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SUMMARY:
In this article, we present the preparation of MOF-gelatin hydrogels that benefit from the thermoreversible properties of gelatin, associated with its phase separation by coacervation. These hydrogel composites exhibit high MOF loading, large porosity, and a good spatial distribution of MOF particles within the gelatin matrix. 

ABSTRACT: 
An original and reproducible strategy is presented for the synthesis of green and environmentally benign gelatin–Zr(IV) Metal-Organic Framework (MOF) hydrogel composites, and is described in a step-by-step manner throughout the article. The approach exploits the thermo-reversible nature of gelatin and its ability to undergo phase separation through coacervation, combined with the in situ formation of UiO-66–type MOFs under mild conditions. Using this methodology, the present work demonstrates the preparation of a bionanocomposite based on gelatin and the chemically stable Zr⁴⁺ dicarboxylate UiO-66 MOF. Importantly, this strategy can be extended to a broader family of Zr(IV) dicarboxylate and fumarate MOFs (UiO-66–type MOFs and MOF-801, respectively), selected to span a wide range of hydrophilic–hydrophobic balance and organic linker functionalizations. The resulting hydrogel composites display key features such as high MOF loadings (exceeding 50 wt%), high accessible porosity, and a homogeneous dispersion of MOF nanoparticles within the gelatin network. These properties arise from the strong interfacial compatibility between gelatin and MOF nanoparticles, as evidenced by complementary advanced characterization techniques. Owing to their robust mechanical behavior under ambient conditions, the composites can be processed at the gram scale into various macroscopic forms, such as coatings or monoliths, enabling their use in diverse applications, including the capture or catalytic conversion of pollutants in water or air under ambient conditions.

INTRODUCTION: 
Metal–organic frameworks (MOFs) constitute a family of porous, crystalline hybrid materials built from metal ions interconnected by polydentate organic ligands. Owing to their well-defined pore architectures, high internal surface areas, and tunable chemical functionalities, MOFs have attracted considerable scientific attention for diverse applications, including gas storage and separation, sensing, catalysis, biomedicine, and so on1. Despite this strong potential, several limitations still significantly restrict the large-scale transfer of MOFs toward industrial implementation. One of the major challenges lies in the shaping of such materials2. Indeed, conventional MOF syntheses typically yield brittle powders, whose inherent fragility, poor processability, and limited handling properties severely hinder their practical deployment. To address these issues, MOFs have been processed into pellets, granules, beads, fibers, or membranes; however, such shaping procedures often result in a partial or complete loss of accessible porosity2.

[bookmark: _Ref220333065]A widely explored strategy to overcome these drawbacks involves integrating MOFs with supporting matrices, particularly polymers or carbon-based materials such as carbon nanotubes, graphene, and graphene oxide3–6. This approach has led to the development of multifunctional composites that combine the intrinsic advantages of MOFs (porosity, crystallinity) with the mechanical robustness and processability of the host materials. In addition, hybridization can introduce new functionalities, including enhanced chemical stability, improved electrical conductivity, or hierarchical porosity3–6. As a result, MOF-based composites have been extensively investigated for gas adsorption and separation, water purification, catalysis, and bioapplications3–8. Nevertheless, a recurring limitation of such composites is the pronounced aggregation of MOF particles, which is generally attributed to poor interfacial compatibility between the MOFs and the supporting matrix. This issue is particularly prevalent in composites prepared by physically blending pre-synthesized MOF particles with polymers or graphene oxide and becomes increasingly severe at high MOF loadings, which are typically required to optimize performance3–6. To mitigate these challenges, numerous alternative strategies have been proposed to improve the physico-chemical affinity between MOFs and polymeric or carbon-based matrices while preserving MOF porosity. These include surface functionalization of MOF particles, covalent grafting of polymers onto MOF surfaces, in situ growth of MOFs within polymer matrices, polymer-directed MOF crystallization, or the use of polymeric ligands to construct polyMOFs3–9. Despite these advances, many MOF-polymer composites still suffer from reduced surface areas due to pore blockage by polymer chains and from inhomogeneous MOF dispersion. Moreover, their preparation often relies on multi-step, time-intensive synthetic routes, and the use of petrochemical-derived synthetic polymers raises concerns related to toxicity, sustainability, and environmental impact3–6. 

The purpose of this article is to share the details of the preparation of a hydrogel composite based on a Zr⁴⁺ dicarboxylate UiO-66–type MOF (UiO = University of Oslo)10 and gelatin. This system is selected as a representative example to illustrate a general synthetic strategy that can be extended to a broader family of polycarboxylate porous MOFs, including functionalized UiO-66 derivatives and MOF-801(Zr). Gelatin is a widely employed protein-based biopolymer in industrial applications such as drug and cosmetic microencapsulation, owing to its low cost, biodegradability, non-toxicity, and renewable origin11. In the past few years, MOF-gelatin hydrogels have been primarily investigated for bio-related applications such as tissue engineering, wound healing, drug delivery, and bioimaging12–17. These composites were generally prepared by impregnating preformed MOF particles into functionalized gelatin scaffolds or physical gelatin gels. While such materials exhibit promising biological performance, they typically contain very low MOF contents (below 10 wt%), resulting in limited porosity and consequently, restricting the exploitation of MOF-related physicochemical properties12–17. The present article describes a completely different strategy that exploits the thermoreversible properties of gelatin and its ability to undergo liquid-liquid phase separation18,19 associated with the room temperature (RT) in-situ formation of MOFs. In the protocol described in this article, critical steps in preparing the UiO-66/gelatin composites will be covered, including the preparation of gelatin solution, the gelatin coacervation process, the RT crystallization of UiO-66 within gelatin, and the shaping of the resulting composites. Such composites have been recently reported by some of us to develop adsorbents for cultural heritage preservation, but their protocol of synthesis was not described in detail20. We hope that the concepts and methodology presented in this article will motivate the research community to explore and develop a wider class of MOF-biopolymer composites. These materials simultaneously exhibit high MOF loadings (exceeding 80 wt%), large accessible porosity, homogeneous dispersion of MOF particles within the gelatin matrix, and tunable hydrophilic-hydrophobic characteristics20. A key advantage of employing biomacromolecules such as gelatin lies in their intrinsic chemical complexity, multifunctionality, and polyelectrolyte nature, which have no direct synthetic equivalents. This unique combination enables the effective integration of both hydrophilic and hydrophobic MOFs within a water-soluble biopolymer matrix. 

PROTOCOL: 

1. Preparation of gelatin solutions 

1.1. Use commercial gelatin extracted from porcine skin (type A), with a Bloom of 175 g, an average molecular weight of approximately 40,000 g·mol⁻¹, and an isoelectric point (IEP) of 8.

1.2. Prepare an aqueous gelatin gel at 10 wt% concentration by swelling the gelatin granules in ultrapure water for a minimum duration of 3 h at 5 °C. 

1.3. Then, prepare an aqueous gelatin solution by heating the gelatin gel at 50 °C. Stir the gelatin solution using a magnetic stirrer for 30 min at 300 rpm. Once a clear gelatin solution is obtained, keep it at a temperature of 50 °C (Figure 1).

[Place Figure 1 here]

2. Synthesis of UiO-66-gelatin hydrogel composite

2.1. Synthesis of [Zr6O4(OH)4(OAc)12] (OAc = acetate) oxo cluster

2.1.1. In a 20 mL scintillation vial, add 71 μL of a 70% zirconium propoxide solution in 1-propanol [Zr(OPrⁿ)₄] (0.0519 g, 0.158 mmol) to 7 mL of dimethylformamide (DMF) and 4 mL of acetic acid (4.196 g, 70 mmol) (Figure 2A). 

2.1.2. Heat the resulting mixture in an aluminum block on a hot plate at 130 °C for 2 h, during which a distinct color change from colorless to yellow is observed (Figure 2B). 

[Place Figure 2 here]

2.1.3. Leave the solution to cool at RT.

2.2. In situ synthesis of UiO-66(Zr) in the presence of gelatin coacervate

2.2.1. Mix 11 mL of the {Zr₆} oxo-cluster solution (0.158 mmol) obtained in step 2.1 with 0.5 mmol (84 mg) of 1,4-benzene dicarboxylic acid (1,4-bdc) organic linker.

2.2.2. Stir the mixture for 15 min until a homogeneous dispersion is obtained. 

2.2.3. Then, add 2 mL of a 10 wt% gelatin solution, prepared in task 1 at 50 °C, to this solution, causing the mixture to become turbid and turn white (Figure 3).

 [Place Figure 3 here]

2.2.4. Stir the mixture at RT for 10 min, followed by the addition of 2 mL of ethanol. 

2.2.5. Stir the resulting mixture at RT (20 °C) for 24 h. A liquid-liquid phase separation takes place progressively over time. 

NOTE: Just after the addition of ethanol, the initial solution is white and turbid (Figure 4A) and then evolves with time to a macroscopically biphasic sample composed of a dilute solution of gelatin floating above a denser white viscous phase (Figure 4B–F). 

[Place Figure 4 here]

2.2.6. For a complete phase separation, add 10 mL of ethanol to this mixture. After stirring the solution for 24 h, extract the viscous phase from the supernatant solution in order to obtain the hydrogel composite (Figure 5).

[Place Figure 5 here]

2.2.7. Leave this composite to dry at room temperature and further characterize it by combining powder X-ray diffraction (PXRD), thermogravimetric analysis, Fourier Transform Infrared (FT-IR) spectroscopy, N2 porosimetry, scanning and transmission electron microscopy (SEM and TEM), solid state nuclear magnetic resonance (NMR) and inductively coupled plasma atomic emission spectroscopy (ICP-AES) as previously reported20 (Figure 6).

[Place Figure 6 here]

2.3. Shaping of UiO-66(Zr) /gelatin into monoliths

2.3.1. [bookmark: _Hlk226907519]Heat the viscous phase obtained in step 2.2.6, along with its supernatant, at 70 °C for 15 min, followed by 90 °C for 5 min. 

NOTE: This treatment aimed to transform the MOF-gelatin hydrogel into a homogeneous liquid and viscous mixture that can be readily poured into a mold.

2.3.2. Then, pour the hydrogel without its supernatant solution into the mold thermalized at 70 °C.  

2.3.3. [bookmark: _GoBack]Form a monolith by cooling at RT for 15 min, then keep it at 2 °C for 1 day (Figure 7).

[Place Figure 7 here]

REPRESENTATIVE RESULTS: 
[bookmark: _Hlk226987656]The UiO-66(Zr)/gelatin hydrogel composite was synthesized by coupling the simple coacervation of gelatin with the in situ formation of UiO-66(Zr) nanoparticles. The synthetic protocol was repeated multiple times to ensure robustness, consistently yielding reproducible results (i.e., structural and physico-chemical characteristics of the composites)  under identical experimental conditions. UiO-66(Zr) nanoparticles were prepared at RT following a previously reported two-step protocol, which involves the synthesis of the {Zr₆} acetate building block followed by substitution of the acetate ligands with the 1,4-bdc linker21. 

[bookmark: _Hlk227061392]The synthesis of the UiO-66(Zr)/gelatin hydrogel comprises three main sequential steps: (i) preparation of an aqueous gelatin solution (Figure 1); (ii) synthesis of the {Zr₆} acetate building block of UiO-66(Zr) (Figure 2); and (iii) in situ formation of UiO-66(Zr) in the presence of gelatin by mixing the {Zr₆} acetate building block with 1,4-bdc and the gelatin solution at RT20 (Figure 3, Figure 4, and Figure 5). This third step occurs concomitantly with gelatin coacervation, a liquid–liquid phase separation process induced by the addition of ethanol as a non-solvent to the aqueous gelatin solution22. Immediately after ethanol addition, the mixture becomes turbid and white, and upon standing for 24 h, it evolves into a macroscopically biphasic system composed of a dilute gelatin solution and a viscous phase (Figure 4 and Figure 5). The viscous phase can be readily separated from the supernatant, yielding the UiO-66(Zr)/gelatin composite hydrogel (Figure 5). As previously reported20, this composite hydrogel was characterized by combining multiple techniques. As shown by PXRD, this composite presents a high crystallinity in agreement with the formation of UiO-66(Zr) NPs (Figure 6A). According to TGA and ICP-AES, this composite contains a high UiO-66(Zr) loading, typically close to 88 wt%20. N₂ sorption measurements at 77 K show that the Brunauer-Emmett-Teller (BET) surface area of the UiO-66/G composite decreases by approximately 30% to 1083 m²·g⁻¹ compared to pristine UiO-66 (1560 m²·g⁻¹) (Figure 6B)20. Taking into account the presence of non-porous gelatin (12 wt%), the adsorption isotherm was normalized to the MOF content, yielding a BET surface area of approximately 1230 m²·g⁻¹.  This result confirms that the UiO-66/G composite remains highly porous, retaining about 79% of the surface area of the parent MOF. These results suggest that gelatin chains are unable to penetrate the micropores of UiO-66. This is primarily due to their self-assembly into triple helices, whose dimensions exceed the pore size of UiO-6620. 

Finally, TEM experiments performed on ultramicrotomed slices have also shown that this composite presents a very high spatial distribution of UiO-66(Zr) nanoparticles in the gelatin matrix with no aggregation and phase separation (Figure 6C)20. Note that the UiO-66 nanocrystals embedded within the gelatin matrix exhibit a well-defined octahedral morphology, as evidenced by SEM images of UiO-66/gelatin samples obtained after water washing, which induces partial removal of gelatin (Figure 6D). Finally, shaped UiO-66/gelatin composites could be prepared by taking advantage of the temperature-dependent sol-gel transition of gelatin (Figure 7). Indeed, gelatin is soluble in water at temperatures higher than 27 °C (for a mammalian gelatin) and forms reversible physical gels below this temperature23. Therefore, the viscous UiO-66/gelatin hydrogel could be thermally converted into a liquid viscous state and subsequently poured into molds for monolith fabrication (Figure 7). 

FIGURE AND TABLE LEGENDS: 
Figure 1: Photograph of an aqueous gelatin solution at a concentration of 10 wt%.

Figure 2: Photographs of a solution containing 71 μL of a 70% zirconium propoxide solution in 1-propanol [Zr(OPrⁿ)₄] (0.0519 g, 0.158 mmol), 7 mL of DMF, and 4 mL of acetic acid. (A) Before and (B) after heating at 130 °C for 2 h.

Figure 3: Photograph of the sample obtained after mixing 11 mL of the [Zr6O4(OH)4(OAc)12] oxo cluster (0.158 mmol), the 1,4-bdc linker (0.5 mmol), and 2 mL of the 10 wt% aqueous gelatin solution at RT.

Figure 4: Photographs of samples containing the [Zr6O4(OH)4(OAc)12] oxo cluster, 1,4-bdc linker, and the 10 wt% aqueous gelatin solution at RT after the addition of 2 mL of ethanol. The photographs show the progressive liquid-liquid phase separation of gelatin upon aging the samples at different times: (A) 0 min, (B) 15 min, (C) 1 h, (D) 2 h, (E)18 h, (F) 24 h. Simultaneously, the reaction between [Zr6O4(OH)4(OAc)12] oxo cluster and 1,4-bdc linker gave rise to the formation of UiO-66(Zr) nanoparticles.

Figure 5: Photographs of samples containing gelatin and UiO-66(Zr). (A–D) Before (A,C) and after (B,D) adding 10 mL of ethanol. The solution initially white and turbid (A,C) turns into macroscopically biphasic samples containing a diluted gelatin solution and a viscous hydrogel (B,D).

Figure 6: Characterization of UiO-66/gelatin hydrogel. (A) Experimental PXRD pattern of UiO-66/gelatin in comparison to the calculated pattern of UiO-66. (B) N2 porosimetry (adsorption, filled symbols; desorption, empty symbols) of UiO-66/gelatin in comparison to pure UiO-66 nanoparticles at 77 K (p°=1 atm). (C) TEM image of an 80 nm ultramicrotomed slice of the UiO-66/gelatin hydrogel. (D) SEM images of the UiO-66/gelatin hydrogel after washing in water. This figure has been reprinted (adapted) with permission from Biswas et al.20. 

Figure 7: Photograph of shaped UiO-66/gelatin composite.

DISCUSSION: 
Composites combining gelatin with inorganic materials such as metal oxides, hydroxyapatite, and layered double hydroxides have attracted significant interest due to their ability to integrate the biocompatibility and processability of gelatin with the functional properties of inorganic phases24,25. Gelatin provides a versatile organic matrix that can be easily shaped, crosslinked, and processed in aqueous media, while inorganic components impart mechanical reinforcement, thermal stability, and specific physicochemical functionalities24,25. These gelatin-based composites have shown promise in tissue engineering, regenerative medicine, catalysis, adsorption, and environmental remediation24,25. 

More recently, this strategy has been extended to MOFs, whose incorporation into gelatin matrices has yielded composites investigated for applications in tissue engineering, wound healing, and drug delivery12–17. Such composites were mainly prepared through the combination of preformed MOF particles with diverse gelatin matrices, including functionalized gelatin-based scaffolds and physical gelatin gels12–17. However, since the MOF loading of such MOF-gelatin composites is generally quite low (< 10 wt%), this results in the formation of composites with low accessible porosity. In parallel with these studies, we have also explored the formation of UiO-66/gelatin gels by gelifying an aqueous gelatin solution containing preformed UiO-66 nanoparticles, and we have shown that these composites also exhibit a low MOF loading, regardless of the initial amounts of gelatin and MOF20. 

In order to enhance the MOF content in the gelatin-based hydrogels, we took advantage of the liquid-liquid phase separation process of gelatin (coacervation) process that was induced by adding ethanol (non-solvent) to an aqueous solution of gelatin22. Gelatin behaves as a polyampholyte, as its polymer backbone contains both positively and negatively charged amino acid residues. Upon addition of a non-solvent, progressive intermolecular charge neutralization between gelatin chains takes place, promoting their aggregation in the aqueous medium22. This process results in phase separation into a gelatin-rich phase and a gelatin-lean phase, as shown in Figure 4 and Figure 5. Such coacervation is therefore particularly effective for increasing the gelatin content in hydrogels. Indeed, previous studies have shown that gelatin coacervates can reach concentrations as high as 45 wt%, whereas hydrogels obtained by simple gelatin dissolution (physical gelation) are typically limited to concentrations below 15 wt%26. UiO-66-gelatin composites described in this article could thus benefit from this high gelatin content in hydrogels formed by coacervation20. We would like to stress that the majority of MOF-polymer composites are typically prepared either by dispersing preformed MOF particles in a polymer solution or by forming the MOF in situ in the presence of the polymer6. In contrast, the association of MOF particles with complex fluids remains relatively uncommon, with a few exceptions such as polymer emulsions or foams. To the best of our knowledge, this work represents the first report of MOF-based composites prepared by combining MOFs with gelatin coacervates.

[bookmark: _Hlk226983956][bookmark: _Hlk226984357]We have shown that the in situ formation of UiO-66 within gelatin hydrogels can lead to the formation of composites with high MOF loading as a result of a high compatibility between both components. Our approach thus takes advantage of the thermo-reversible properties of gelatin and its phase separation by coacervation associated with the RT in situ formation of UiO-66-type MOFs. This is a novel and user-friendly protocol in which the only critical step is to induce the liquid-liquid phase transition at temperatures above 27 °C (i.e., the temperature of sol-gel transition of gelatin). As recently reported by some of us, the design of MOF/gelatin composites could thus be implemented for a series of Zr(IV) dicarboxylate and fumarate MOFs, namely UiO-66–type materials and MOF-801, which differ in their hydrophobic–hydrophilic balance and in the functionalization of their organic linkers20. As a result, hydrogel composites with attractive characteristics were obtained, including a high MOF loading exceeding 50 wt%, substantial porosity, and a homogeneous distribution of MOF nanoparticles within the gelatin matrix (Figure 6)20. It is worth noting that the highest MOF loading, approximately 91 wt%, is achieved with the hydrophobic UiO-66-(CF₃)₂ material, despite gelatin being a hydrophilic and water-soluble biopolymer. By contrast, although MOF-801 is intrinsically hydrophilic, the corresponding MOF-801/gelatin hydrogel exhibits the lowest MOF content, around 51 wt%20. These observations indicate that the hydrophilic-hydrophobic balance of the MOF is not the main driving force governing MOF incorporation into the gelatin matrix20. Instead, the strong compatibility between gelatin and this family of porous materials is more likely attributable to the rich chemical functionality of the gelatin backbone. Indeed, gelatin comprises approximately 20 different amino acid residues bearing charged, polar, and coordinative groups capable of interacting with the MOF nanoparticles. The interactions between the series of UiO-66 (UiO-66, UiO-66-NH2, UiO-66(CF3)2) and MOF-801 have previously been characterized using a combination of solid-state NMR (1H MAS, 13CP MAS, 19F MAS, and 15N CP MAS) and density functional theory (DFT) calculations20. According to this study, this series of MOFs and gelatin was involved in multiple weak interactions, notably hydrogen bonds and van der Waals interactions, between functional groups of the MOF (i.e., OH groups of the {Zr6O4(OH)4} cluster) and amino acid residues of gelatin (carboxylic acid, peptide, or amino groups of amino acids).  

[bookmark: _Hlk226986647][bookmark: _Hlk226909079]As shown by SEM and TEM experiments (Figure 6), these composites also exhibit a remarkable microstructure with an excellent spatial distribution of MOF nanocrystals within the gelatin matrix. Such MOF nanoparticles that are formed in the presence of gelatin are characterized by a homogeneous morphology and a low size distribution. This may be explained by the nucleation and growth of MOF nanocrystals that are spatially controlled by the gelatin matrix. Moreover, gelatin presumably acts as a molecular modulator for UiO-66 NPs as previously shown20. Finally, the mechanical properties of these MOF-gelatin composites were characterized at large deformation by performing tensile tests until failure20. These experiments have shown that these composites presented very good mechanical properties characterized by a high deformability under humid ambient conditions. These materials could thus be shaped into different forms, including monoliths, tablets, or coatings (Figure 7)20. 

Our approach can be extended to other MOFs that form in aqueous media at room temperature, such as imidazolate- and polycarboxylate-based frameworks (e.g., ZIFs, MIL-100(Fe), MIL-53(Al)- X (X=H, NH2, fumarate))27,28. For MOFs that require more demanding synthesis conditions—namely, elevated temperature and pressure—it remains feasible to first prepare them as nanoparticles prior to their integration with gelatin coacervates. This strategy has been successfully demonstrated in the fabrication of composites combining gelatin with preformed UiO-66(Zr) nanoparticles20.
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