF-90 provides better mitochondrial targeting,
achieving dual control through dual targeting of the cell
membrane and mitochondria, resulting in better efficacy.’”
This aspect has been studied by a number of researchers with
important results. Drugs such as DOX, thioketone-linked hip-
pur (hippurine prodrug, TK-CPT), 2-methoxyestradiol (2-ME),
and atovaquone (AVO) have been used in studies, and struc-
tures have shown that these drugs can achieve bidirectional
mitochondrial targeting under high adenosine triphosphate
(ATP) conditions and increase the oxidative stress effect of
tumor cancer to induce apoptosis. The 2-ME/TKCPT@ZIF-90
(MTZ) studied by Pan et al. had a good therapeutic effect on
solid tumors, with significantly smaller tumor size than the
control group (shown in Fig. 6) and a significant apoptotic
effect on tumor cells.*® The IRGD/AVO-hemin@ZIF-90 studied
by Lu et al. also had excellent effects in inducing apoptosis of
tumor cells (as shown in Fig. 7), and the longest median
survival time of mice treated with it could reach 70 days, and
it effectively accumulated in the tumor area through the EPR
effect and tumor cell targeting ability, releasing mitochondria-
loaded AVO and heme chloride to kill tumor cells. It also has
low cytotoxicity, with no significant cytotoxicity in vivo in the
dose range of 0-75 mg kg, although it caused weight loss and
liver necrosis in mice in the range of 100 mg kg™, but this did
not affect the excellent performance of IRGD/AVO-hemin@ZIF-
90 in CT treatment of tumorigenic carcinoma.’® The ZIF-90-
based strategy to induce a mitochondrial cascade response has
a significant synergistic therapeutic effect and is important in
CT to overcome the low specificity and bioavailability and low
serious side effects in CT for the treatment of tumor carcinoma.

In CT, Zn-MOFs deliver cancer treatment drugs to the cancer
site and collapse in the acidic environment of the cancer site to
release the drugs, resulting in the killing of cancer cells by
cancer treatment drugs, and the simultaneous release of Zn**
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also provides support to kill cancer cells. The MOFs are widely
used in the preparation of drug delivery systems and are pivotal
in CT due to their excellent properties, which can be used
for loading drugs for swelling cancer therapy or modified to
confer different properties with more superior effects in targeting,
drug delivery and release, apoptosis, and multiple actions.
Although their specific degree of cytotoxicity remains to be
explored, their excellent performance cannot be ignored. In the
future, it is expected that CT and phototherapy, ultrasound and
bioimaging can be used to achieve two or more synergistic
treatments to compensate each other’s defects and maximize
the therapeutic effect.

4. Photodynamic therapy

Photodynamic therapy (PDT) is non-invasive and has minimal
toxicity, but its efficiency depends on the tumor aggregation of
photosensitizers (PSs) and the production efficiency of singlet
oxygen in tumors. The hypoxia in tumors inevitably hinders the
progress of PDT. The Zn-MOFs reviewed in this article can
bring unexpected effects when used in PDT due to their large
specific surface area, adjustable pores, and modifiable sites.

5062 | Mater. Adv, 2023, 4, 5050-5093

The most significant one is ZIF-8, which can be modified to
have different effects to cope with different TMEs. For example,
by embedding tetra (4-carboxyphenyl) porphyrin (TCPP), zinc
phthalocyanine (ZnPc), and others into ZIF-8, ZIF-8 can be
released after collapsing in an acidic environment. This drug
delivery system not only has efficient 'O, production efficiency
but also excellent luminescence intensity. Due to ZIF-8’s tar-
geted drug delivery, it highly aggregates at the tumor site,
reducing its damage to normal tissue.***° However, direct
delivery of drugs inevitably leaves residues in other tissues,
which inevitably cause damage to the residual sites during laser
irradiation. Therefore, a more effective method of in situ gen-
eration of oxygen should be considered. CaO,@ZIF-8@THPP
(THPP, porphyrin (tetrakis(3-hydroxyphenyl)-porphyrin)) studied
by Yang et al. utilized the in situ oxygen-generating property of
CaO, and the photosensitizing property of porphyrin to propose
a self-oxygenation strategy, which decomposed and released the
encapsulated CaO, of CaO,@ZIF-8@THPP in an acidic tumor
microenvironment and the drug loading of THPP was 28%
higher than that in CaO, alone by 10-fold with a drug loading
of 28%, which was 10-fold higher than that in CaO, alone, and
the oxygen concentration reached 11.7 mg mL™ " after 6 h.
CaO,@ZIF-8@THPP showed significant cytotoxicity under

© 2023 The Author(s). Published by the Royal Society of Chemistry
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650 nm laser irradiation, with an ICj, value of 14.5 lg mL ™", and
the apoptosis and necrosis rates increased to about 86.5%, and
overcame the hypoxic PDT limitations.*! It can also load bovine
serum albumin manganese dioxide nanoparticles (BSA, bovine
serum albumin) with catalase-like activity on the surface of ZIF-8,
realize oxygen self-supply in the hydrogen peroxide environment
of acidic solution, and greatly alleviate the hypoxic state of cancer
cells under the irradiation of 650 nm light with a low power
density (230 mW cm™?)."” In addition to the possibility of drug
residues in other tissues during transportation, after the drug
reaches the cancer site and is swallowed by cancer cells, it may
also seep back into the blood vessels due to size issues, causing
damage as blood flows to other tissues. Therefore, the size
controllability of nanomedicines should be considered. Wang
et al’s research based on accumulation-induced emission of
TBD@ZIF-8-PMMA-S-S-mPEG (TBD, 2-((4-(7-(2,2-bis(4-methoxy-
phenyl)-1-phenylvinyl) phenyl) benzo[c][1,2,5] thiadiazol-4-yl)
phenyl) (phenyl) methyl) malononitrile, PMMA, polymethyl
methacrylate, S-mPEG, disulfide bonded methoxy polyethylene
glycol group) has obtained satisfactory results, approximately
50 nm in origina