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Abstract

Metal-organic coordination polymers (CPs) are a broad class of materials that include metal-

organic frameworks (MOFs). CPs are highly ordered crystalline materials that are composed of 

metal ions (or metal ion clusters) and multidentate organic ligands that serve as linkers. One, 

two and three-dimensional CPs can be formed, with 2D and 3D structures referred to as MOFs. 

CPs have gained a lot of attention due to attractive structural features like structure versatility 

and tunability, and well-defined pores that enable the encapsulation of cargo. Further, CPs show 

a lot of promise for drug delivery applications, but only a very limited number of CPs are 

currently being evaluated in clinical trials. In this review, we outlined features that are desired for 

CP-based drug delivery platform, and briefly described most relevant characterization techniques. 

We highlighted some of the recent efforts directed towards developing CP-based drug delivery 

platforms with the emphasis on vaccines against cancer, infectious diseases, and viruses. We hope 

this review will be a helpful guide for those interested in the design and evaluation of CP-based 

immunological drug delivery platforms.
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Introduction

Traditionally, subunit vaccine delivery systems contain an adjuvant in combination with 

protein antigens to enhance the antigen-specific immune response. A carrier system can 

enhance this basic response by prolonging immune system stimulation. Metal-organic 

coordination polymers (CPs) are a family of carrier systems that are suitable for enabling the 

controlled and sustained release of antigens and adjuvants, while protecting the vaccine from 

degradation during storage throughout its complete lifecycle. This review will discuss CP 

characterization strategies for immunotherapy adjuvant delivery applications, model vaccine 

formulations, and its use in infectious disease and cancer vaccines.

Coordination Polymers (CPs)

CPs are highly ordered crystalline materials that are composed of metal ions (or metal ion 

clusters) and multidentate organic ligands that serve as linkers (Stock & Biswas, 2012; Yuan 

et al., 2018). These materials self-assemble from their components based on coordination 

chemistry interactions. A family of CPs are metal-organic frameworks (MOFs). CPs can 

form one-, two-, and in three-dimensional structures, with the latter two commonly referred 

to as MOFs (Figure 1). Additional reviews discuss CPs (mostly MOFs) that are broadly for 

biomedical applications (Al Sharabati et al., 2022; Cai et al., 2015; Horcajada et al., 2012; 

Liu et al., 2016; Simon-Yarza et al., 2018; Tibbetts & Kostakis, 2020; Yang & Yang, 2020)

CPs are referred to as hybrid materials, since they have both inorganic and organic 

components, and exhibit a variety of features that make them very attractive for numerous 

applications. Since many metal ions and organic ligands are suitable for CP synthesis, one 

can achieve desired function of the material via selection of suitable metal and appropriate 

functionalization of the ligand. Further, CPs are commonly highly porous, which enables 

applications like gas storage and separation (Li et al., 2019), and a variety of guest-host 

chemistries including drug and vaccine delivery (Lawson et al., 2021). CPs applied to 

immunotherapeutic research is relatively new, with most of the extensive research being 

conducted in other non-biomedical engineering fields within the last three decades. As the 

field is actively growing, promising new composites are being frequently reported. Here we 

touch on many common and emerging CPs applied to vaccines and immunotherapy.

Synthesis Conditions and Parameters

For CPs to be suitable for biomedical applications, biologically compatible conditions for 

synthesis and functionalization must be considered. If not, biologic based cargo can be 

denatured leading to a loss of function or therapeutic effect along with the potential of 

increasing toxicity. For instance, in the case of protein antigen, denaturation of its tertiary 

or quaternary structure leads to improper B cell activation, which in turn could lead to 

the generation of non-neutralizing antibodies (Gallovic et al., 2016) or even a very potent 

aberrant immune responses (Janeway et al., 2001; Tsan & Gao, 2009). Even though T 

cells rely on peptide sequence for activation, they too can have altered responses due to 

misfolding or denaturation of proteins (Streicher et al., 1984). Parameters that can lead to 

protein denaturation include high energy mixing, high contact times with organic solvents, 

pH, salt concentration, and temperature (Genito et al., 2021; Seetharaj et al., 2019; Stock 
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& Biswas, 2012). It is important to tune synthesis conditions in such a way that these 

detrimental parameters are avoided.

The temperature and pH of CP synthesis conditions greatly influence CP morphology, 

reaction kinetics and yield, wherein low temperatures and neutral pH are needed to prevent 

denaturation. Further, CP synthesis can be performed in both organic and aqueous solvents. 

With the incorporation of biologics in CPs, aqueous or buffer solutions with appropriate pHs 

should be used over organic solvents during synthesis. The CPs morphology and reaction 

kinetics can be also controlled with mixing. Slow gentle shaking might lead to longer 

reaction time with lower yield, whereas vigorous stirring might promote fast reaction rate 

with higher yield. Both the shear rate when mixing and the time of mixing could affect the 

tertiary structure of biologics in addition to CPs features.

Metal Ions and Organic Ligands Selection

A major criteria when designing CPs for vaccine drug delivery applications is to consider 

the toxicity of the precursors (Rojas et al., 2017; Sajid, 2016). Examples of biocompatible 

metals include Zn2+ and Fe2+/3+, which are endogenous elements that serve biological 

functions and are found in relatively significant amounts in the body. However, zinc metal 

ions can compete with Fe2+/3+ and Ca2+ ions in cellular function, and can lead to cellular 

damage (Borovanský & Riley, 1989). Even iron metal ions can generate reactive oxygen 

species (ROS) which can lead to cellular death or apoptosis (Tamames-Tabar et al., 2014). 

These factors explain the cytotoxicity observed with well-established zeolitic imidazolate 

frameworks (ZIF-8) and iron-based MOFs.

A wide array of organic ligands has been utilized in the formation of CPs but only a 

few studies have been performed to properly assess their biological applicability. It has 

been shown that the hydrophobic–hydrophilic balance of the organic linker (expressed 

via partition coefficient logP) can be correlated with MOF cytotoxicity, with MOFs built 

from more hydrophilic linkers exhibiting lower cytotoxicity (Tamames-Tabar et al., 2014). 

Further, reduced cytotoxicity was shown with ball-milling because it led to increased 

hydrophilicity on the external surface of ZIF-8 (Shearier et al., 2016). However, correlation 

of MOF cytotoxicity with linker hydrophilicity is not perfectly linear, and other important 

factors like specific cell line-related internalization and whether the linker is an endogenous 

molecule may result in deviation from this trend (Tamames-Tabar et al., 2014).

Additionally, the choice of metal ions and organic linkers have direct correlation on CP 

stability. In order to assemble a stable CP, hard/soft-acid/base principle should be considered 

as corroborated by many observations in MOFs research (Devic & Serre, 2014). For 

example, the carboxylate-based ligands can be regarded as hard bases, which tend to form 

stable MOFs together with high-valent metal ions, such as Ti4+, Zr4+, Al3+, Fe3+, and 

Cr3+. On the other hand, soft divalent metal ions such as Zn2+, Cu2+, Ni2+ and Mn2+, 

can coordinate to soft azolate ligands such as imidazolates, pyrazolates, triazolates, and 

tetrazolates (Yuan et al., 2018). The most representative examples are ZIFs constructed by 

Zn2+ and imidazolate linkers.
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Incorporation of Biomolecules

CP’s unique chemical and structural features allow for adsorption or entrapment of biologics 

or biomolecules within their pores as well as on external surfaces (Liang et al., 2015). 

Illustrated in Figure 2, there are three common routes to incorporate biologics within CPs for 

vaccine research (An et al., 2019): (1) Incorporation within it; (2) Covalent attachment to the 

surface; (3) Adsorption.

During in situ encapsulation (Figure 2A), CPs grow around the biomolecule in a one-pot 

synthesis where nucleation and immobilization occur simultaneously which can uniformly 

distribute the biomolecule within the structure. For example, for infectious disease vaccines, 

whole viruses and bacteria can be encapsulated in MOFs (Luzuriaga et al., 2021; Luzuriaga 

et al., 2019; Miao et al., 2019). Incorporation of the biologic can occur post-synthesis by 

surface attachment via a strong covalent bond, such as a disulfide bond (Yang et al., 2018), 

(Figure 2B) or a weak physical adsorption (Z. Wang et al., 2017) through electrostatic 

interactions between the phosphate groups on the biologic and the metal (Figure 2C). For 

vaccines and immunotherapy, electrostatic interactions are commonly used to incorporate 

the FDA approved vaccine adjuvant CpG. CpG can be adsorbed on to the surface of CPs 

through a strong metal-phosphate bond (Z. Wang et al., 2017) or by π–π interactions with 

an organic ligand (Y. Zhang et al., 2017). Proteins with a His-tag can allow for metal ion 

to protein complexation on the CP surface (Eckshtain-Levi et al., 2022). One drawback 

to having the biomolecule surface attached is that it is exposed to the environment which 

can result in denaturation. However, many CPs are synthesized under conditions that can 

denature the biomolecule so post-synthesis incorporation may be desirable. Interestingly, 

several publications report that the biologic is incorporated both within the pores of a CP, 

given the biologic is small enough to enter, and on its surface to enhance immune responses 

(Duan et al., 2017; Zhang et al., 2020; Zhang et al., 2016; Zhong et al., 2019).

CPs used in Vaccine Studies

Several CP formulations, based on a variety of metal ions have been used as an infectious 

disease or therapeutic cancer vaccine (Table 1). The acid sensitivity of many of the 

formulations facilitates triggered release upon internalization by an antigen presenting cell 

(APC) as well as release in the low pH environment of tumors, making these platforms 

advantageous for these applications.

Zinc-Based CPs

Zeolitic imidazolate framework-8 (ZIF-8), constructed from Zn2+ and 2-methylimidazole 

(2-HMIM), is one of the most investigated MOF applied for vaccine delivery. Several 

different methods have been developed to fabricate ZIF-8 at temperatures varying from 

room temperature to 200°C in different solvents. Jian et al. and Zhang et al. showed that 

particle sizes and shapes of resulting ZIF-8 materials can be controlled by the 2-Hmim/Zn2+ 

molar ratio both in water and methanol, respectively (Jian et al., 2015)(Zhang et al., 2018). 

Bustamante et al. investigated the role of solvent using series of aliphatic alcohols and 

acetone which resulted in ultra-fast synthesis of ZIF-8 (Bustamante et al., 2014).
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ZIF-8 MOFs for vaccines and immunotherapies most commonly use surface adsorption of 

CpG by electrostatic forces after the MOF has been formed (Figure 3) (Zhang et al., 2016; 

Zhong et al., 2019). It has been shown that with the incorporation of CpG, cytotoxicity 

decreases when incubated with cells, but this can probably be attributed to CpG increasing 

cell proliferation and the cellular assay used measuring both proliferation and viability (e.g. 

MTT). Zhang et al. reports loading CpG onto the surface of ZIF-8 MOFs (H. Zhang et 

al., 2017). Mice treated with the formulation intravenously had cytokine signaling above 

background. Furthermore, ZIF-8 MOFs can co-deliver CpG and ovalbumin (OVA) where the 

protein antigen is encapsulated into the MOF in situ. This co-delivery strategy has achieved 

an OVA specific adaptive immune response. Vaccinating mice with OVA CpG ZIF-8 MOFs 

had greater total IgG titers but marginal differences in splenocyte proliferation and T cell 

counts (H. Zhang et al., 2017; Zhang et al., 2016). Another study encapsulated adjuvant 

imiquimod (R837) and a near-infrared dye in ZIF-8 MOFs that were coated with hyaluronic 

acid to target tumor cells or mannan to target dendritic cells. This formulation could then 

be ‘activated’ with a laser for thermal ablation and thus releases tumor specific antigens in 

order to generate a therapeutic cancer vaccine (Zhang et al., 2020). It was found that there 

was enhanced tumor clearance when treating mice with this formulation.

Aside from co-delivering an adjuvant and antigen, ZIF-8 MOFs have been used to 

encapsulate whole viruses, virus like particles (VLP), and bacteria (Luzuriaga et al., 2021; 

Luzuriaga et al., 2019; Singh et al., 2022; Teng et al., 2022). The primary purpose for this 

is to protect the cargo from outside influences that may denature or damage it, such as heat 

or harsh organic solvents. Tobacco mosaic virus (TMV) loaded into MOFs were subjected to 

100°C for 20 min or to solvents such as, methanol, ethyl acetate, or guanidinium chloride, 

and it was found that there was only a 10–30% reduction in antibody binding whereas 

soluble TMV ranged from 30–100% reduction (Luzuriaga et al., 2019). Whole bacteria, 

Escherichia coli (E. coli) strain CFT073, was coated with a ZIF-8 shell and inactivated the 

bacteria similarly to heat or chemical inactivation (Luzuriaga et al., 2021). Mice vaccinated 

with the MOF showed persistence at the injection site for 120 hours compared to two hours 

for an uncoated virus, significantly greater total IgG titers were seen by day 21 with no 

sign of toxicity, and there were increased T cells, B cells, CD4+ and CD8+ T cells in the 

spleens and lymph nodes. Other studies have encapsulated other pathogens and have shown 

that MOFs are able to protect viability, indicating its feasibility in the delivery of live viruses 

(Singh et al., 2022; Teng et al., 2022).

(Li et al., 2020) reported the use of ZIF-8 MOF encapsulated mesoporous silica (MS) for 

the development of a cancer vaccine. The design is based on the idea that the MS has 

ample surface area for the antigen and adjuvant, whereas the ZIF-8 coating allows for more 

controlled release of the vaccine elements. The authors show increased thickness of coating 

with increased ratios of MS to Zn2+. With OVA and TLR3 agonist poly(I:C) adsorbed on 

the outside of MS, the ZIF-8 coating demonstrated a pH-sensitive release of the components, 

Zn, Si, OVA, and poly(I:C), which was faster at pH 5 than at neutral pH. Furthermore, 

innate immune activity in bone-marrow derived dendritic cells (BMDCs) was observed with 

the MOF-MS complex. This study displays that MOF can enhance the delivery of cancer 

vaccines antigens through extended release, and that the ZIF-8 shell can form around a metal 

oxide microparticle.
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Eckshtain-Levi et al. reports a zinc-based CP where the organic linker is carnosine, a 

dipeptide that is already found in the body in high amounts in muscle tissue (Eckshtain-Levi 

et al., 2022). This study adsorbed CpG to the surface of the CP and OVA encapsulated or 

embedded between the CP structures. This CP can be formed at biocompatible conditions 

where the components are mixed at 37°C for 18 hours in HEPES buffer. The study also 

used an influenza hemagglutinin protein to illustrate its use for a subunit vaccine delivery 

platform where mice vaccinated with this formulation had enhanced levels of antibody 

production and cytokine production. Overall, these studies show that zinc-based CPs can be 

used as a vaccine platform especially with the ability to protect the cargo from denaturing 

events.

Zirconium-Based MOFs

Zr MOFs are known for their stability and robustness. It is attributed to formation of 

Zr6 cluster which act as a secondary-building unit within MOF structure. Most notable 

examples of zirconium-based MOFs include UiO-66 (UiO=University of Oslo), which 

is constructed from Zr4+ ions and terephthalic acid as a linker and is known for its 

exceptional thermal stability in addition to biocompatibility. UiO-66 also exhibit highly 

robust structure topology, which tolerates various modifications of its original linker. 

For example, one member of UiO-66 family is UiO-66-NH2 and it is based on amine-

functionalized terephthalic acid linker, 2-aminoterephthalic acid (Z. Wang et al., 2017). 

Utilization of 2-aminoterephthalic acid and terephthalic acid at 1:1 molar ratio also led to a 

MOF that retains UiO-66 topology, UiO-AM (Qi et al., 2019) (Figure 4). Both UiO-66-NH2 

and UiO-AM show promise for biomedical applications.

A study adsorbed CpG onto UiO-66-NH2 via ultrasonic mixing and encapsulated the MOF 

in a calcium phosphate shell (Z. Wang et al., 2017). The formulated nanoparticle (NP) 

was approximately 100 nm in diameter and released CpG in a pH dependent manner. 

The NPs were taken up via micropinocytosis by HeLa cells and when treating RAW 

macrophages, IL-6 and TNF-α cytokine production was similar to that of soluble CpG. 

Mice treated with mineralized CpG MOFs had significantly greater TNF-α serum levels 

than CpG-functionalized gold NPs demonstrating that Zr-MOFs show promise as a vaccine 

delivery vehicle.

Qi et al. used a Zr-MOF with OVA loaded via electrostatic interactions as the antigen (Qi et 

al., 2019). No adjuvant was used in this formulation, but it was discussed that complement 

activation drove an adjuvant-like response, however, endotoxin was not evaluated. Mice 

were vaccinated subcutaneously, which resulted in higher anti-OVA titers, C3a (complement 

protein) binding, and CD8+ T cells from isolated spleens when treated with the MOF 

formulation versus soluble OVA. There was also an increase in pro-inflammatory cytokines 

observed in mice sera after vaccination with the MOF treated group. This study showed that 

new formulation of common elements, such as Zr4+, could modify their biological effect and 

give them properties similar to adjuvants, such as triggering the innate immune system to 

help drive an adaptive immune response.

Another study adsorbed CpG to the surface, but the organic linker was a photosensitizer 

that allowed for photothermal ablation of tumor cells (Cai et al., 2020). The MOF was 
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also coated with hyaluronic acid to target tumor cells and the tumor associated antigens 

were released upon thermal ablation. CpG helped stimulate the immune system to mount a 

response against tumor antigens. This study showed that there are other means to thermally 

ablate tumor cells without the use of a photothermal dye but instead an organic linker and 

that in combination with an adjuvant can help drive tumor elimination.

Iron-Based MOFs

Most notable example of iron-based MOFs include MIL-101(Fe) (MIL = Materials of 
Institut Lavoisier), developed by G. Férey’s research group (Horcajada et al., 2008). 

MIL-101(Fe) is constructed from Fe3+ clusters and an aromatic dicarboxylic acid as a linker 

(terephthalic acid). It has a very porous structure and was reported to be one of the first 

examples of drug release from a MOF with ibuprofen (Horcajada et al., 2006).

MIL-101(Fe) was used to deliver CpG and this displayed enhanced activity compared 

to soluble CpG (Y. Zhang et al., 2017). Zhang et al. showed by flow cytometry and 

epifluorescence that there were higher association of CpG with RAW macrophages when 

delivered via MOF than soluble agent. There were also increased levels of IL-6 and TNF-

α compared to soluble CpG. This translates to mice studies where the serum of mice 

treated with the MOF showed an upregulation of cytokines. These can also be used in 

MRI detection (due to Fe3+ ions) and display a high contrast when given subcutaneously, 

indicating that the MOFs can also have a theranostics effect.

OVA has also been covalently attached via disulfide bond to the surface of Fe-based MOFs 

with CpG adsorbed to the surface (Figure 5) (Yang et al., 2018). Treating DC2.4 cells with 

the OVA CpG MOFs, there was increased cellular association and uptake of the MOFs 

measured via flow cytometry and confocal microscopy, respectively. In a splenocyte antigen 

recall, it was shown that MOFs containing OVA had an increased degree of proliferation 

and production of pro-inflammatory cytokines IFN-γ, TNF-α, and IL-4. Serum total IgG 

antibody levels were also significantly greater with the OVA and CpG MOF group. Using 

an in vivo T cell killing assay, the cells isolated from an OVA and CpG MOF vaccinated 

mouse displayed significantly higher killing than the other groups. This work displays that 

vaccination with MOF carriers can generate strong CD8+ mediated killing.

Hafnium-Based MOFs

Hafnium-based MOFs are constructed from Hf4+ ions which form robust Hf6 clusters 

upon coordination with organic linkers leading to exceptionally stable structures. Notable 

examples of Hf MOFs utilized for cancer therapy applications include MOFs with 

photosensitizer linkers. Such MOFs are TBC-Hf, where TBC is a chlorin-based ligand 

5,10,15,20-tetra(p-benzoato)chlorin (Lu et al., 2016), porphyrin-based MOFs DBP-Hf (5,15-

di(p-benzoato)porphyrin linker) and TBP-Hf (5,10,15,20-tetra(p-benzoato)porphyrin linker) 

(Lu et al., 2018). A post-synthetic modification strategy was used to load indoleamine 2,3-

dioxygenase (IDO) inhibitor into Hf-based MOFs TBC-Hf (Lu et al., 2016) and DBP-Hf (Lu 

et al., 2018), and the obtained materials showed high promise in cancer therapy. Hf MOFs 

with IDO inhibitors were cultured with colon cancer CT26 cells and induced greater than 

50% cell toxicity at 20 μM (Lu et al., 2016). However, when using the same concentration 
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against colon adenocarcinoma MC38 cells, less cytotoxicity was observed, although some 

variability can occur with different cell lines. With the addition of irradiation (90 J/cm2), 

significantly greater cell apoptosis and death was observed with MOF treatment compared 

to PBS. The Lin lab also tested the Hf-MOF with anti-programmed death-ligand 1 antibody 

(anti-PD L1) and reported reduced tumor burden (Ni, Lan, Chan, et al., 2018). The structure 

of their Hf6 or Hf12 cluster MOFs differ and provide difference in therapeutic results due 

to the difference in surface area and porosity (Figure 6). Overall, these studies show that 

Hf-MOFs show great promise as a cancer immunotherapeutic in combination of radiation 

and checkpoint blockade.

Aluminum-Based MOFs

Aluminum-based IL-57(Al)-NH2 MOF, constructed from Al3+ ions and 2-aminoterephthalic 

acid linker, has been used in vaccine delivery (Figure 7) (Miao et al., 2019). Miao et al. 

used this Al-MOF to load OVA in a one pot reaction under mild sonication and delivered the 

antigen orally (Miao et al., 2019). Using circular dichroism, FTIR and SDS-PAGE, it was 

confirmed that OVA was not denatured during the formation process. When encapsulating 

β-galactosidase, it was shown that the enzyme activity did not change at 4, 20, and 

37°C, whereas the enzyme lost activity in its soluble form at those temperatures. OVA 

encapsulated MOFs were also incubated in hollow yeast cells to electrostatically load the 

MOFs into a yeast capsule so that the yeast would act as an adjuvant to stimulate multiple 

innate immune cell receptors (Taghavi et al., 2017). Confocal microscopy and measuring the 

zeta potential before and after encapsulation confirmed the MOFs were incorporated in the 

yeast capsule. When cultured with RAW macrophages, IL-6 and IL-1β cytokine production 

and MHCII and CD80 upregulation were increased compared to OVA MOFs alone. When 

orally delivered in mice, the MOFs were seen to traffic into the draining lymph node and 

resulted in increased fecal antibodies. The study illustrates that the metal can act as an 

adjuvant and the MOF itself can be encapsulated into another carrier which may also act as 

an adjuvant and assist with penetrating the mucosal layer to stimulate an immune response.

Europium-Based MOFs

Several MOFs based on lanthanides have been reported as suitable for applications in drug 

delivery. One MOF based on Eu3+ and biomolecule guanine monophosphate (GMP) as a 

linker was used for immunotherapy against cancer (Figure 8) (Duan et al., 2017). Duan 

et al. used this Eu MOF to deliver OVA and CpG for generation of a melanoma vaccine. 

OVA was encapsulated into the Eu MOF during the MOF formation and CpG adsorbed post 

synthesis. This MOF showed acid sensitivity in vitro. When treating mice with a F16-OVA 

subcutaneous melanoma, the MOF with OVA with and without CpG significantly reduced 

tumor growth and extended survival rates compared to controls. Immunohistochemistry also 

showed infiltration of NK and CD8+ T cells into the tumor with the MOF treatment which 

led to increased survival and decrease in tumor volume. The study displays that Eu MOFs 

can be used to deliver and adjuvant and antigen for immunotherapy of cancer.

Manganese-Based CPs

Zhao et al., reports a manganese-based CP (Mn-CP) where the Mn2+ ion forms a CP 

with a nucleotide oligomerization binding domain agonist, meso-2,6-diaminopimelic acid 
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(DAP), as the organic linker (Figure 9). In this paper, DAP acts as the adjuvant itself and 

it can assist with antigen cross-presentation (Zhao et al., 2019). OVA is used as the model 

antigen and is encapsulated within the CP. The use of this CP demonstrates greater DC 

maturation, cross-presentation, and cytokine production with also increased survival and 

slowed tumor progression in a mouse cancer challenge study with B16-OVA cell lines. This 

paper illustrates that Mn-CPs can also be used as immunotherapeutic vehicles and that the 

organic linker can act as the adjuvant.

Chemical and Physical Characterization of CPs

CPs are typically characterized with several diverse and complementary physicochemical 

techniques to determine their structural properties: size, charge, loading, and other 

properties. These characteristics are important in assessing a CPs capability as a vaccine 

delivery system since their morphology can change with the introduction of a biomolecule 

(Luzuriaga et al., 2019) or even assessing whether or not the biomolecule has been properly 

encapsulated via surface charge (S. Wang et al., 2017; Yang et al., 2018; Zhang et al., 2020). 

Table 2 lists out the various techniques used to characterize the morphology, chemical, and 

physical characteristics of CPs.

Structure and Elemental Analysis

With CPs, confirmation of the structure is required to determine the dimensionality of 

the crystals formed (i.e., 1D, 2D, 3D) through diffraction techniques as well as imaging 

methods. Further, elemental analysis can be used to confirm the ratio of metal to organic 

linker to verify the structure as well as the purity of the CP.

The most common way to determine CP crystal structure is X-ray diffraction. Single crystal 

X-ray diffraction (SXRD) is a technique that requires the use of a single crystal, and it 

provides absolute structural information. However, obtaining a single crystal can be difficult 

as most SXRD-quality crystals are formed under solvothermal reactions, which limits its 

biomedical application. Powder X-ray diffraction (PXRD) analysis can be used when a 

single crystal cannot be obtained. This method, however, does not provide the absolute 

structure of the crystal but only PXRD patterns to determine crystallinity and phase purity. 

The patterns obtained by PXRD can only be elucidated when compared to a diffractogram 

previously reported in literature, or as a simulated model. For example, Eckshtain-Levi et al. 

reported a zinc-carnosine CP and confirmed the structure via predicted simulations of PXRD 

patterns (Eckshtain-Levi et al., 2022).

To confirm the ratio of metal to organic linker in the CP or the presence of the biologic 

cargo, several techniques can be used. The Fourier-transform infrared spectroscopy (FTIR) 

measurement is usually used as a qualitative analysis to identify functional groups on CPs 

(Duan et al., 2017; Ni, Lan, et al., 2020). For example, FTIR spectrum of ZIF-8 features 

specific peaks associated with Zn−N stretching at 420 cm−1 and several bands at 758, 995, 

1307, 1583, 2856, 2927, 2959, and 3135 cm−1 corresponding to the C−H stretching of 

2-methylimidazole (H. Zhang et al., 2017). Further, comparison between FTIR spectra of the 

starting and the final materials can revel if a biologic was successfully incorporated (Pang 

et al., 2020). For example, OVA incorporation within a CP surface was identified by the 

Pena et al. Page 9

Wiley Interdiscip Rev Nanomed Nanobiotechnol. Author manuscript; available in PMC 2024 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



appearance of new bands in the FTIR spectrum of the material (Qi et al., 2019; Yang et al., 

2018).

Nuclear magnetic resonance (NMR) can provide information on the CP’s purity and linker 

to metal ratio. Conventional NMR solvents are often not suitable due to limited MOF 

solubility and their digestion is needed in order to obtain a spectrum (Howarth et al., 2017). 

For example, DBP-Hf MOF can be digested in 85% D3PO4 in DMSO-d6 where the ratio 

of acetic acid (AcOH) to DBP can be determined by the ratio of the integral of the AcOH 

peak to the H2DBP peak (Lu et al., 2018). Solid-state NMR (SS-NMR) is another option 

to characterize CPs. This method probes the local chemical environment inside of the CP, 

making it useful to verify encapsulation of the biologic.

Inductively coupled plasma mass spectrometry (ICP-MS) can also be used to determine the 

purity or elemental ratios of a CP (Lu et al., 2016; Ni, Luo, et al., 2020). This technique 

atomizes the CP for analyte detection with mass spectrometry. Metal ions at concentration 

as low as parts per a trillion can be analyzed, making this a useful tool when dealing with 

limited sample amounts. ICP-MS can also be used to determine cellular uptake (Lu et al., 

2016; Ni, Luo, et al., 2020) and determine biodistribution in organs and tissues (Lan et al., 

2018; Lu et al., 2018; H. Zhang et al., 2017).

Size and Surface Analysis

Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) are 

techniques that can provide images of the CPs for their size distribution as well as their 

shape and morphology. SEMs provide a 3D image of the surface of the sample whereas 

TEM images are 2D projections of the samples. When coupled with energy-dispersive X-ray 

spectroscopy (EDS), this technique can yield both quantitative and qualitative information 

regarding elemental composition (Miao et al., 2019; Shao et al., 2020; S. Wang et al., 2017; 

Yang et al., 2018; Zhang et al., 2016). TEM allows the detection of smaller particles due 

to its larger spatial enhancement compared to SEM. High resolution transmission electron 

microscopy (HRTEM) is a TEM imaging mode that allows the imaging at the atomic level, 

providing direct images of the atomic structure/arrangement and crystalline lattice of the 

samples (Ni, Lan, et al., 2020; Ni, Luo, et al., 2020; Pang et al., 2020). Furthermore, 

these methods can confirm morphology changes when incorporating a biologic into a MOF. 

The Gassensmith lab (Luzuriaga et al., 2019) encapsulated TMV within ZIF-8 and the 

morphology changed drastically from the common rhombic dodecahedral native ZIF-8 

crystals to a rod-like morphology.

Dynamic light scattering (DLS) is one of the most frequently used techniques for measuring 

the hydrodynamic diameter of particles. In several publications DLS was utilized to prove 

that a biologic was attached to the surface by demonstrating that hydrodynamic size of the 

particles increased (Pang et al., 2020; S. Wang et al., 2017; Zhang et al., 2020). However, 

it does not describe the morphology of the particles and usually the chosen fitting model 

assumes a solid sphere or another ideal geometric shape (Genito et al., 2021). Therefore, the 

values should be compared to those obtained from an image (e.g. TEM or SEM) (Lei et al., 

2020; Lu et al., 2016; Miao et al., 2019; Ni, Lan, et al., 2020; Zeng et al., 2018). It should be 

noted that particle uptake in cells can be associated with size where particles less than 100 
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nm can be internalized by most cells, but particles larger than 100nm are primarily taken up 

by phagocytic cells (Foged et al., 2005; Hirota et al., 2007). However, particles around one 

to two micrometers in diameter are 50x more likely to be taken up by dendritic cells (DC) 

rather than macrophages (Genito et al., 2021; Manolova et al., 2008). Particle size can range 

from 10s of nanometers to micrometers, especially if one is encasing biological elements 

such as bacteria (Luzuriaga et al., 2021; Luzuriaga et al., 2019) therefore, it is important 

to measure the size of the particles and their uptake in antigen presenting cells (e.g. DCs 

and macrophages) to ensure proper antigen processing and generation of reliable vaccine 

responses.

Zeta potential measurement is a technique for determining the effective electric charge 

on the material’s surface. The magnitude of the zeta potential combined with the size of 

material’s particles can provide information about sample stability, where particles with 

higher magnitude zeta potentials (negative or positive) usually exhibit increased stability due 

to a larger electrostatic repulsion between particles (Zeng et al., 2018). The zeta potential 

is sensitive to the sample’s surface layer, thus perfectly suited for monitoring changes in 

the surface charge value upon adsorption or attachment of the biomolecule (S. Wang et al., 

2017; Yang et al., 2018; Zhang et al., 2020). Zhang et al. reports loading CpG onto the 

surface of ZIF-8 MOF where the ratio of MOF to CpG was varied (H. Zhang et al., 2017). 

It was shown that the inclusion of CpG alters the charge on the surface where ZIF-8 had a 

positive charge of ~20 mV and with CpG it was lowered to ~4 mV.

Thermal gravimetric analysis (TGA) monitors the sample’s mass loss as a function of 

temperature in a controlled atmosphere. Using this method, the thermal stability of a CP (Ni, 

Luo, et al., 2020), its solvent-accessible pore volume, and the mass loading of incorporated 

biomolecule can be determined. For determination of pore volume, a TGA spectrum of a 

solvated sample needs to be collected, and the mass loss will indicate the trapped solvent in 

the pores. However, weight loss does not necessarily correlate with structural changes and 

complementary measurements should always be taken. In the case of TBP MOF (Cu), TGA 

reveled weight loss that was attributed to hydroxide groups/water molecules and isolated 

N,N-dimethylformamide (DMF) molecules incorporated into the material’s structure, which 

corresponded well with the crystal structure derived from the SXRD data the authors have 

reported (Zeng et al., 2018).

Adsorption isotherms determine parameters such as surface areas, pore size and pore size 

distributions. The method relies on nonreactive gas adsorption to the surface of the studied 

solid at cryogenic temperatures. The resulting output is an adsorption isotherm with a 

specific shape, corresponding to the homogeneity of the solid. Typically, nitrogen gas 

adsorption at 77 K is used for these measurements and the most common approach to 

calculate the surface area is the Brunauer-Emmett-Teller (BET) method (Ambroz et al., 

2018). This can be used in combination with PXRD to confirm the surface area of a MOF. A 

Cu MOF was studied using nitrogen adsorption which can be seen on a PXRD pattern was 

in agreement with the porosity determined using the BET method (Zeng et al., 2018).
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Biological Characterization of CPs

There are several biological assays and characterizations needed to determine not only the 

cytotoxicity and stability, but also the efficacy of the carrier as a vaccine delivery platform 

(Table 3). Additionally, for the use of CPs in the biomedical field, further characterization 

such as in vitro release studies and endotoxin evaluation should be performed. As shown in 

Figure 10, the typical workflow when assessing the therapeutic efficacy of CPs preclinically 

starts with determining and confirming the physical and chemical properties of the CP. Then 

one can move to analyzing in vitro by treating cells with the CP. Finally, vaccination of mice 

with the CP can be done.

After characterizing the chemical and physical properties of the fabricated CP (Figure 10A), 

one should assess the endotoxin level of the CPs before performing in vitro or in vivo 

experiments, particularly if aiming to determine the immunostimulatory effect of MOFs as 

the presence of endotoxins will confound the data. Endotoxins are lipopolysaccharides that 

originate from bacteria and viruses that can activate the immune system through the toll-like 

receptor 4 pathway (Genito et al., 2021). These can grow primarily in aqueous solutions 

that are not maintained in sterile conditions. To determine the presence of endotoxin, kits 

can be purchased commercially (Limulus Amebocyte Lysate Assay). When determining the 

immunostimulatory effect of MOFs, the presence of endotoxins can confound the data.

The high porosity and tunability of MOF structures are promising for achieving controlled 

release, which should be evaluated in vitro. ZIF-8 and several other CPs exhibit pH-sensitive 

release which is relevant to triggered release in the acidic environment of a lysosome 

or tumor. Acid sensitive CPs are stable at neutral pH and quickly decompose at acidic 

conditions (Figure 10B) (Eckshtain-Levi et al., 2022; Lei et al., 2020; Zhang et al., 2020; 

Zhong et al., 2019). Evaluating release at two different pH’s is needed to verifying acid 

sensitive release. When performing release studies, it is important to consider the chemical 

identities of the buffers and counterions present in the solutions as these can interfere with 

the experiment and yield misleading results. For example, it was shown that ZIF-8 slowly 

degrades in 10 mM PBS buffer, due to the high affinity of the phosphate ions towards 

the Zn2+ ions and substitution by them of the original ZIF-8 linkers, 2-Hmim ligands 

(Velásquez-Hernández et al., 2019). It has been shown that drug release from ZIF-8 in 

‘non-coordinating’ buffer such as HEPES is negligible (Liu et al., 2019).

In vitro Analysis

Cytotoxicity Assay—To evaluate the cytotoxicity of CPs in vitro, the most common 

assays used are MTT, MTS or CCK-8 assays where a tetrazolium salt is applied to cells 

that have been cultured with CPs to measure cell viability and proliferation. Zhang et 

al. incubated their ZIF-8 MOFs with RAW macrophages and found that cell viability 

decreases with MOF concentration (H. Zhang et al., 2017). However, when ZIF-8 was 

delivering CpG, cell viability increased indicating that the drug being carried can also 

affect cell proliferation. Eckshtain-Levi et al. measured cell viability using MTT and found 

that their ZnCar CP had better cytocompatibility than the commonly used ZIF-8 MOF 

(Eckshtain-Levi et al., 2022). Tamames-Tabar et al. assessed the cytotoxicity of multiple 

Fe-MOFs and ZIF-8 against HeLa and J774 cells by determining the half maximal inhibitory 
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concentration (IC50) and found that MOFs have similar cytotoxicity capacities to clinically 

used nanoparticle systems showing promise as drug delivery vehicles (Tamames-Tabar et al., 

2014).

Cellular Uptake and Association—Particle uptake can be measured or observed using 

confocal microscopy with Z-stacks. This method can incorporate multiple Z-stacks where 

the top and bottom of the cell can be identified with fluorescent staining to allow for 

visualization of fluorescently-labeled CPs within the cell as depicted in Figure 10B. 

Methods such as epifluorescence microscopy or flow cytometry can only determine cell 

association and not internalization in less a dye that responds to the internal cell environment 

(e.g. DQ Ovalbumin) or stimuli from the particle is used is used to activate an internal 

dye (e.g. FRET pairing). Yang et al. and Zhang et al. have both used confocal microscopy 

to image fluorescently labeled MOFs to confirm cellular uptake but also performed flow 

cytometry to further corroborate their findings (Yang et al., 2018; H. Zhang et al., 2017). 

Wang et al. tracked in real time cellular uptake of their MOFs against HeLa cells and found 

that MOF uptake still occurs by 34 hours (Z. Wang et al., 2017). It was also shown that 

the MOFs were internalized via macropinocytosis through TEM imaging, giving evidence 

as to how MOFs are internalized by cells. The main purpose of dendritic cells in the body 

is to present antigens to T-cells to propagate an immune response. Eckshtain-Levi et al. has 

shown that CPs carrying OVA are internalized by DC2.4s and efficiently process the antigen 

for cross-presentation to T-cell (Eckshtain-Levi et al., 2022).

Cytokine ELISA Assays—Cytokines play a major role in mediating the immune 

response and propagating a desired vaccine response (Blanco et al., 2008). Evaluating 

the innate immune response of the CP can establish if endotoxin is present as well as if 

the incorporated adjuvant is functional. Endotoxins have a non-specific cytokine secretion 

profile that could not be discerned from adjuvants. Measuring the concentration of cytokines 

expressed when CPs are cultured with immune cells is therefore critical to evaluate the 

innate and adaptive immune responses generated by the formulation (Figure 10B). Typically 

these measurements are performed after 48 hours of incubation with the CPs and in tandem 

with cytotoxicity measurements. Cytotoxicity measurements can be used to determine a 

viable range where cell death is minimal, since increased cell death can lead to elevated 

cytokines. Since the most common adjuvant incorporated into CPs is CpG, papers typically 

measure for tumor necrosis factor alpha (TNF-α) and IL-6, as different adjuvants will invoke 

different cytokines. Generally, it is found that there is an increase in cytokine production 

when delivered via CP than when its soluble form (Eckshtain-Levi et al., 2022; Z. Wang 

et al., 2017; H. Zhang et al., 2017), and this is called dose sparing. This dose sparing is 

likely observed due to the CP formulation setting to the bottom of the well where the cells 

are as well as more efficient delivery of the adjuvant to the cell which can occur when CP 

formulations with the adjuvant are internalized and/or are pH sensitive. It should be noted 

that endotoxin examination should be performed prior to incubating MOFs with cells as the 

endotoxin can lead to cytokine production via TLR4 pathway.
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In vivo Analysis

Animal Toxicity—Toxicity can depend on factors like administration route, exposure time 

and accumulation/elimination of the CP from the body. Overall, toxicity is dose-dependent. 

To assess the animal toxicity of their MOFs, Qi et al. used histopathological images of 

the liver, spleen, kidney, and injection site (Qi et al., 2019). They saw minimal damage 

at the injection site and no damage to the other organs. Zhang et al. used hemolysis 

and hematoxylin and eosin histology (H&E) staining to discover that their MOFs did 

not produce any morphological or toxic effects in mice (Zhang et al., 2020). MOFs 

encapsulating TMV showed no toxicity when assessed via H&E staining (Luzuriaga et al., 

2019). In conclusion, although it is highly dependent on the metal, many MOFs show low 

toxicity.

Biodistribution—Determining the biodistribution of a MOF helps assess where the MOFs 

are accumulating towards, and which organs are most enriched. This can be observed and 

measured by an in vivo imaging system, such as near infrared fluorescence imaging, using 

a fluorescently-labeled analyte that is incorporated in the MOF. Zhang et al. imaged tumor 

bearing mice after administration of their MOFs carrying a fluorescent drug both in vivo and 

ex vivo and found that MOFs accumulated more drug to the tumor than soluble drug due to 

the enhanced permeability and retention effect (Zhang et al., 2020). During ex vivo imaging 

it was seen that the MOFs accumulated in the liver which is typical for drug delivery 

vehicles.

Immune Responses—Humoral responses refer to the immune response in the ‘humors’ 

(e.g. blood, extracellular fluid). This includes the antibodies generated by B cells as well 

as complement. The most common way to measure antibodies in serum is to perform an 

ELISA towards IgG and its subtypes IgG1 and IgG2a or IgG2c for BALB/c or C57BL/6 

mice, respectively. A number of studies have shown that the delivery of an adjuvant with 

a CP can increase antibody production (Figure 10C) (Eckshtain-Levi et al., 2022; Zhang et 

al., 2016). ZnCar CPs loaded with CpG to deliver OVA or hemagglutinin have also been 

reported to have increased antibody production upon vaccinating mice showing that CPs can 

be used for subunit viral vaccination (Eckshtain-Levi et al., 2022). OVA incorporation inside 

an Fe-MOF was compared to having the protein covalently bonded to the surface. It was 

reported that there was a significantly higher antibody production when OVA was on the 

surface, likely because it can then interact with B cells directly (Yang et al., 2018). OVA 

loaded Al-MOFs were encapsulated into yeast capsules and given orally where the yeast 

capsules acts to assist the MOF to penetrate through the mucosal lining and elicit an immune 

response (Miao et al., 2019). Through this study, it was shown that IgA and IgG antibodies 

can be produced using this method of delivery.

Cellular responses are more desirable for cancer vaccines and some infectious diseases. To 

evaluate this response, an antigen recall assay can be used where cells isolated from the 

spleen or lymph nodes are stimulated with the antigen and the response of those cells is 

monitored. Generally it is best to isolate spleens and lymph nodes 7–10 days after the last 

vaccine boost. Measurement of cytokines, such as IFN-γ and IL-2, via ELISA or ELISpot 

can determine if there is a cellular response to the vaccinated antigen (Janeway et al., 2001; 
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Teng et al., 2022; H. Zhang et al., 2017). Cytokine specific markers and activation markers 

for T cells can also be stained for and analyzed by flow cytometry (Figure 10C) (Li et al., 

2020; Zhong et al., 2019). A stronger cellular response has been shown by several groups 

using CPs to deliver adjuvant with or without antigen (Zhong et al., 2019)(Zhang et al., 

2020)(Cai et al., 2020; Eckshtain-Levi et al., 2022). Teng et al., found that encapsulating 

virus-like particles into MOFs enhance thermal stability and allowed for similar T-cell 

activation whether the formulation was treated with heat or not (Teng et al., 2022). It was 

also shown that Zr-MOFs loaded with OVA activate the complement cascade in immunized 

mice to enhance T cell activation and cytokine production (Qi et al., 2019). The Zr-MOFs 

were shown to have amino groups that allow for complement protein C3a to adsorb onto 

the surface. OVA that was conjugated to the surface of an Fe-MOF had higher amounts of 

cytokine production from splenocytes compared to OVA just encapsulated, indicating that 

surface expression and conjugation of OVA can enhance cellular responses (Yang et al., 

2018). Hf-MOFs with anti-PD-L1 antibodies elicited strong cellular responses where tumors 

had an elevated level of NK cells, T cells, and dendritic cells (Ni, Lan, Chan, et al., 2018). 

Overall, the delivery of a vaccine via CPs has shown promising results preclinically as both 

the humoral and cellular immunity can be enhanced or elevated.

Challenge Studies—Lastly, challenge studies are used to determine the overall 

effectiveness of the vaccine tested and give a robust evaluation of its therapeutic efficacy. 

One such way to do a challenge study for cancer is to use cancer that expresses OVA. 

ZIF-8 MOFs have been used to carry aluminum, CpG and OVA to treat EG7-OVA tumor 

cells implanted into mice. Median survival was increased by two days in the MOF group 

and tumor size was significantly reduced in the MOF without aluminum, compared to the 

MOF with aluminum (Mestas & Hughes, 2004). Li et al. report the use of a ZIF-8 MOF 

encapsulated in mesoporous silica (MS) (Li et al., 2020). When mice were prophylactically 

vaccinated with the vaccine prior to subcutaneous implantation of the lymphoma line EG7-

OVA, the MOF-MS complex with OVA co-delivered with anti-CTLA4 increased survival 

and significantly reduced tumor burden compared to the various control groups. When 

the vaccine was given four times three days after cancer injection, the MOF-MS complex 

with OVA and anti-CTLA4 with and without poly(I:C) significantly increased survival and 

decreased tumor burden.

Hyaluronic acid (HA) can also be used to target tumors that have high expression for its 

receptor, CD44. ZIF-8 was modified with HA along with a photothermal agent IR820 while 

another ZIF-8 was formulated with imiquimod and IDO inhibitor 1-methyl-D-tryptophan 

and mannan to enrich DC cell populations (Zhang et al., 2020). In this study, melanoma 

cells were inhibited at a significantly greater effect and had a higher necrotic and apoptotic 

fraction when HA modified IR820 MOFs were illuminated with near-infrared light. Zr-

MOFs have also been used to target tumors with HA and act as a photosensitizer (Cai et al., 

2020). In a subcutaneous H22 tumor model, the photosensitizer-embedded MOF loaded with 

CpG and hypoxia-inducible factor signaling inhibitor coated in HA significantly reduced 

tumor volume out to 14 days when stimulated with laser light, compared to controls. This 

work helps to shine a light on the use of complex CP composites for multi-drug delivery.
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To determine immunogenic cell death and if an anti-cancer vaccine response could be 

developed through the abscopal effect using Hf-MOFs with IDO inhibitors, mice were given 

subcutaneous implants of CT26 or MC38 cells on both flanks and treated in one of the 

tumors with MOF formulations given intratumorally (Lu et al., 2016). The MOFs given 

alone had direct anti-tumor responses, but clearance of the second tumor on the opposite 

flank of the treated tumor was only observed when mice were treated with IDO laden MOFs 

that were irradiated, displaying evidence of the abscopal effect. Also in the Lin lab (Lu et al., 

2018), Hf-MOFs were used to deliver an IDO inhibitor and to act as a radioenhancer with 

its organic linker, DBA, for cancer therapy. They observed near complete inhibition of tumor 

growth for 10 days in all models when tumors were irradiated. When surviving mice were 

rechallenged with tumor, four out of the six surviving mice were able to clear the tumor, 

indicating that those mice had a memory response to the tumor. Another study by the Lin 

lab uses the Hf-MOFs with DBA to function as a radioenhancer but the mice are also treated 

with anti-PD L1 (Ni, Lan, Chan, et al., 2018). The study found that radiotherapy with a 

checkpoint blockade elicits systemic antitumor immunity and eliminates tumors in challenge 

studies. These studies show that Hf-MOFs can be used to treat for a number of cancers when 

delivering a drug and being used in tandem with irradiation to release cancer antigens.

Duan et al. used Eu-MOFs to deliver OVA and CpG for generation of a melanoma vaccine 

(Duan et al., 2017). OVA was encapsulated into the Eu MOF during the MOF formation and 

CpG surface attached post synthesis. This MOF showed acid sensitivity where if introduced 

to a pH of 5 had a quick release of cargo compared to neutral pH. When treating mice with 

a F16-OVA subcutaneous cancer, the MOF with OVA with and without CpG significantly 

reduced tumor growth and extended survival rates compared to controls.

For pathogen vaccines, evaluation of survival after challenge and pathogen load in relevant 

tissues can provide quantitative information about the vaccine efficacy. The Gassensmith lab 

encapsulated E. coli in a ZIF-8 and after vaccination with the platform and challenge with 

the bacteria, greater protection and lower bacterial burden in mice vaccinated with ZIF-8 

coated bacteria was illustrated (Luzuriaga et al., 2021). These studies provide evidence that 

MOFs and CPs can be used as drug delivery vehicles for vaccines against cancer, pathogens, 

and viruses.

CPs in Clinical Trials

CPs show a lot of promise for biomedical field applications, but since they are still a 

relatively new type of materials only limited number have advanced to clinical trials. The 

Lin laboratory at the University of Chicago is the only research group that developed 

several CPs materials that are currently in clinical trials. Several are constructed from 

hafnium clusters and organic ligands that serve as photosensitizers, such as porphyrins and 

ruthenium-loaded organic moieties (Ni, Lan, Veroneau, et al., 2018). These CPs generate 

two cytotoxic species upon X-ray irradiation and are capable of targeting mitochondria, 

which in combination with intratumoral delivery leads to targeted tumor cell death. These 

CPs show high promise for improvement of X-ray radiotherapy, such as allowing to 

significantly lower the dose of radiation required for the treatment. One CP from this 

family, coined RiMO-301, is the first CP to enter clinical trials (clinical trials identifier 
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NCT03444714). The clinical trial started in 2018 and is currently in Phase I; it is estimated 

to be completed by December 2022.

A different family of materials, also developed by Lin’s group as anticancer therapies, are 

nanoscale CPs (NCP) comprised of zinc ions and phosphate- or phosphonate-functionalized 

ligands to encapsulate chemotherapeutics (Duan et al., 2019; He et al., 2016; Liu et al., 

2014). The NCPs are then covered in a lipid bilayer. Two materials from this family 

have advanced to clinical trials, namely CPI-100 (clinical trials identifier NCT03781362) 

and CPI-300 (clinical trials identifier NCT04808453), in 2018 and 2021, respectively. 

Unlike RiMO-301 which is administered intratumorally, CPI materials are being delivered 

intravenously. Since the trials are either still actively ongoing or have been completed very 

recently, results have yet to be disclosed.

Conclusions and Future Work

CPs are a promising platform for drug delivery applications as outlined by the research 

efforts covered in this review. Their versatility when incorporating biomolecules stemming 

from a variety of functional groups present within the structure and high porosity/surface 

area enable both encapsulation and surface attachment of cargo like antigens and adjuvants. 

Additionally, the acid-sensitivity of some CPs allows for triggered release at low pH, which 

is especially desired for delivery to tumor microenvironments. Despite the platforms promise 

and a vast variety of reported structures, only a few CPs are currently being evaluated 

in clinical trials. To advance these platforms, more emphasis needs to be put on in vitro 

and in vivo safety evaluation, and robust pre-clinical efforts are required to close the 

gap between bench work and clinic. Multidisciplinary efforts and collaborations between 

synthetic chemists, biochemists, biologists, oncologists, and immunologists are pivotal to 

capitalize on CPs promise as drug delivery platforms and enable transition of the most 

promising materials to the clinical trials stage.
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Figure 1. 
Schematic of metal organic coordination polymers (CP) in one-dimensional self-assembly 

and metal-organic frameworks (MOF) in their two- and three-dimensional self-assembly.

(Eckshtain-Levi et al., 2022)
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Figure 2. 
Schematic representation of different routes for incorporation of biomolecules within MOFs 

via (A) in situ encapsulation, (B) covalently bonding the biologic, and (C) physical 

adsorption through electrostatic interactions.
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Figure 3. 
Schematic of ZIF-8 structure delivering CpG and encapsulated antigen. Reprinted (adapted) 

with permission from H. Zhang et al., 2017 (H. Zhang et al., 2017). Copyright 2017 

American Chemical Society.
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Figure 4. 
Schematic of UiO-AM taken from Qi et al., 2019 depicting the structure of the MOF and 

inducing an immune response to OVA (Qi et al., 2019). Used with permission of Royal 

Society of Chemistry, from Antigen-enabled facile preparation of MOF nanovaccine to 

activate the complement system for enhanced antigen-mediated immune response, Qi et al., 

7, 2019; permission conveyed through Copyright Clearance Center, Inc.
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Figure 5. 
Schematic of Fe MOF with OVA conjugated to the surface and CpG adsorbed to stimulate 

immature APCs and induce a T cell response. Reprinted (adapted) with permission from 

Yang et al., 2018 (Yang et al., 2018). Copyright 2018 American Chemical Society.
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Figure 6. 
Schematic of Hf clusters synthesizing into Hf6-DBA and Hf12-DBAn provided by Chan, et 

al. (Ni, Lan, Chan, et al., 2018).
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Figure 7. 
Schematic of aluminum based MOFs encapsulating OVA provided by Miao et al., 2019 

(Miao et al., 2019).
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Figure 8. 
Schematic of europium coordinating with GMP and encapsulating OVA with CpG adsorbed 

onto the surface of the MOF. Reprinted from Biomaterials, 122, Duan et al., A simple 

and powerful co-delivery system based on pH-responsive metal organic frameworks for 

enhanced cancer immunotherapy, 22–33, 2017, with permission from Elsevier. (Duan et al., 

2017).
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Figure 9. 
Schematic of manganese based CPs coordinating with DAP for the delivery of OVA into 

murine lymph nodes to stimulate dendritic cell (DC) maturation for cancer immunotherapy. 

Reprinted (adapted) with permission from Zhao et al., 2019 (Zhao et al., 2019). Copyright 

2019 American Chemical Society.
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Figure 10. 
Workflow of assessing CPs starting with (A) to determine the chemical and physical 

properties (Eckshtain-Levi et al., 2022); (B) appraise in vitro the drug release profile, 

observe cellular uptake using fluorescently labelled CPs, and measure cytokine production 

of treated cells; and (C) evaluate the therapeutic efficacy in vivo by vaccinating mice and 

analyzing for humoral and cellular responses.
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Table 2:

Chemical and physical characterization methods and their purpose in assessing CPs.

Technique Purpose

Structure and Elemental Properties

Single crystal X-ray diffraction (SXRD) & powder X-ray 
diffraction (PXRD)

Identify crystal structure (morphology), phase purity, crystallinity, and particles 
size.

Scanning electron microscopy (SEM) & transmission 
electron microscopy (TEM)

Evaluate morphologies and size.

Fourier-Transform Infrared Spectroscopy (FTIR) Identify functional groups and bonding type.

Nuclear magnetic resonance (NMR) Solid state NMR (SS-
NMR)

Determine purity and linker ratios, probing the local chemical environment and 
identify elements.

Inductively Coupled Plasma Mass Spectrometry (ICP-MS) Confirm elemental ratios, quantitatively determine cellular uptake.

Size and Surface

Dynamic light scattering (DLS) Determine the size distribution profile in solution.

Zeta potential Measure the effective electric charge on the surface which can change based on 
the surface adsorption of a biomolecule.

Thermal Gravimetric Analysis Assess thermal stability and pore volume.

Adsorption isotherm Determine the surface area, pore size, and pore size distribution.
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Table 3:

Biological characterization methods for CPs

Technique Purpose

Endotoxin assays (Limulus Amebocyte 
Lysate Assay)

Confirm absence of contamination with endotoxin.

In vitro release profiles Determine pH/buffer dependence and stability.

In vitro cytotoxicity assay (MTT, MTS, 
CCK-8, LDH, TUNEL) and IC50

Determine toxicity to most relevant cell types.

Confocal microscopy Observe cellular association and uptake.

Flow cytometry Observe cellular association. When paired with antigen recall, can evaluate specific cellular 
markers that represent long-term immunity or activation markers.

ELISA, Luminex®, and ELISpot Measure cytokine production from cells treated in vitro. Determine activation of key cell 
populations necessary for vaccination and assessment of cellular response when paired with 
antigen recall.
Measure antibodies from serum for humoral response.

Hematoxylin and eosin histology staining and 
hemolysis

Determine toxicity in animal models.

In vivo imaging systems Tracking the biodistribution of material upon in vivo administration.

Challenge studies Evaluation of the material’s ability to protect against lethal disease.
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