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SUMMARY
This protocol discusses standardization for the preparation of CAGE-based ionic liquid systems to ensure reproducibility and streamline the overall workflow across different scientific labs.

ABSTRACT
[bookmark: _Hlk203387108]Ionic liquids have recently gained remarkable recognition for their applications within drug delivery, in particular their potential to enable cutaneous drug penetration and enhance drug permeation. In addition to enhancing barrier permeability, ionic liquids have excellent solvation properties, addressing the challenge of dissolving poorly soluble drugs. Due to the large asymmetry between the organic cations and anions, these functional salts remain liquid at room temperature. From an application perspective, ionic liquids provide a promising and highly tunable approach to serve multiple therapeutic areas. A biocompatible ionic liquid composed of choline and geranic acid (CAGE), in a stoichiometric ion ratio of 1:2, holds immense potential for transdermal delivery of a wide range of active pharmaceutical ingredients, including small molecules, peptides, proteins, and nucleic acids. This has a minimal impact on skin barrier function. Herein, we share our methods for the preparation, characterization, and evaluation of CAGE. Representative results are shown for CAGE characterization using NMR spectroscopy, differential scanning calorimetry, Karl-Fischer titration for water content analysis, and ex vivo barrier interaction studies on porcine skin.

INTRODUCTION
The skin is the body's largest and most vital organ, serving as a protective barrier against harmful substances while also preventing water loss1. At the same time, applying drugs to and through the skin offers a wide range of advantages. Compared to injectables and oral delivery, cutaneous administration increases patient compliance and avoids first-pass metabolism in the liver2. Especially for skin conditions, cutaneously administered formulations excel in providing a localized effect, diminishing the systemic exposure3. However, the almost impermeable nature of the skin significantly challenges successful cutaneous delivery4. The human skin consists of three different layers: the epidermis, dermis, and hypodermis4. The epidermis is the outer layer of skin and can be further divided into different sublayers, with the stratum corneum being the outermost layer, comprised primarily of keratinocytes. The stratum corneum acts as a prominent permeation barrier for most of the molecules, inhibiting their transport into deeper layers of the skin5. This barrier function arises from the presence of corneocytes embedded in a tightly packed lipid arrangement, comprising mainly phospholipids, sterols, and ceramides, often referred to as the brick-and-mortar structure6. To overcome this skin barrier, chemical permeation enhancers (CPEs) have been deployed to deliver macromolecules, as they disrupt the structure of the stratum corneum by interacting with the lipids and proteins present in it7.

Ionic liquids (ILs) have emerged as the next-generation CPEs8. These consist of bulky organic cations and anions, arranged in an asymmetric manner and coordinated by weak, non-directional ionic interactions9. Due to these weak intermolecular forces, ILs exist as liquids below 100 °C, and are unable to pack into a well-defined crystal structure10. ILs are highly tunable, as their efficacy is highly dependent on the choice of cations or anions and the stoichiometric ratio between these ions. Hence, they have high solubilizing and stabilizing capacity for drugs with varied hydrophobicities11. ILs serve the unique properties of both lipids and polymers by providing sustained release and encapsulation of macromolecules, respectively12.

Biocompatible ILs based on choline and geranic acid (CAGE), present in a stoichiometric molar ratio of 1:2, have significant applications in transdermal delivery of both hydrophilic and hydrophobic compounds. CAGE has been reported to significantly enhance the transdermal delivery of proteins (insulin13) and nucleic acids (siRNA14). CAGE is prepared by salt metathesis reaction between choline bicarbonate and geranic acid, with CO2 as a by-product15. Salt metathesis reaction offers the formation of new compounds via ion exchange under mild conditions in a direct, rapid, and highly selective manner. In general, there is a lack of easy-to-follow workflows for CAGE IL development and evaluation. Thus, here we provide one such workflow, detailing each stage of CAGE preparation to enable researchers across different backgrounds to enter this research space.

PROTOCOL
All experimental procedures were carried out in compliance with the European Union Directive 2010/63 and were approved by the Danish Veterinary and Food Administration (License No. DK-13-oth-931833).

1. CAGE preparation by salt metathesis reaction

1.1. Recrystallization of geranic acid (85% purity, mol wt 168.23 g/mol)

1.1.1. Take a 500 mL round-bottom flask and measure its weight.

1.1.2. Weigh 50.0 g geranic acid in the flask. This corresponds to 0.25 mol of geranic acid. 

1.1.3. Recrystallize geranic acid in a 70:30% (w/w) geranic acid:acetone: Add (50 g*0.85*0.30)/(0.70*0.784 g/mL) = 23.03 mL of acetone to the round bottom flask.

1.1.4. Take a 5 L beaker and add 0.5 L of a mixture of dry ice and ethanol. 

1.1.5. Place the round-bottom flask in the dry ice-ethanol cold mix without swirling to allow external cooling. Decant acetone and impurities from the solid/recrystallized geranic acid at 90 min intervals. Repeat this step 5–6 times to ensure sufficient purity.

1.1.6. Remove the remaining acetone by rotatory evaporation under vacuum at 40 rpm for 20 min. 

1.1.7. Weigh and note the mass of the flask and recrystallized geranic acid. Calculate the yield based on the initial empty flask weight. The expected yield range is 60–80%.

1.2. Salt metathesis reaction

1.2.1. Since a 2:1 molar ratio of geranic acid:choline is used, add 0.125 mol choline bicarbonate. (0.25/2 = 0.125)

1.2.2. Choline bicarbonate has 80% purity and a molecular weight of 165.19 g/mol. Accordingly, add 25.8 g (0.125*165.19 = 20.65 g; 100/80*20.65 g = 25.8 g) of choline bicarbonate dropwise to prevent spillover. 
   
1.2.3. Stir the sample overnight at a speed of 300 rpm in room temperature (18 ± 3 h) or until CO2 evaporation ceases.

1.2.4. Dry the sample by rotatory evaporation at 60 °C, 30 bar for 40 min. The initial pressure will be high (~200 bar). First, increase the temperature, then slowly reduce the pressure to avoid foaming.

1.2.5. Aliquot CAGE into glass vials in volumes appropriate for the intended application (e.g., 2 mL of CAGE in 4 mL glass vials).
 
1.2.6. Dry the vials under vacuum at 60 °C for 48 h.

2. Characterization of CAGE

2.1. Nuclear magnetic resonance (NMR) spectroscopy 

2.1.1. Dissolve CAGE to a concentration of 25 mg/mL in deuterated dimethyl sulfoxide (d-DMSO), ensuring a final volume of at least 500 µL.

NOTE: Deuterated solvents are essential in NMR to avoid interference from hydrogen atoms in the solvent.

2.1.2. Transfer 500 µL of the prepared solution into a clean, dry NMR tube (typically 5 mm diameter, depending on the instrument). Seal the tube with a cap to prevent evaporation and contamination.

NOTE: Avoid introducing air bubbles, as they can affect magnetic field homogeneity.

2.1.3. Use an NMR spectrometer (400 MHz) with the following parameters: 

—Number of scans: 8–16 for 1H NMR; 1,000–5,000 for 13C NMR (depending on concentration and desired signal-to-noise (S/N) ratio. 
—Relaxation delay (D1): 1–2 s for 1H and 13C NMR.

2.1.4. Process data using appropriate software.

2.1.4.1. Adjust for optimal peak shapes via phase and baseline correction. 

NOTE: This is typically performed in the NMR software within the Processing or Correction tab (depending on the software used), where automatic tools for phase adjustment and baseline correction are available.  

2.1.4.2. Use the residual solvent peak (d-DMSO) as a reference: ~ 2.50 ppm for 1H, ~39.52 ppm for 13C NMR. See Fulmer et al.15 for impurity references.

2.1.5. Integrate peaks and assign them to protons in the structure (see Figure 1). 

2.2. Water content as determined by Karl Fischer titration

2.2.1. Dissolve 300 mg of CAGE in 300 µL of methanol. Load into a 1 mL syringe and weigh before and after injection.

2.2.2. Determine water content using a coulometric Karl Fischer titrator as per the manufacturer’s instructions.

2.2.2.1. Inject the sample into the titration cell through the septum using a syringe, input the empty syringe weight, and press Enter. The result will appear as % w/w.

2.2.2.2. Subtract the water content of methanol (typically 1–2% w/w) to calculate the actual water content in CAGE.

2.3. Thermal stability of CAGE by Differential Scanning Calorimetry (DSC)

2.3.1. Place 3–5 mg of each sample in aluminium Tzero pans and seal with a hermetic lid.

2.3.2. Analyze the samples using a DSC in the temperature range from 80 °C to – 80 °C with a 10 min isothermal period before cooling to – 80°C.

2.3.3. Use a constant heating/cooling rate of 5 °C/min and a nitrogen purge of 50 mL/min.

2.3.4. Process the data using appropriate software.

3. Ex vivo assessment of skin barrier interaction

3.1. Dermatome-processing of porcine skin

3.1.1. Cut expanded polystyrene (EPS) to fit the dermatome blade and wrap it with grafting tape. Utilize the skin collected from the abdominal portion of pigs using a scalpel. Here, skin was obtained from 3.5-month-old female Danish Landrace or Yorkshire pigs (30-40 kg).

3.1.2. Remove the muscle and fat tissue.

3.1.3. Remove as much hair as possible from the skin using a hair trimmer.

3.1.4. Rinse the skin with phosphate-buffered saline (PBS, pH 7.4) to remove blood and loose hair.

3.1.5. Cut the skin into smaller pieces (5 cm x 15 cm) using scalpels and scissors to fit the EPS blocks.

3.1.6. Attach the skin to the EPS block with needles.

3.1.7. Set the dermatome to 0.5 mm thickness and section the skin. 

3.1.8. Store the dermatomed skin between two layers of grafting tape and store at -70 °C.

3.2. Trans-epidermal water loss (TEWL)

3.2.1. [bookmark: _Hlk193794020]Prepare PBS (pH 7.4) by dissolving 1 tablet in 200 mL of deionized water. Degas for 20 min in an ultrasonic bath.

3.2.2. Turn on the water bath connected to the Franz diffusion cells. Add ~10 mL of degassed PBS and a magnetic bead to each cell. Turn on the magnetic stirring at 600 rpm, and adjust the temperature to 37 °C. 

3.2.3. Cut the dermatomed skin into pieces with a diameter of ~3 cm using a scalpel and carefully mount the dermatomed skin onto Franz diffusion cells using clamps and sealing rings, with the stratum corneum facing up.

3.2.4. Fill receptor chambers with approximately 12 mL of PBS or until the chambers are completely covered using a glass Pasteur pipette. Remove air bubbles by carefully inverting the cells. Hydrate for 30 min.

3.2.5. Turn on the TEWL device and equilibrate for 20 min until stable according to the manufacturer’s guidelines.

3.2.6. Place the TEWL probe on each Franz cell and press Start in the software. Hold it until a reading is displayed.

3.2.7. Add 300 µL of sample on top of the skin (in triplicates, n=3) and occlude by placing grafting tape on top of the Franz cell. Incubate for 24 h at 35 °C.

3.2.8. Remove the sample by wiping the tissue with lint-free wipes. Leave for 30 min.

3.2.9. Measure TEWL for each cell.

REPRESENTATIVE RESULTS
NMR-spectra
The goal of this technique is to confirm the successful formation of CAGE by analyzing the chemical environments of hydrogen and carbon atoms using 1H and 13C NMR spectroscopy. The resulting spectra provide characteristic chemical shifts, splitting patterns, and integration values that reflect the molecular structure and composition of the synthesized IL. The proton NMR spectrum in Figure 1 confirms the 2:1 molar ratio of geranic acid to choline. This is evident from the integration values, where the peak corresponding to geranic acid (9) was used as the reference for calibration. As a result, the integration value for choline appeared approximately half that of geranic acid, consistent with the expected stoichiometry.

The NMR spectra in Figures 1 and Figure 2 confirm the successful synthesis of CAGE, as previously demonstrated by Zakrewsky et al16. 

[Place Figure 1 and Figure 2 here]

Water content as determined by Karl Fischer titration
Using Karl Fischer titration, a water content of < 3% was observed (calculated following the procedure described in step 2.2 in the Protocol section). 

Transepidermal water loss (TEWL)
[bookmark: _Hlk201614727]Intactness of the skin tissue was validated by measurement of transepithelial water loss (TEWL) before exposure to the test sample, with a cutoff value of 25 g/m2/h. The effect of the samples on the skin barrier was also assessed with TEWL measurements after exposure. The data are presented relative to pre- exposure values and adjusted relative to the PBS control (Figure 3, blue). TEWL values were 9.3 ± 1.6 g/m2/h before application of any formulation, and the skin integrity was uncompromised. Representative samples include 2 mg/mL lidocaine loaded in pure CAGE (red) and CAGE containing 50 mM Span 20 (orange). Span 20 was included to assess the feasibility of combining two formulation strategies, i.e., surfactants and ILs. Based on the results, the samples did not significantly affect the water loss across the skin tissue.

[Place Figure 3 here]

Differential Scanning Calorimetry
The DSC analysis of the CAGE samples shows a linear thermogram parallel to the x-axis. There are no sharp peaks observed that could lead to the phase transition in the samples. From the thermograms, it can be concluded that the samples are thermally stable between the temperature range of -70 °C to 80 °C.

[Place Figure 4 here]

FIGURE AND TABLE LEGENDS
Figure 1: 1H NMR spectrum of CAGE dissolved in d-DMSO.

Figure 2: 13C NMR spectrum of CAGE dissolved in d-DMSO.

Figure 3: Effect of CAGE and CAGE + Span 20 formulations on TEWL in dermatomed porcine skin after 24 h exposure. Changes in transepidermal water loss (TEWL) of dermatomed porcine skin after 24 h exposure to phosphate-buffered saline (PBS; blue), 1:2 mol/mol choline:geranic acid (CAGE) alone (red), or CAGE containing 50 mM Span 20 (orange) are shown. All formulations were loaded with 2 mg/mL lidocaine. Data are represented as mean ± standard error of the mean (SEM) (n = 3, where n represents different individual Franz diffusion cells). No significant differences were observed.

Figure 4: DSC thermogram of 2 different CAGE ILs.

DISCUSSION
The preparation method of CAGE described in this work was adopted from the literature15. However, it is important to acknowledge that the synthesis process is sensitive to various external factors, which can influence the properties of the final product. Therefore, once prepared, the CAGE system should be characterized using techniques such as NMR spectroscopy to confirm the formation of hydrogen bonds between its molecular components.

As shown in Figure 1, the overlaid proton spectra of CAGE illustrate the proton shifts for each molecule. Notably, a distinct peak indicates formation of hydrogen bonding between the carboxylic acid group (COOH) in geranic acid and the hydroxyl group (OH) of choline. Detailed peak assignments for both 1H NMR and 13C NMR spectra are provided in the referenced literature16. It has also been reported that the presence of water can increase the relative intensity of certain peaks in 1H NMR due to enhanced proton exchange among COOH, OH, and H2O groups16. Some of the possible troubleshooting that could occur during NMR experiments are the presence of broad peaks due to dirty tubing, poor signal due to low concentration of the sample, absence of peaks due to the selection of the wrong nucleus, and error in chemical shifts due to incorrect referencing17. Hence, a few major points to consider while performing NMR spectroscopy are to use deuterated solvents, to ensure the sample is completely dissolved, NMR tubes are free from fingerprints, and to acquire multiple scans to improve signal-to-noise ratio17. In this study, we used Karl Fischer titration to determine the water content in CAGE. Monitoring water content is essential, as it can be influenced by factors such as ambient humidity, drying duration, and equipment used. Excess water may indirectly affect the polarity, fluidity, and viscosity of CAGE18, which can significantly impact its performance in drug delivery applications. Typically, the water content is maintained below 3%.

For ex vivo assessment, porcine skin was evaluated for barrier integrity using TEWL measurements following dermatome processing. We employed the TEWL device to quantify water loss through the skin. Elevated TEWL values indicate compromised barrier function and increased moisture loss. Ideally, three measurements are taken both before and after sample application to minimize statistical error. An increase in TEWL post-treatment is expected, as partial disruption of the skin barrier is necessary to facilitate drug penetration.

One limitation of the CAGE synthesis method is the potential for hydrolysis and the presence of impurities, which can prolong the recrystallization process of geranic acid and reduce the overall yield. Analytical techniques such as X-ray diffraction (XRD) may be used to assess the quality and structural integrity of the recrystallized geranic acid. While TEWL is a useful method for evaluating skin barrier integrity, it may lack the sensitivity to detect subtle changes within the stratum corneum that could still influence drug permeation. As a complementary approach, Fourier-transform infrared spectroscopy (FTIR) could be employed to detect minor alterations in skin lipid content and chemical composition. 

Dermatoming is described here as a technique to obtain thin skin sections for drug permeation studies. However, this method demands skilled handling, as slight variations in blade angle can lead to inconsistencies in tissue thickness. Additionally, dermatomed skin may not fully replicate in vivo conditions, as natural skin thickness varies and may not be uniformly preserved during processing.

In summary, this study presents a detailed and reproducible protocol for the preparation, characterization, and ex vivo evaluation of the biocompatible IL CAGE. Through NMR spectroscopy, we confirmed the formation of hydrogen bonds critical to CAGE’s structural integrity, while Karl Fischer titration ensured control over water content, a key factor influencing its physicochemical properties. The ex vivo TEWL assessments demonstrated that CAGE can be applied to porcine skin with minimal disruption to barrier function, supporting its potential as a versatile transdermal delivery platform. By providing a streamlined workflow and representative data, this work aims to facilitate broader adoption and further development of CAGE-based systems in transdermal drug delivery research. 
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